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Editorial on the Research Topic
Advances in novel drugs and targets for hepatic and
gastrointestinal diseases

Introduction

The escalating global incidence of gastrointestinal and hepatic diseases, encompassing
both malignant and non-neoplastic conditions, presents significant health and economic
burdens. Despite the progress made in understanding these diseases and developing
treatments, the exact mechanisms remain unclear, and targeted medications are yet to
be developed. The urgency to discover novel treatments for these diseases is paramount. As
a result, this Research Topic centers on novel targets and potential therapeutic strategies,
along with the underlying mechanisms which may contribute to the pathogenesis of hepatic
and gastrointestinal diseases. This Research Topic brings together a collection of 32 papers,
comprising 17 research articles, 11 review articles, 3 clinical trials, and 1 study protocol.
Finally, we extend our deepest gratitude to the authors, reviewers, and the diligent editorial
team for their steadfast dedication and commitment to advancing knowledge in this
vital domain.

Hepatic diseases

Hepatic diseases represent a range of disorders that impact the liver. These can be either
inherited or triggered by complex factors like viruses, alcohol, metabolic diseases, and
certain medications. If left untreated, these diseases can progress to serious complications,
including liver failure. In this Research Topic, advances made in understanding and treating
liver diseases have been reported. An in-depth review by Yuan et al. describes the origin and
characteristics of tumor-associated macrophages and their role in hepatocellular carcinoma
(HCC) formation. Meanwhile, review articles provided by Shi et al. and Li et al. exhaustively
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discuss the use of traditional medicines and natural supplements for
treatment of liver diseases. The advancement of liver diseases may
necessitate a liver transplant, a procedure that is not without its own
set of diverse complications. To this end, Jia et al. performed a meta-
analysis of nine clinical trials to determine whether
dexmedetomidine (DEX) is able to improve liver transplantation
results, and found that DEX could enhance clinical outcomes and
shorten hospital stays. The authors concluded by advocating for
further research to ascertain its effectiveness and potential
side effects.

Hepatitis B and C

Hepatitis B and C are prevalent viral infections that result in liver
inflammation and are primarily transmitted via bodily fluids and
blood, respectively. Both infections can progress to chronic liver
diseases. Tenofovir amibufenamide (TMF) and tenofovir
alafenamide (TAF) are both identified as primary treatments for
chronic hepatitis B (CHB). TMF is structurally distinguished by an
additional methyl group, which enhances its liposolubility and,
consequently, its activity. Li et al. compared the clinical efficacy
and safety of TMF and TAF in CHB patients. They uncovered that
TMF is more effective and safer than TAF at deterring viral
replication, and without noticeable side effects in renal activity
and blood lipids. On the other end, Fang et al. conducted a
nationwide retrospective cohort analysis on the risk of
neuropsychological disorders (NPDs) in chronic hepatitis C
(CHC) patients who received either interferon (IFN) therapy or
direct-acting antivirals (DAA) therapy. They found that treatment-
naïve CHC patients receiving DAA therapy had a lower incidence of
NPDs compared to those receiving IFN therapy, but the difference
was not observed in the retreatment DAA group.

Non-alcoholic fatty acid liver diseases

Non-alcoholic Fatty Acid Liver Disease (NAFLD), is the most
prevalent liver disorder, marked by an over-accumulation of fat in
hepatocytes and is highly associated with complex diseases such as
obesity, type-2 diabetes mellitus (T2DM), and cancer. The
accumulated evidences have shown that the occurrence of those
diseases partially attribute to the dysregulation of the immune
system, which is profoundly impacted by the interplay between
gut microbiota and dietary factors. A study by Huang et al. explored
the potential of plant extract, inulin, in alleviating metabolic
syndrome using mice model. They demonstrated that inulin has
the capacity to improve glucose and lipid metabolism traits in mice
by altering the gut microbiota, thus elevating bile acid excretion and
reducing intestinal lipid absorption. In another study, Ma et al.
found that sulfosuccinimidyl oleate can improve insulin resistance
and lipid metabolism in high fat diet-induced obese mice. In
addition, Kang et al. conducted a study on the efficacy of
Cheong-sang-bang-pung-san extract (CB) for improving liver
steatosis and its underlying mechanisms. They observed that CB
treatment can effectively lower lipid accumulation in the liver of
HFD-fed mice. Furthermore, by using free fatty acid-exposed
HepG2 cells, the authors were able to associate CB effect with

the stimulation of AMP-activated protein kinase activity. With
regard to NAFLD treatment, several contributions have been
made. A systematic review by Wang et al. concluded that
probiotics are most likely to improve NAFLD markers compared
to other interventions, and professional diet and exercise advice
outperformed no intervention. Similarly, a network meta-analysis
conducted by Jin et al. evaluated the effectiveness of current anti-
diabetic drugs, specifically rosiglitazone and vildagliptin, in treating
NAFLD in non-diabetic patients. Their findings indicated that
rosiglitazone and vildagliptin are most effective for improving
alanine aminotransferase and aspartate aminotransferase,
respectively. Studies from Zhu et al. and Shiragannavar et al.
provided fascinating insights into the potential of natural
remedies, arecoline and withaferin A, respectively, for the
treatment of NAFLD. The two compounds are efficient in
lowering lipid accumulation and improving related disease
parameters. A randomized controlled trial by Tutunchi et al.
involved a 12-week treatment with oleoylethanolamide (OEA)
and a low-calorie diet in sixty obese and NAFLD patients. The
results revealed a significant improvement in oxidative stress and
antioxidant biomarkers, although no notable changes were observed
in inflammatory indicators. Yang et al. provided insight into the role
of N-acetylcysteine (NAC) in the treatment of NAFLD and
associated mechanisms. The authors reported that NAC could
potentially improve inflammation-induced liver damage, hepatic
steatosis, and glucose intolerance by replenishing hepatic
glutathione (GSH) and GSH reductase levels in animals with
NAFLD. Collectively, these studies provide a solid platform for
studying these medicines’ mechanisms and clinical efficacy
in NAFLD.

Liver damage

Sepsis and the excessive intake of certain medications, such as
acetaminophen, can each lead to liver damage, through various
inflammatory responses and the generation of detrimental
metabolites, respectively. This Research Topic explores
compounds that exhibit potential in mitigating liver damage
instigated by sepsis and the overconsumption of acetaminophen.
Zhao et al. investigated the effect of artemisitene on ferroptosis in
sepsis-induced liver damage and associated mechanisms. They
found that artemisitene can significantly attenuate liver damage
and ferroptotic events by downregulating nuclear factor kappa B
(NF-κB) and upregulating the nuclear factor erythroid 2-related
factor 2/heme oxygenase 1/glutathione peroxidase 4 pathways. In
addition, Shaker et al. examined the impact of alpelisib, a
phosphatidylinositol 3-kinase alpha inhibitor, on acetaminophen-
induced liver damage. They discovered that alpelisib, can effectively
alleviate both inflammation and immune cell infiltration caused by
acetaminophen.

Liver fibrosis

Liver fibrosis is a chronic disease characterized by excessive scar
tissue in the liver. The condition is profoundly linked to ferroptosis, a
unique form of iron-dependent cell death. A research contribution by
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Xu et al. found that doxofylline, a bronchodilator, exhibited an anti-
fibrotic effect in mice with CCL4-induced liver fibrosis. Their results
also revealed that doxofylline effectively reduces liver fibrosis markers
via suppression of transforming growth factor beta (TGF-β)/Smad
signaling pathway and inducing ferroptosis in hepatic stellate cells.

Gastrointestinal diseases

Gastrointestinal diseases encompass a spectrum of conditions,
from minor disturbances to severe functional and structural
abnormalities, all impacting the digestive system and significantly
affecting an individual’s quality of life. An excessive growth of
bacteria in the small intestine is indicative of a condition known
as small intestinal bacterial overgrowth (SIBO), which can lead to a
variety of gastrointestinal complications, including diarrhea. A study
protocol reported by Guo et al. describes a prospective, single-center,
open-label, double-arm randomized controlled trial designed to
evaluate the relative effectiveness of berberine, a natural
compound present in several medicinal plants, and rifaximin, a
widely used antibiotic, in the treatment of patients diagnosed with
SIBO. Furthermore, Mady et al. employed UHPLC/MS profiling and
in vivo techniques to examine the phenolic content of 80% aqueous
methanol extracts of Q. robur and Q. coccinea levaes and to evaluate
their subsequent anti-diarrheal effects in mice. The authors
associated the resultant antidiarrheal effects with the inhibition of
gastrointestinal activity and secretion by flavonoids and tannins in
the leaf extracts.

Functional dyspepsia

Persistent discomfort in the stomach, marked by symptoms like
upper abdominal pain, bloating, and nausea, are key features of
functional dyspepsia (FD). In this Research Topic, two articles
focused on the potential of traditional medicines for managing FD.
A systematic review by Kim et al. thoroughly examined the use of a
traditional Chinese medicine, Banxia-xiexin tang (BXT), as a potential
treatment for FD. Their analysis, which compared BXT to Western
treatments and evaluated its potential as a complementary therapy,
concluded that BXT is both safe and effective. Ha et al. conducted a
comprehensive, multi-center, double-blind, placebo-controlled study to
assess the effectiveness of Naesohwajung-tang, a traditional Korean
herbal blend, in treating FD patients.

Inflammatory bowel diseases

Inflammatory Bowel Disease (IBD) is a prevalent disorder
characterized by chronic inflammation in the digestive tract.
Patients with IBD often undergo bowel preparations prior to
procedures like colonoscopies. However, it is important to note
that certain medications, particularly those targeting the
gastrointestinal system, can potentially interfere with these
preparations, resulting in insufficient bowel cleansing. A study by
Tong et al. investigated the impact of liraglutide, a glucagon-like
peptide-1 receptor agonist, and sitagliptin, a dipeptidyl peptidase-4
inhibitor on bowel preparation and gastrointestinal symptoms in

T2DM patients. The authors found no evidence of increased
gastrointestinal complications risk linked to either treatment in
T2DM patients. However, in patients with diabetic peripheral
neuropathy, they discovered that liraglutide could potentially
increase the risk of insufficient bowel preparation. Jang et al.
examined the potential of sinapic acid, a plant extract, in treating
IBD. Their results indicated that the compound can improve
aberrant intestinal permeability, imbalanced gut microbiota, and
inflammation potentially through its direct binding to TGF-β-
activated kinase 1, leading to changes of its downstream targets.

Pancreatitis

Pancreatitis encompasses acute to chronic inflammation of the
pancreas, which is a crucial organ for digestion and blood sugar
regulation. Specific and efficient therapeutic options for managing
pancreatitis are still lacking. In their systematic review, He et al.
examined numerous randomized clinical trials to assess the efficacy
of an anti-cholinesterase drug, neostigmine, in treating patients with
non-mild acute pancreatitis. They ascertained that the administration of
neostigmine aids in the restoration of gastrointestinal function and could
potentially enhance the overall clinical outcome. Huangfu et al.
presented preliminary data to support the improvement of severe
acute pancreatitis following xanthohumol treatment in mice. They
revealed that xanthohumol mitigates oxidative stress and improves
autophagy via inhibition of AKT/mTOR signaling.

Gastrointestinal carcinoma

Gastrointestinal carcinomas in general, are characterized by a
multifaceted etiology and are addressed through a diverse array of
management approaches. Recent advancements have led to a
significant progress in understanding the molecular mechanisms
of the disease, developing innovative treatments, and improving
methods for early detection. In this Research Topic, Zhou et al.
provided a comprehensive review, evaluating treatment trends for
gallbladder cancer and highlighting both current and future
prospects. Tumor-infiltrating lymphocytes (TILs) play crucial role
in development and progression of cancer. With regard to gastric
cancer, Zhou et al. explored the role of calponin1 in the increasing
angiogenesis and inflammation properties. The authors uncovered a
distinctive correlation between the irregular expression of
calponin1 and the marker genes of TILs, particularly tumor
necrosis factor receptor superfamily member 14 and neuropilin 1.

Moreover, several studies within the scope of this Research
Topic have specifically concentrated on colorectal carcinoma
(CRC). Within this framework, both Huang et al. and Li et al.
delivered comprehensive reviews on the latest progress in targeted
therapies and their pathways, clinical studies, and the
implementation of precision medicine in CRC treatment. With
regard to natural compounds, Brockmueller et al. conducted a
study on the impact of the turmeric-derived anticancer
compound, calebin A, on the regulation of cell migration in CRC
treatment. In their study, they associated the observed anticancer
effect with the partial inhibition of the hypoxia-inducible factor-1α/
NF-κB pathway. Under certain circumstances, a patient could
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concurrently or successively develop both CRC and HCC. Here, an
in-depth analysis of microarray data to explore the molecular
mechanisms of CRC when it is complicated with HCC was
conducted by Gao et al. They identified a multitude of genes that
are differentially expressed in both HCC and CRC. This research laid
a vital foundation for further studies aiming to explore the
mechanism associated with the complication.

Summary

We are pleased to present this Research Topic in the hopes that it
will help further our understanding of the new molecular processes of
pathogenesis, possible treatment agents, and pharmacological impacts of
gastrointestinal and liver diseases. This Research Topic has well-
presented research articles covering a broad variety of gastrointestinal
and liver ailments. Furthermore, there has been a plethora of research
into the efficacy of natural therapies and traditional medicinal practices.
As additional research continues, we believe more innovative findings
and breakthroughs will be available for the clinical application of hepatic
and gastrointestinal diseases. Finally, although several treatments have
been developed, their exact molecularmechanisms and efficacy still need
further investigation.
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Comparison of efficacy of
anti-diabetics on non-diabetic
NAFLD: A network meta-analysis
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Objective: This study aimed to assess the efficacy of currently used anti-diabetic
medications in the treatment of non-alcoholic fatty liver disease (NAFLD) without
diabetes. DESIGN: The efficacy of various anti-diabetic medicines on non-alcoholic
fatty liver disease in the absence of diabetes was evaluated by searching Pubmed,
Embase, Cochrane Library, and Web of Science for randomized controlled trials
(RCT) only. The methodological quality was evaluated using the Revised Cochrane
risk-of-bias tool for randomized trials (RoB2), and the data were analyzed using Stata
software (version 15.1). Results: All papers published between the time of the pooling
and September 2022 were searched. There were a total of 18 randomized controlled
studies with a total sample size of 1141 cases. The outcomes of interest included
variations in alanine transaminase (ALT) and aspartate transaminase (AST).
Rosiglitazone (SUCRA: 100%) and vildagliptin (SUCRA: 99.9%) were the best anti-
diabetic medicines to improve ALT and AST, respectively, in patients with NAFLD
without diabetes, according to the findings of this network meta-analysis.
Conclusion: In accordance with the Network Ranking plot, Rosiglitazone was the
best anti-diabetic medicine for improving ALT, and vildagliptin was the best for
improving AST in patients with non-diabetic NAFLD.

KEYWORDS

hypoglycemic agents, NAFLD, randomized controlled trials, networkmeta-analysis, efficacy,
comparison

1 Introduction

Non-alcoholic fatty liver disease (NAFLD) refers to the disease in which the liver fat
content exceeds 5%, and excludes the secondary causes of alcohol, infection, drugs or other
specific metabolic diseases (Zou et al., 2018). It is a chronic liver disease related to obesity,
type 2 diabetes, hyperlipidemia and other diseases. 30 years ago NAFLD was an uncommon
liver illness, however, it is presently the most common chronic liver disease globally,
especially in western countries, the Middle East and South American countries, with an
incidence rate as high as 20%–40% (Younossi et al., 2016; Younossi et al., 2019; Ge et al.,
2020; Paik et al., 2020; Younossi et al., 2020; Okamura et al., 2021). As estimated, about 25%
of the world’s adults have non-alcoholic fatty liver disease (Younossi et al., 2016; Younossi
et al., 2019). The analysis also found that the incidence of NAFLD has been rising steadily
worldwide in the 30 years from 1991 to 2020, especially among young people aged 18–39
(Zhou et al., 2019; Cotter and Rinella, 2020; Ge et al., 2020; Younossi et al., 2020; Ito et al.,
2021; Henry et al., 2022). Even in countries like Japan where people live long, the incidence
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rate of NAFLD is increasing. It is expected that by 2040, the
incidence rate of NAFLD in Japan may reach 45% (Ito et al.,
2021). In addition, cirrhosis occurs in .25%–3.2% of patients
with NAFLD each year, while hepatocellular carcinoma occurs
in .3%–2.6% of patients with cirrhosis (D’Avola et al., 2016).
Currently, NAFLD has become one of the greatest health threats
of the 21st century and its treatment is rapidly becoming a
worldwide concern (Lazarus et al., 2020; Ding et al., 2022).

Unfortunately, there is still no international consensus on the
pharmacological treatment of NAFLD, and national guidelines or
strategies for NAFLD are rare, for example, the United States
Food and Drug Administration (FDA) has not approved any
specific drugs for the treatment of NAFLD in the United States
(Snyder et al., 2018; Elhence and Shalimar, 2020; Mantovani and
Dalbeni, 2021; Petroni et al., 2021). However, the clinical
treatment options include anti-diabetics, antioxidants (e.g.,
vitamin E, etc.) and hypolipidemics (Lazarus et al., 2020;
Mantovani and Dalbeni, 2021; Rowe et al., 2022), etc. Anti-
diabetic drugs have been increasingly tried as one of the
commonly used pharmaceutical treatments besides the
adjustment of diet and living habits for non-diabetic NAFLD
patients in recent years, because it is widely accepted that insulin
resistance may play an important role in the pathogenesis of
NAFLD and there is a bidirectional interaction between NAFLD
and type 2 diabetes NAFLD (Mazza et al., 2012; Lonardo et al.,
2019; Pennisi et al., 2019; Liu et al., 2020; Sumida et al., 2020).
Clinically applied anti-diabetic drugs, other than insulin, can be
divided into 7 categories, including: biguanides, sulfonylureas,
thiazolidinediones (TZDs) [i.e. Peroxisome proliferator activated
receptor γ(PPAR-γ) agonists], glucagon-like peptide 1 receptor
agonists (GLP-1RA), α-glycosidase inhibitors, dipeptidyl
peptidase-4 inhibitors (DPP-4i), sodium-glucose cotransporter-
2 inhibitor (SGLT2i). Transaminases, to some extent, reflect the
activity of liver inflammation in patients with NAFLD and remain
the most recognized classical index for evaluating liver
inflammatory activity and hepatocyte destruction form various
causes (Sanal, 2015). Just like alanine transaminase (ALT) and
aspartate transaminase (AST) were chose as outcomes of interest
in Ng’s network meta-analysis study on NAFLD, the same index
were chosen in our study on non-diabetic NAFLD (Ng et al.,
2022). According to previous studies, several anti-diabetic drugs
have been found to improve liver function in NAFLD patients
without diabetes and to improve hepatic steatosis, hepatocyte
ballooning, and inflammatory activity. Because there is no
consensus international guidance, and few people have made a
comprehensive comparison of the efficacy of different
hypoglycemic drugs for non-alcoholic fatty liver, it is not
conducive to the choice of drugs in clinical work. This is why
we apply this network meta-analysis.

2 Materials and methods

The Preferred Reporting Items for Systematic Reviews and
Meta-Analyses for Network Meta-Analysis (PRISMA-NMA)
statement was followed when doing this network meta-analysis,
and the protocol was registered and posted on the INPLASY
website at https://inplasy.com/inplasy-2022-11-0014/(INPLASY
registration number: INPLASY2022110014).

2.1 Search strategy

Four electronic database (Pubmed, Embase, Cochrane Central
Register of Controlled Trials, and Web of Science) were searched in
this study from their inception through September 2022. The PICOS
tool served as the foundation for the search strategy: (P) Population:
non-diabetic people with NAFLD; (I) Intervention: anti-diabetic
drugs; (C) Comparator: control group with placebo or usual care
only; (O) Outcomes: serum biochemical tests of ALT and AST levels;
(S) Study type: randomized controlled trials. Table 1 provides an
outline of the comprehensive search strategy (Pubmed is used as an
example).

2.2 Inclusion criteria

Studies were included if they met all of the following criteria for
inclusion: (Zou et al., 2018): Patients who have been diagnosed with
NAFLD meeting the guidance from the American Association for the
Study of Liver Diseases (Chalasani et al., 2018); (Okamura et al., 2021)
Drug treatment using any anti-diabetic medications. Younossi et al.,
(2016) Clinical randomized controlled study with a control group that
only received usual care in lifestyle or a placebo; (Younossi et al., 2019)
Clearly reported outcome indicators that included at least one of the
following: Serum ALT and AST.

2.3 Exclusion criteria

Studies that fit one or more of the following descriptions will be
disqualified: (Zou et al., 2018): Animal models; (Okamura et al., 2021)
Studies that use unreported or incomplete data; (Younossi et al., 2016)
Non-randomized controlled trials; (Younossi et al., 2019) Articles that
are duplicates; (Paik et al., 2020) Conference abstracts, cross-sectional
studies, retrospective studies, Reviews; (Younossi et al., 2020) Patients
with fatty liver brought on by alcohol or other recognized factors; (Ge
et al., 2020) Patients with diabetes were included in the studies. Ito
et al., (2021) Patients must be at least 18 years old.

2.4 Study selection

Using the literature management tool Endnote, the literature was
vetted and excluded. First, two investigators independently looked for
duplicates, non-randomized controlled trial studies, conference
papers, review protocols, papers, and communications in the titles
of the literature. Then the literature abstracts were evaluated to
determine what should be included in the study and what should
be excluded. The remaining papers in their entirety were examined
before further studies were selected for inclusion. All literature during
this process was separately reviewed, and then a comparison was made
to see whether they were the same or not. Any disagreements were
resolved by group discussion.

2.5 Data extraction

Using a seven-item, standardized, and pre-selected data extraction
form, all data were collected for inclusion in the study under the
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following headings: (Zou et al., 2018): author, (Okamura et al., 2021),
year of publication, (Younossi et al., 2016), country, (Younossi et al.,
2019), study period, (Paik et al., 2020), sample size, (Younossi et al.,
2020), mean age, (Ge et al., 2020), intervention, and (Ito et al., 2021)
reported endpoints of interest.

2.6 Outcome measurement

The essential result of interest in our review was changes in mean
ALT level, and secondary result of interest for our review was mean
changes in AST.

2.7 Risk of bias of individual studies

TZ and BG autonomously evaluated the risk of bias using Revised
Cochrane risk-of-bias tool for randomized trials (RoB2) for assessing
the risk of bias. This tool evaluates the risk of bias with five domains
considered: (Zou et al., 2018): randomized process; (Okamura et al.,
2021) deviations from intended interventions; (Younossi et al., 2016)
missing outcome data; (Younossi et al., 2019) measurement of the
outcome; (Paik et al., 2020) selection of the reported result. Overall
bias was defined as “low risk of bias” if all domains were rated as low
risk, “some concerns” if at least one domain was rated as having some
concerns, and “high risk of bias” if one or more domains rated as high
risk or multiple domains were rated as having some concerns that
might affect the validity of the results.

2.8 Data analysis

All variables are continuous and given as means with standard
deviation (SD) in studies where anti-diabetic medications constitute
the intervention (Huang et al., 2021; Theodoridis et al., 2022). The
study will report continuous variables as mean difference (MD =
absolute difference between the means of two groups, defined as the
difference in means between the treatment and control groups and
calculated with the same scale) or standardized mean difference
(SMD = mean difference in outcome between groups/standard
deviation of outcome between subjects, used to combine data when
trials with different scales), with 95% confidence intervals (CI) and

analysis. We adopted a random effects model for analysis as opposed
to a fixed effects model since there are undoubtedly potential variances
between studies (Jackson et al., 2011).

According to the PRISMA NMA instruction manual, we utilized
Stata software (version 15.1) to aggregate and analyze NMA data using
Markov chain Monte Carlo simulation chains in a Bayesian
framework (Moher et al., 2015; Vats et al., 2019). Consistency was
determined using Stata software, if the p-value is more than .05, the
consistency test is said to be passed (Salanti et al., 2011). To display
and describe network diagrams of various interventions, Stata software
was utilized. The lines connecting the nodes in the resulting network
diagrams reflect direct head-to-head comparisons between
interventions, and each node represents a separate anti-diabetics
intervention and a different control condition. The width of the
connecting lines and the size of each node are proportional to the
number of studies (Chaimani et al., 2013).

AP score was used to summarize and describe the intervention
hierarchy. The P score, which averages across all competing
treatments, is regarded as a frequentist analogue to surface
under the cumulative ranking curve (SUCRA) values and
quantifies the degree of certainty that one treatment is superior
to another. The P score has a range of 0–1, with 0 denoting the
worst treatment and 1 denoting the best therapy with no
uncertainty. Although the P score or SUCRA can be
advantageously translated into the percentage of effectiveness or
acceptability of the interventions, such ratings should be regarded
cautiously unless there are real clinically significant differences
between interventions (Marotta et al., 2020). A network funnel plot
was created and visually examined using the symmetry criterion to
assess for the presence of bias resulting from small-scale
investigations, which may result in publication bias in NMA
(Khera et al., 2016). The potential impact of publication bias on
the study’s findings was also investigated using Egger’s test and
Begg’s test.

3 Results

3.1 Study and identification and selection

The search of the computerized database turned up a total of
1,901 papers, while the manual search turned up nine additional

TABLE 1 Search strategy on PubMed.

#1 “Non-alcoholic fatty liver disease” (MeSH))

#2 “Non-alcoholic fatty liver disease” (Title/Abstract) OR “NAFLD” (Title/Abstract) OR “non-alcoholic fatty liver disease” (Title/Abstract) OR “fatty liver
non-alcoholic” (Title/Abstract) OR ((“fatty liver” (MeSH Terms) OR (“Fatty" (All Fields) AND “Liver” (All Fields)) OR “fatty liver” (All Fields)

#3 #1 OR #2

#4 “Hypoglycemic agents” (MeSH)

#5 “Hypoglycemic agents" (MeSH Major Topic) OR “agents hypoglycemic” (Title/Abstract) OR “hypoglycemic agent” (Title/Abstract) OR “agent
hypoglycemic” (Title/Abstract) OR “antihyperglycemic agent” (Title/Abstract) OR “agent antihyperglycemic” (Title/Abstract) OR
“Antihyperglycemics” (Title/Abstract) OR “Hypoglycemic” (Title/Abstract)

#6 #4 OR #5

#7 Randomzied controlled trials (Publication Type)

#8 #3 AND #6 AND #7
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things. After removing the duplicates, the remaining 1,276 papers were
reviewed, and by reading the titles and abstracts of those documents,
another 1,060 documents were eliminated from consideration. After
carefully reading the full texts of the remaining 216 papers, 198 of
them were disqualified once more (for reasons such as non-
randomized controlled trials, insufficient data, conference papers,
and failure to meet the interventions covered in this review), which
resulted in only 18 papers being considered for this research.
(Figure 1).

3.2 Quality assessment of the included studies

According to the Revised Cochrane risk-of-bias tool for
randomized trials, the majority of the studies were rated as
having a low or unclear risk of bias across the five domains.
Five studies was determined to have a high risk of bias due to
deviations from intended interventions (Uygun et al., 2004; Jin
et al., 2010; Yaghoubi et al., 2017; Taheri et al., 2020;

Doustmohammadian et al., 2022). Measurement of the outcome
was deemed to be a high risk of bias in three studies (Cui et al.,
2006; Yaghoubi et al., 2017; Khoo et al., 2019). Two studies was
found to have a high risk of bias due to selection of the reported
result (Rana et al., 2016; Lee et al., 2022). Supplementary Figures S1
and Supplementary Figure S2 show the risk-of-bias assessment of
the trials included in this study.

3.3 Characteristics of the included studies

The papers from 18 randomized controlled trials, totaling
1,141 individuals with non-diabetic NAFLD, were included in our
analysis. They were all published between 2004 and 2022.
Empagliflozin (2 studies) (Taheri et al., 2020; Lee et al., 2022),
Liraglutide (1 studies) (Khoo et al., 2019), Metformin (9 studies)
(Uygun et al., 2004; Garinis et al., 2010; Hajiaghamohammadi et al.,
2012; Sanchez-Munoz et al., 2013; Soifer et al., 2015; Rana et al., 2016;
Shahebrahimi et al., 2017; Anushiravani et al., 2019; Mohammadi

FIGURE 1
Flow diagram of literature selection. This figure showed the procedure for including RCTs with participants who have non-diabetic NAFLD.

Frontiers in Pharmacology frontiersin.org04

Jin et al. 10.3389/fphar.2022.1096064

14

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1096064


et al., 2022), Pioglitazone (7 studies) (Aithal et al., 2008; Jin et al., 2010;
Hajiaghamohammadi et al., 2012; Rana et al., 2016; Shahebrahimi
et al., 2017; Yaghoubi et al., 2017; Anushiravani et al., 2019),
Rosiglitzone (1 study) (Cui et al., 2006), Sitagliptin (1 study)
(Doustmohammadian et al., 2022), and Vildagliptin (1 study)
(Hussain et al., 2016) were interventions involved in our analysis.
Eighteen research reported using ALT as an outcome indicator while
fifteen studies used AST. There were two studies from East Asia (Cui
et al., 2006; Jin et al., 2010), nine from West Asia (Uygun et al., 2004;
Hajiaghamohammadi et al., 2012; Soifer et al., 2015; Shahebrahimi
et al., 2017; Yaghoubi et al., 2017; Anushiravani et al., 2019; Taheri
et al., 2020; Doustmohammadian et al., 2022; Mohammadi et al.,
2022), two from South Asia (Hussain et al., 2016; Rana et al., 2016),
one from Southeast Asia (Khoo et al., 2019), one from North America

(Lee et al., 2022), one from South America (Sanchez-Munoz et al.,
2013), one from South Europe (Garinis et al., 2010), and one from
West Europe (Aithal et al., 2008). Supplementary Table S1 displays the
characteristics of the included studies.

3.4 Network meta-analysis

The full NMA figure were shown in Figure 2A and Figure 3A.
The nodes represent comparative therapy, while the lines indicate
which therapies were compared. The number of participants in
each node determined the size of the nodes. The connecting line’s
thickness was proportional to the number of trials in each
comparison.

FIGURE 2
(A) NMA figure for ALT. Each node stands for a different treatment. The size of each node is based on howmany people were given that treatment. The
lines show direct comparisons, and the width of the line depends on how many trials were done. (B) SUCRA plot for ALT. The cumulative rank likelihood of
each therapy is represented by the area under the curve, with bigger areas denoting higher probabilities.
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3.4.1 Improvement of ALT in NAFLD
The consistency and inconsistency of all p-values for indirect and

direct comparisons between all studies were assessed, and nearly all
p-values were greater than .05, indicating that the effect of study
consistency was acceptable. Information on consistency and
inconsistency tests is displayed in Supplementary Table S2 and
Supplementary Table S4.

According to the Network meta-findings, analysis’s rosiglitazone
[MD = -307.80, 95% CI =(−372.15, −243.45)], vildagliptin
[MD = −23.40, 95% CI =(−41.65, −5.15)], pioglitazone
[MD = −7.03, 95% CI =(−15.15, 1.08)], metformin [MD = −5.23,
95% CI =(−12.45, 2.00)], and empagliflozin [MD = .26, 95% CI =(−-
12.53, 13.05)] all outperformed the control group in lowering serum
ALT levels when compared to the routine measures used by the
control group. Sitagliptin [MD = 5.00, 95% CI = (−12.60, 13.11)]

and liraglutide [MD = 5.00, CL= (−12.62, 22.62)] did not do as well in
lowering serum ALT levels as the control group did. According to the
SUCRA, the likelihood rating of the various interventions in terms of
lowering ALT level, Rosiglitazone was given priority (SUCRA: 100% as
indicated in Figure 2B). The comparison of the two distinct therapies
will be presented in Table 2 and Supplementary Table S6.

3.4.2 Improvement of AST in NAFLD
The consistency and inconsistency of all p-values for indirect and

direct comparisons between all studies were assessed, and nearly all
p-values were greater than .05, indicating that the effect of study
consistency was acceptable. Information is displayed in
Supplementary Table S3 and Supplementary Table S5.

The network meta-analysis revealed that vildagliptin
[MD = −19.70, 95% CI=(−29.79, −9.61)], pioglitazone

FIGURE 3
(A) NMA figure for AST. Each node stands for a different treatment. The size of each node is based on how many people were given that treatment. The
lines show direct comparisons, and the width of the line depends on how many trials were done. (B) SUCRA plot for AST. The cumulative rank likelihood of
each therapy is represented by the area under the curve, with bigger areas denoting higher probabilities.
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[MD = −4.51, 95%CL=(−9.19, −.16)], sitagliptin [MD = −2.00, 95%
CI=(− 10.72, 6.72)], metformin [MD = −2.61, 95% CI=(−6.41, 1.39)],
empagliflozin [MD = −1.20. 95% CI =(−10.42, 8.01)], and liraglutide
[MD = 1.00, 95% CI=(−14.74, 16.74)] all outperformed the placebo
group in lowering serum AST levels in non-diabetics when compared
to the control group for routine measures. Vildagliptin was placed top
in the SUCRA for the likelihood ranking of the various anti-diabetic
medications in terms of lowering blood AST concentration (SUCRA:
99.9% as shown in Figure 3B). The comparison of the two distinct
therapies will be presented in Table 3 and Supplementary Table S7.

3.5 Publication bias test

To investigate any potential publication bias, we created separate
funnel plots for each outcome variable. Funnel plots did not show any
notable publication bias (Wallace et al., 2009). Specifics as displayed in
Figures 4A,B. In addition, the p-values from Egger’s and Begg’s test for
ALT were .604 and .409, while the p-values for Egger’s test and Begg’s
test of AST were .805 and .636 respectively. No indication of
publication bias was bound.

4 Discussion

In this study, we compared the efficacy of seven currently
available clinically applied anti-diabetic treatments by combining

literature searches to find 18 studies which met the inclusion
criteria. Consistent with most previous similar studies, the
outcomes of interest that we compared are improvements in
two biochemical markers, including ALT and AST, in patients
with non-diabetic NAFLD (Theodoridis et al., 2022). Studies on
ALT and AST, with 1,141 and 908 patients enrolled, respectively,
represent a large sample size. Our findings suggest that
Rosiglitazone is the best anti-diabetic drug for improving ALT,
while Vildagliptin is the best drug for improving AST. It is well
known that ALT has long been the most classic, commonly used
and surrogate indicator of hepatocyte damage (Kallai et al., 1964;
Calvaruso and Craxì, 2009; Sanal, 2015). ALT is mainly
distributed in the cytoplasm of liver cells, while AST is
distributed in the mitochondria of hepatocytes as a
mitochondrial enzyme, but it is also present in cardiac muscle,
skeletal muscle, kidney, brain, pancreas, lung, leukocytes,
however, with much lower activity.

The studies that met the inclusion criteria for this study involved
7 drugs of 5 categories, namely biguanides (metformin), DPP-4i
(vildagliptin, sitagliptin), TZD class (rosiglitazone, pioglitazone),
SGLT2i (empagliflozin), and GLP-1RA (liraglutide) drugs (Ranjbar
et al., 2019; Liu et al., 2020). As mentioned earlier, vildagliptin was the
best AST-lowering drug and the second-ranked excellent ALT-
lowering drug in our study. As a DPP-4i class drug, vildagliptin
significantly reduced not only ALT levels but also intrahepatic
triglyceride (TG) levels, an effect that has been confirmed by
magnetic resonance examination. The specific mechanism may be

TABLE 2 League table on ALT.

TABLE 3 League table on AST.
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through the influence of hepatic lipid metabolism and triglyceride
transport (Macauley et al., 2015). The insulin resistance that is a major
contributor to NAFLD is also reduced by vildagliptin. Additionally,
increased expression of dipeptidyl peptidase-4 is linked to hepatic
steatosis; as a DPP-4 inhibitor, vildagliptin is effective at improving
NAFLD (Hussain et al., 2016). In combination with our findings, it
follows then that vildagliptin might be the best option for people who
have abnormal liver transaminases, notably high AST (Macauley et al.,
2015).

Another drug with excellent efficacy is pioglitazone, which is the
only anti-diabetic drug recommended by a clinical guideline for the
treatment of NASH (Chalasani et al., 2018; Kawaguchi-Suzuki et al.,
2018; Mantovani and Dalbeni, 2021). In our study, pioglitazone was
second only to vildagliptin in improving AST and second only to
rosiglitazone and vildagliptin in improving ALT. Both pioglitazone
and rosiglitazone belong to TZD functioning as highly selective PPAR-
γ agonists, which is a key factor in the regulation of glucose and lipid

metabolism (Francque et al., 2021). Activation of PPAR-γ increases
adipocyte uptake of free fatty acids, protecting the liver, skeletal
muscle, and beta cells against the deleterious metabolic effects of
lipid poisoning (Mookkan et al., 2014). PPAR-γ receptors are widely
distributed in adipose tissue and hepatic Kupffer cells, which are
associated with liver fibrosis (Raschi et al., 2018; American Diabetes
Association, 2019; Francque et al., 2021). Pioglitazone can regulate the
production and release of different adipokines, including adiponectin,
tumor necrosis factor-α, and monocyte chemoattractant protein-1. Its
effect on NALFD may be a result of its immunomodulatory and anti-
inflammatory properties. Previous studies have found that
pioglitazone results in significant histological improvement of
inflammation and steatosis in NASH with or without diabetes, but
there is controversy about whether it improves liver fibrosis (Cusi
et al., 2016; Pennisi et al., 2019; Kumar et al., 2021).

As the best drug to improve ALT in the study, rosiglitazone of the
thiazolidinedione class drugs is the optimal choice among anti-
diabetic drugs. The same as pioglitazone, this mechanism of action
may be because thiazolidinedione drugs can improve the synthesis and
uptake of fatty acids in adipose tissue, and transfer the load of free fatty
acids load from liver to adipocytes (Raza et al., 2021). This improves
fat accumulation in liver and improves liver function. In Hockings
and Tahan’s studies, in addition to ameliorating liver inflammation
and insulin resistance in methionine- and choline-deficient diet-
induced steatosis in Wistar rats, rosiglitazone has been shown to
reverse hepatic steatosis and reduce intramyocellular lipids in
Zucker fatty rats (Hockings et al., 2003; Tahan et al., 2007). Our
finding is consistent with previous studies proposing that
thiazolidinediones drugs are the most powerful drugs for the
treatment of non-alcoholic steatohepatitis (Vuppalanchi and
Chalasani, 2009; Raza et al., 2021).

Interestingly, Mookkan discovered that hepatic steatosis and TGs
were significantly reduced in the mice treated with vildagliptin and
rosiglitazone combo (Mookkan et al., 2014). However, clinical
investigations are necessary to establish this finding. In addition,
because PPAR-γ is also present and expressed in blood vessels,
Rosiglitazone has been reported to have a regulatory effect on
vascular homeostasis in animal studies and to have a protective
effect on patients with arteriosclerosis, which can prevent the
accumulation of macrophages in damaged arteries and reduces the
expression of inflammatory factors such as tumor necrosis factor. But
further clinical trials are needed to confirm this effect of rosiglitazone
(Han et al., 2017). Since NAFLD is closely associated with
cardiovascular diseases such as coronary heart disease and
atherosclerosis, this effect of rosiglitazone is of clinical importance
(Polyzos et al., 2021).

Overall, our study does have some bearing on clinical practice. We
confirmed that Rosiglitazone of TZD class and vildagliptin of DPP-4i
class are preferred for improving ALT and AST, respectively, for the
treatment of NAFLD in patients who do not have diabetes. This
finding is in line with the findings of previous studies that looked at
those two medications on their own. However, it is particularly
important to note here that even the same category of drugs may
have relatively large differences in efficacy. For example, the efficacy of
sitagliptin, which also belongs to DPP-4i drugs, differs significantly
from that of vildagliptin in our study. Vildagliptin has a much better
efficacy in improving transaminase, especially ALT.

FIGURE 4
Funnel plot on publication bias (A) ALT. An asymmetrical graph
suggested that there might be publishing bias while a symmetrical graph
showed no clear publication bias. Funnel plot on publication bias (B) AST.
An asymmetrical graph suggested that there might be publishing
bias while a symmetrical graph showed no clear publication bias.
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5 Strengths and limitations

First, a relatively high sample size of 1,141 patients from 18 studies
was included in our analysis. We performed the first network meta-
analysis evaluating the efficacy of anti-diabetic medications in patients
with non-diabetic NAFLD. Through direct and indirect comparative
evidence analysis, the investigation comprised seven medications from
five major classes and gave more complete recommendations for
clinical practice application by medical experts.

Second, the findings of our investigation are not without their
flaws. When we include the studies’ original data, we make every effort
to control the heterogeneity of the research; yet, it was unavoidable for
there to be variability between the studies (for example, patients came
from different countries, regions, races in the world, and studies with
different gender ratio).

Third, in our research, it is important for readers to use caution
when interpreting these data. This is due to the fact that there are not
yet a sufficient number of research that are focused on particular
therapies. The anti-diabetic medications that are currently being used
in clinical practice primarily contain more than 30 pharmaceuticals
that fall into 7 different groups. However, all of the included studies
only covered 7 drugs from 5 major classes, limited by current research
progress.

Finally, the indicators of the study only include ALT and AST,
because we found it difficult to accurately quantify the
improvement of non-diabetic NAFLD after treatment with anti-
diabetics through uniform imaging and/or histological
examination. This led to the fact that the data of some studies
with different evaluation methods cannot be included and
compared effectively. We would focus on finding a better
quantitative evaluation of the therapeutic effect of NAFLD,
which can detect even if there is a slight improvement only. In
addition, more large-scale and comprehensive clinical studies of
anti-diabetic drugs are needed in the future to obtain sufficient
evidence for more direct and comprehensive comparisons of drug
efficacy in the treatment of patients with NAFLD without diabetes.

6 Conclusion

Based on the results of our study, we suggest that patients with
NAFLD without diabetes mellitus can be treated with rosiglitazone or
vildagliptin in reference to the patient’s laboratory test results when
choosing a drug therapy to improve ALT and/or AST levels.
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Xanthohumol alleviates oxidative
stress and impaired autophagy in
experimental severe acute
pancreatitis through inhibition of
AKT/mTOR
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Fan Li, Yilan Wang, Kun Zhang, Shiyi Li, Yuman Dong, Yangying Li,
Hai Niu, Guang Xin* and Wen Huang*

Laboratory of Ethnopharmacology, Tissue-orientated Property of Chinese Medicine Key Laboratory of
Sichuan Province, West China School of Medicine, West China Hospital, Sichuan University, Chengdu, China

Severe acute pancreatitis (SAP) is a lethal gastrointestinal disorder, yet no specific and
effective treatment is available. Its pathogenesis involves inflammatory cascade,
oxidative stress, and autophagy dysfunction. Xanthohumol (Xn) displays various
medicinal properties,

including anti-inflammation, antioxidative, and enhancing autophagic flux. However,
it is unclear whether Xn inhibits SAP. This study investigated the efficacy of Xn on
sodium taurocholate (NaT)-induced SAP (NaT-SAP) in vitro and in vivo. First, Xn
attenuated biochemical and histopathological responses in NaT-SAP mice. And Xn
reduced NaT-induced necrosis, inflammation, oxidative stress, and autophagy
impairment. The mTOR activator MHY1485 and the AKT activator SC79 partly
reversed the treatment effect of Xn. Overall, this is an innovative study to identify
that Xn improved pancreatic injury by enhancing autophagic flux via inhibition of
AKT/mTOR. Xn is expected to become a novel SAP therapeutic agent.

KEYWORDS

acute pancreatitis, xanthohumol, autophagy, inflammation, oxidative stress

1 Introduction

Acute pancreatitis refers to an inflammatory condition in which the pancreas develops
necrosis and tissue lesions (Hines and Pandol, 2019). In mild cases, the disease involves only the
pancreas and resolves spontaneously. While, around 20% of cases will progress rapidly to severe
acute pancreatitis (SAP) with a poor prognosis and a mortality rate as high as 30% (Banks et al.,
2013). Current therapeutic agents, however, cannot alter the course of the disease (Mederos
et al., 2021). Therefore, developing drugs that target the mechanisms of disease is the priority.

Autophagy is the primary cellular pathway for organelle, lipid, and long-lived protein
degradation and recycling (Yao et al., 2021). SAP is characterized by impaired autophagy
due to damaged lysosomes and abnormal autophagosome formation (Habtezion et al.,
2019). According to recent studies, the pancreatic specific knockout of autophagy-related
proteins in mice led to spontaneous pancreatitis and enhancing autophagy by
administration of trehalose alleviates arginine-induced SAP (Diakopoulos et al., 2015;
Biczo et al., 2018). Autophagy prevents damage caused by reactive oxygen species (ROS) by
clearing damaged organelles. Oxidative stress caused by impaired autophagy can promote
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inflammatory responses. And, dysregulated autophagy alone
promotes the inflammatory response (Gukovskaya et al., 2017).
Cross talk interacts between autophagy, oxidative stress, and
inflammation. However, it is unknown if inflammatory
mediators, such as cytokines, influence autophagy during
pancreatitis pathogenesis.

Serum interleukin-17 (IL-17) concentrations in SAP patients
correlate with disease severity, making it a novel indicator with
predictive value (Dai et al., 2015; Li et al., 2021). Interestingly, IL-
17 affects autophagy differently depending on the cell type. In liver
epithelia and lung epithelia, IL-17 inhibits autophagy, while in B cells
and RAW macrophages, it induces autophagy (Liu et al., 2013; Yuan

FIGURE 1
Xn attenuates biochemical and histopathological responses in NaT-SAP mice. (A) The chemical structure of Xn. (B) Pancreatitis induction and Xn
administration scheme. (C) Typical images of freshly harvested pancreatic tissues. (D) Serum amylase and lipase activity. (Ei) Pancreatic and pulmonary H&E
images. The red arrow points to inflammation, the yellow arrow points to edema, and the blue arrow points to necrosis. (Eii) Histopathological scores of
pancreatic tissues. (Eiii)Histopathological scores of lung tissues. (mean ± SD; n= 4) pp < 0.05 and ppppp < 0.0001 versus Sham. #p < 0.05, ##p < 0.01, ###p <
0.001 and ####p < 0.0001 versus NaT. &&p < 0.01, and &&&&p < 0.0001 versus Xn (6 mg/kg). p̂ < 0.05,^̂p < 0.01,^̂̂p < 0.001 and^̂̂̂p < 0.0001 versus Xn (9 mg/kg).
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et al., 2014; Orosz et al., 2016; Zhou et al., 2016). On pancreatic acinar
cells, no study has linked IL-17 to autophagy to date. Together,
inflammatory cascades, oxidative stress, and autophagy dysfunction
are all factors contributing to the pathogenesis of SAP. Attenuating
SAP might be accomplished by reducing inflammatory and oxidative
stress as well as restoring impaired pancreatic autophagy.

Xanthohumol (Xn), a naturally occuring prenylated chalcone
compound isolated from hops (the female inflorescences of
Humulus lupulus L.), has been drawn in significant consideration
because of its medicinal properties, including anti-oxidant activities,
anti-inflammation, and enhancing autophagic flux (Lv et al., 2017; Sun
et al., 2021). Furthermore, late reports revealed that Xn activates
autophagy signaling pathways via inhibiting AKT/mTOR activity
(Sun et al., 2021). The protective effect of Xn on SAP, however,
has not been studied.

Collectively, this study investigated the efficacy and potential
mechanisms of Xn against sodium taurocholate (NaT)-induced SAP
(NaT-SAP). Xn restored autophagic flux and suppressed the
oxidative stress via inhibiting AKT/mTOR. Moreover, we firstly
found Xn alleviated the serum levels of IL-17 on NaT-SAP.
According to our current research, SAP may benefit from Xn as a
new treatment option.

2 Materials and methods

2.1 Reagents

Purified Xn (# 6754-58-1, HPLC analysis ≥99%, C21H22O5, MW:
354.40) was from Bide Pharmaceutical Technology Co., Ltd. (#
BD156629, Shanghai, China) (chemical structure shown in
Figure 1A). NaT (# 86339), Collagenase IV (# C4-BIOC), Triton X-
100 (# X100) were from Sigma-Aldrich (Saint Louis, United States).
Hoechst 33342 (# 62249) and propidium iodide (PI; # P1304MP) were
from Molecular Probes (Eugene, United States). Lactase dehydrogenase
(LDH)-Glo™ Cytotoxicity Assay Kit (# J2380) was provided by Promega
Corporation (Madison, United States). Protease and phosphatase
inhibitors (# P1045), RIPA (# P0013C), IL-6 ELISA kit (# PI326), IL-
10 ELISA kit (# PI522), IL-17 ELISA kit (# PI545), TNF-α ELISA kit
(#PT512), malondialdehyde (MDA) activity assay kit (# S0131S),
superoxide dismutase (SOD) activity assay kit (# S0103) and 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA; # S0033S) were all
from Beyotime Biotechnology (Shanghai, China). The following
antibodies were used: Nrf2 (# bs-1074R), p-P65(# bs-3543R), P65(#
bs-23217R) were from Bioss (Beijing, China); HO-1 (# 43966), p-AKT (#
5012), p-mTOR (# 5536), LC3B (# 3836), β-actin (# 58169), GAPDH (#
5174) were from Cell Signaling Technology (Danvers, United States).
P62 (# A11483) was from ABclonal Technology (Wuhan, China). SC79
(# HY-18749) and MHY1485 (# HY-B0795) were from
MedChemExpress (South Brunswick, United States).

2.2 Ethics and animals

We conducted all animal-related experiments with the approval of
the Animal Ethics Committee of West China Hospital, Sichuan
University (No. 20211164A). Approximately 25–30 g male Balb/C
mice (between 6 and 8 weeks old) were obtained from Dashuo
Experimental Animal Co. Ltd (Chengdu, China) and fed under

SPF-condition (20°C–22°C, a relative humidity of 55%, 12 h of light
and dark). Food and water were freely accessible to all mice.

2.3 Animal model of SAP and treatments

Groups were randomly assigned: sham-operated (Sham) group,
NaT-SAP group, and Xn (3, 6, or 9 mg/kg.BW) + NaT groups. The
NaT-SAP models were established as described previously (Perides
et al., 2010). Briefly, after gently taking out the duodenum from deep in
the wound, the duodenum was rotated to reveal the biliary
biliopancreatic duct and periampullary region. Then, the cannula
was passed through a small hole that has been created in the
duodenal wall directly opposite to the papilla. Next, retrograde
injected the pancreatic duct with 3.5% NaT (100 μL min−1) by
infusion pump. In the intervention groups, mice were treated with
intragastric administration of Xn (3, 6, or 9 mg/kg.BW) for 1 h before
and 3 h and 7 h after modeling (Figure 1B). Mice were euthanized by
the cervical dislocation method at 24 h after modeling.

2.4 Histopathology

Immediately after the lung and pancreas tissues are removed, they
were fixed with 10% formalin, dehydrated in ascending alcohol
solutions (30%, 50%, and 70%), embedded by paraffin. Following
that, the wax blocks were cut into 5 μm slices. Slices stained with
hematoxylin and eosin (H&E) were viewed by the microscope
(AX10 imager A2/AX10 cam HRC, Zeiss, Germany). Pancreatic
and lung injury were scored according to Wildi S et al. (Wildi
et al., 2007) (inflammation, edema, and necrosis; from 0 to 3) and
Osman et al. (Osman et al., 1998) (inflammation, and edema; from 0 to
3), respectively.

2.5 Immunohistochemical

Prepared pancreatic sections were for immunohistochemical
staining as described previously (Liu et al., 2014). Briefly, after
being deparaffinized and rehydrated, for quenching endogenous
peroxidase, incubation of the samples in 3% H2O2 solution in
methanol was performed (10 min, room temperature (RT)). Citrate
buffer was used to retrieve antigens. Then slices were pre-blocked with
normal goat serum (RT, 10 min), and then incubated with anti-P62 (1:
100 dilution, 12h, 4°C), followed by biotinylated secondary antibodies
(1:500 dilution, RT, 30 min). For coloring, 3, 3-diaminobenzidine
substrate solution was added for 5 min, followed by washing with PBS.
Following hematoxylin staining, the sections were counterstained and
then imaged using the microscope (BA400Digital, MOTIC, China).
Analyzing the images was done with Image-Pro Plus 6.0 (Media
Cybernetics, MD, United States).

2.6 Serum amylase and lipase detection

Blood samples were centrifuged (1000 × g, 10 min). Serum
(diluted with 0.9% saline solution in a ratio of 1:4) was for lipase
and amylase measurement by automatic biochemical analyzer (Cobas
8000, Roche, Switzerland).
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2.7 Isolation of primary pancreatic acinar cells

Mice primary pancreatic acinar cells isolation was performed as
previously described (Gerasimenko et al., 2013). Briefly, the fresh
pancreas was rapidly collected after euthanizing the mice under sterile
conditions. A 19-min digestion at 37°C with collagenase IV (200 U/ml)
was performed on the rinsed pancreas. A 100 mm cell strainer was
used to isolate cells from pancreatic fragments mechanically
dissociated. The filtrate was centrifuged (700 rpm, 2 min) to obtain
cell pellets. Resuspend and wash the pellet twice. And then
extracellular solution (pH 7.35; HEPES) was used to resuspended
the cells.

2.8 Detection of necrotic cell death

After indicated treatments and double stained with Hoechst
33342 (50 μg/ml) and PI (1 μmol/ml) for 10 min at RT, acinar cells
were fixed on slides (Cosker et al., 2014). Automatic fluorescence
microscopes (Axio Imager Z2, Zeiss, Germany) was used to capture
images of fixed cells on slides. Based on PI-positive cells/Hoechst
33342-stained cells ratio, necrotic cells were calculated as a
percentage.

2.9 LDH release assay

The cellular injury was determined by LDH leakage using a
kit based on the bioluminescent method. After indicated
treatment, acinar cells were centrifugated (300 × g, 30 s) to
collect the supernatants. The cells were lysed using 0.2%
Triton X-100 for total LDH samples. 50 μl of fresh detection
reagent was added to an equal volume of sample. After 60-min
incubation at RT during darkness, the microplate reader (Synergy
H1, BioTek, United States) was used for the luminescence
detection. The percentage of LDH release was calculated
as follows: (LDH release from acinar cells minus
medium background) divided by (total LDH minus medium
background).

2.10 Detection of TNF-α, IL-6, IL-10 and IL-17
levels

Serum cytokines were detected after blood samples were
centrifuged (1000 × g, 10 min). After indicated treatments, 0.2%
Triton X-100 was added into acinar cells for cytokines
measurement in vitro. The supernatants were collected after
centrifugation (1000 × g, 3 min). The cytokines in serum and
pancreatic acinar cell lysates were determined by the employment
of ELISA kits.

2.11 Detection of cytosolic ROS

Cytosolic ROS was detected using DCFH-DA. Acinar cells (after
indicated treatments for 50 min) were incubated in PBS with DCFH-
DA (10 μM, 37°C, 20 min) during darkness. After washing, nuclear
DNA was labeled with Hoechst 33342 (50 μg/ml). A confocal

microscope (N-SIM S, Nikon, Japan) was used to capture images
of fixed cells on slides.

2.12 Detection of pancreatic levels and SOD
activities

Fresh pancreatic tissues and acinar cells were homogenized in PBS
and centrifuged (15,000 × g, 10 min) for supernatants. We evaluated
the MDA levels and SOD activities in supernatants using colorimetric
assay kits.

2.13 Western blot analysis

An aliquot of 20 μg of total protein was loaded on 10% or 15%
SDS-PAGE gel and transferred onto PVDFmembranes (IPFL00010,
Millipore, United States). At RT, membranes were blocked for 1 h
with 5% nonfat milk and then probed with primary antibodies for
1 h. Membranes were incubated with the secondary antibody
conjugated with horseradish peroxidase and identified by an
enhanced chemiluminescence detection system (P0018S,
Beyotime Biotechnology, China). Protein intensities were
quantified using Fiji software and normalized to the intensities of
the corresponding β-actin or GAPDH as loading controls
(Schindelin et al., 2012).

2.14 Statistical analysis

Data are expressed as means ± SD. For multiple comparisons, one-
way ANOVAwas used followed by Dunnett’s post-hoc test with Prism
8.0 software (GraphPad Software Inc., La Jolla, CA, United States).
Statistical significance was defined as p < 0.05.

2.15 Molecular docking

The 2D structures of Xn were downloaded from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/) and the 3D structures
of PI3K were screened from the RCSB Protein Data Bank (https://
www.rcsb.org/). We used AutoDock Tools (Version 1.5.6) and
AutoDock Vina (Version 1.1.2) to dock Xn with the target and
calculate the free binding energies. After docking, PyMOL (version
2.3) was used to visualize the interactions and binding modes between
the molecule and target.

3 Results

3.1 Xn concentration-dependently protected
against NaT-SAP in mice

We investigated the efficacy of Xn on NaT-SAP mice model,
which is a representative model of acute biliary pancreatitis (Lerch
and Gorelick, 2013). NaT-SAP led to a sharp increase in pancreatic
injury, as measured by inflammatory infiltration, oedema, and
necrosis using histopathology score. However, Xn treatment
concentration-dependently reduced pancreatic injury (Figures
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1C–Ei, Eii). In SAP, acute lung injury ranks among the most critical
distant organ injuries (Ge et al., 2020). We then examined the
efficacy of Xn on SAP associated lung injury by histopathology
score. As expected, the NaT group had higher lung histopathological
scores than the Sham group. However, Xn reduced lung injury
concentration-dependently (Figure 1Eiii). Meanwhile, NaT-SAP
resulted in excessive serum amylase and lipase activity. However,
Xn treatment group showed lower of these compared to the NaT
group (Figure 1D).

3.2 Xn concentration-dependently protected
against NaT-induced necrosis and
inflammation

Acinar necrosis triggers strong inflammatory responses (Wang
et al., 2016). To test the effects of Xn on NaT-induced necrosis in vitro,
we evaluated the necrosis rate by calculating the ratio of PI/Hoechst
positive cells and measuring LDH release in the extracellular medium.
Figures 2Ai, B displays Xn concentration-dependently reduced NaT-

FIGURE 2
Xn concentration-dependently reduced NaT-induced necrosis and inflammation. (Ai) Pancreatic acinar cells staining with Hoechst 33342 (blue) and PI
(red). (Aii) Necrosis rate quantification. (B) LDH release in the lysate of acinar cells. (C) Serum IL-6, TNF-α, IL-10 and IL-17. (Di, Dii) The expression of
phosphorylated-p65 and p65 protein in acinar cells. (mean ± SD; n= 3–5) pp < 0.05, ppp < 0.05, pppp < 0.05 and ppppp < 0.0001 versus Sham. #p < 0.05, ##p < 0.01,
###p < 0.001 and ####p < 0.0001 versus NaT. ∨p < 0.05 versus Xn (5 μM). &&&&p < 0.0001 versus Xn (10 μM). p̂ < 0.05, and^̂̂̂p < 0.0001 versus Xn (15 μM).
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induced acinar necrosis rate and LDH release. Figure 2C shows that
NaT-SAP increased pro-inflammatory cytokines, such as TNF-α, IL-6,
and IL-17. However, Xn treatment alleviated these levels. NaT-SAP
did not affect IL-10, a cytokine that combats inflammation (Sziksz
et al., 2015), whereas Xn treatment increased it. And NF-κB regulates
the inflammation-related genes, which is why the activation of this
pathway is related to the development of systemic complications

during SAP (Satoh et al., 1999). As presented in Figures 2Di, Dii,
Xn significantly suppressed p65 phosphorylation in NaT-incubated
acinar cells. Treatment with a high dose of Xn (9 mg/kg in vivo and
15 μM in vitro) showed the greatest inhibitory effects on acinar
necrosis and systemic inflammation in NaT-SAP. Hence, the
following experiments only use a high dose of Xn (9 mg/kg in vivo
and 15 μM in vitro).

FIGURE 3
Xn treatment alleviated NaT-induced oxidative stress. (A) The pancreatic level of MDA and activity of SOD. (Bi) The fluorescence intensity of DCF (green)
and Hoechst 33342 (blue) in primary acinar cells. (Bii) The Quantification of the fluorescence intensity. (Ci) Representative western blot of HO-1 and Nrf2.
(Cii) HO-1 and Nrf2 protein quantification. (mean ± SD; n = 3–5). pp < 0.05, ****p < 0.00001 versus Sham, #p < 0.05 versus NaT.
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3.3 Xn treatment alleviated NaT-induced
oxidative stress

SAP also relies heavily on oxidative stress, which is closely
related to the inflammatory cascade (Habtezion et al., 2019). Then
we detect the effect of Xn on oxidative stress in NaT-SAP. Figures
3Bi, Bii illustrates the large amount of ROS released by damaged
pancreatic acinar cells after NaT treatment. However, Xn

significantly inhibited cytosolic ROS release amounts. And
results in vivo showed that NaT-SAP led to increased MDA level
and decreased SOD activity. But Xn lessened SOD depletion and
reduced MDA formation (Figure 3A). NaT-SAP did not alter
the expression of antioxidative stress-related proteins Nrf2 and
HO-1, but Xn increased their expression (Figures 3Ci, Cii).
These findings provided treatment with Xn eased oxidative stress
injury in SAP.

FIGURE 4
Xn treatment alleviated NaT-induced autophagy impairment. (Ai) Representative anti-p62 immunohistochemistry of pancreas sections from each
group. (Aii) The p62 staining score levels. (Bi)Western blot of total protein levels of LC3, p62, and β-actin. (Bii)Quantification of LC3-II/LC3-I and p62 protein.
(mean ± SD; n = 3–5) pp < 0.05, ****p < 0.00001 versus Sham, #p < 0.05 versus NaT.
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3.4 Xn treatment alleviated autophagy
impairment in NaT-SAP

The expanded inflammatory response in SAP can be triggered by
dysregulated autophagy (Gukovskaya et al., 2017). The effect of Xn on
autophagy in SAP was then investigated in order to understand how Xn
exerts its protective effects. As one of the long-lived proteins, p62 is
specifically degraded by autophagy. And its accumulation has been seen in
pancreatitis models, indicating impaired autophagic flux (Gukovskaya
et al., 2017). Immunohistochemistry was used for monitoring autophagy
in vivo. NaT group showed more accumulation of p62 than Sham.
Compared to the NaT group, the Xn group had less accumulation of
p62 (Figures 4Ai, Aii). In addition, primary acinar cells incubated with
NaT exhibited accumulations of p62 and the phosphatidylethanolamine
conjugated LC3 (LC3B-II), while Xn downregulated the p62 and LC3B-II/
LC3B-I ratio (Figures 4Bi, Bii). Those results suggest that Xn could restore
the impaired pancreatic autophagy in NaT-SAP.

3.5 Xn enhanced autophagic flux via inhibiting
the AKT/mTOR pathway

Under nutrient and environmental stress, autophagy recycles
macromolecules to provide energy and building blocks (Mizushima

and Komatsu, 2011). AKT plays a critical role in regulating mTOR
activity, which inhibits the initiation of autophagy, the formation of
autophagosomes, and the transport of cell vesicles (Kim and Guan,
2015). According to our results, Phosphorylated-mTOR (p-mTOR)
and phosphorylated-AKT (p-AKT) were enhanced by SAP, while Xn
treatment downregulated both proteins (Figures 5Ai, Aii). In order to
examine whether Xn regulates autophagy during SAP via the AKT/
mTOR pathway, we co-incubated the pancreatic acinar cells after
intervention with AKT activator SC79 or mTOR activator MHY1485.
Activator groups exhibit significantly higher LC3B-II/LC3B-I ratios
and accumulation of p62 than Xn groups, indicating that autophagic
flux is inhibited (Figures 5Bi, Bii).

3.6 Xn inhibited inflammation and the
oxidative stress partly by inhibition of AKT/
mTOR

Deficiency in autophagy in SAP causes inflammation and
oxidative stress (Antonucci et al., 2015). Researchers have
reported cross-talk interactions among autophagy, oxidative
stress, and inflammation (Li et al., 2015). In our study, treatment
with Xn decreased TNF-α, IL-6, and IL-17, while increasing IL-10.
Additionally, Xn reduced MDA formation and lessened SOD

FIGURE 5
Xn enhanced autophagic flux by mTOR/AKT pathway inhibition. (Ai) Representative western blot of p-mTOR, p-AKT, and β-actin. (Aii) p-mTOR and
p-AKT protein levels are quantified. (Bi) Representative western blot of LC3, p62, and GAPDH in acinar cells, measured after 50 min of incubation with NaT
(5 μM) or Xn (15 μM) or AKT activator SC79 (10 μM) or mTOR activator MHY1485 (10 μM). (Bii) Analysis of the protein levels of p62 and the ratio of LC3-II to
LC3-I. (mean ± SD; n= 3) *p < 0.05, ***p < 0.001, ****p < 0.0001 versus Sham; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001versusNaT.̂̂ p < 0.01,̂̂̂ p <
0.001 and ^̂̂̂p < 0.0001 versus MHY1485. ∨p < 0.05 versus SC79.
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depletion. Activation of mTOR almost reversed the treatment effect
of Xn on NaT-SAP induced inflammation and oxidative stress
(Figures 6A, B). Interestingly, activation of mTOR did not change

the IL-17 level (Figure 6A). Overall, Xn plays an anti-inflammatory
and antioxidative stress role partly through inhibition of AKT/
mTOR. And the underlying regulatory mechanism of Xn on IL-

FIGURE 6
Xn inhibited inflammation and the oxidative stress in acinar cells partly via AKT/mTOR pathway. (A) The IL-6, IL-10, IL-17, and TNF-α levels are measured.
(B) The MDA levels and SOD activities. (C) The representative visualized molecular binding models of Xn and PI3K. (mean ± SD; n = 3) *p < 0.05, ***p < 0.001,
****p < 0.0001 versus Sham; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 versus NaT. ^̂p < 0.01, ^̂̂p < 0.001 and ^̂̂̂p < 0.0001 versus MHY1485. ∨p <
0.05 versus SC79.
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17 needs further study. In addition, a docking analysis was
conducted to examine potential interactions and binding modes
between the Xn and the PI3K (the upstream of the AKT/mTOR).
And the representative visualized molecular binding models are
shown in Figure 6C. Xn molecule had good binding affinity with
the target PI3K.

4 Discussion

Natural products are promising for the treatment of SAP due to
their safety and effectiveness (Yang et al., 2022). In this study, we
innovatively found that Xn protected against NaT-SAP in mice. Xn
considerably inhibited inflammation and rescued autophagy
impairment during NaT-SAP. In addition, Xn enhanced autophagy
flux via inhibition the AKT/mTOR. Notably, Xn might inhibit the
AKT/mTOR pathway through inhibiting IL-17.

The pathogenesis of SAP involved inflammation, acinar cell
necrosis, and oxidative stress (Gukovskaya et al., 2017; Saluja et al.,
2019). SAP triggered an inflammatory cascade, leading to acute lung
injury. Thus, early cytokine inhibition and reversal of distant organ
injury are crucial in reducing SAP severity (Dawra et al., 2011; Ge et al.,
2020). Xn has shown impressive anti-inflammatory and antioxidant
properties, particularly in the case of osteoarthritis and acute lung
injury in mice (Lv et al., 2017; Chen et al., 2021). In our study, the
decreased serum amylase-lipase levels and pancreatic-lung
pathological scores indicated that Xn protects mice from NaT-SAP.
Furthermore, the findings in vitro also demonstrated that Xn inhibited
acinar cell necrosis induced by NaT. Xn remarkably decreased acinar
cell necrosis rate and LDH release in NaT-incubated acinar cells.
Survival rates of rats with NaT-SAP have been improved by blocking
NF-B activation (Satoh et al., 1999). In consistency with these findings,
Xn treatment decreased the p65 protein phosphorylation to prevent an
inflammatory response. Additionally, Xn has a protective effect
against SAP induced acute lung injury, which is consistent with
findings of Lv that Xn protects against LPS-induced acute lung
injury through anti-inflammation and anti-oxidant (Lv et al.,
2017). We speculated that Xn treated acute lung injury caused by
SAP because it improved pancreatic injury. It is also possible that Xn
directly alleviated lung injury. In the future, we can further study the
possible signaling pathway of Xn to improve SAP induced lung injury.
Therefore, treatment with Xn could be a promising remedy for SAP,
and its specific mechanism needs to be studied.

Growing evidence suggests that SAP relies heavily on autophagy,
making targeting autophagy an effective therapeutic and preventative
strategy. SAP can be treated with natural products such as saponins,
emodins, and picroside II by targeting autophagy (Piao et al., 2017; Yu
et al., 2018; Han and He, 2021). Autophagy can be triggered by ROS
generation (Signorelli et al., 2019). Our previous research proved ROS
impaired autophagy in the spleen stimulated by SAP through PI3K/
AKT/mTOR pathway (Wen et al., 2022). Meanwhile, autophagy can
alleviate oxidative damage by degrading or phagocytizing oxidative
substances (Li et al., 2015). Autophagy and ROS can regulate one
another. Antioxidant strategies are also required for SAP (Booth et al.,
2011; Yu and Kim, 2014). Numerous studies have reported that Xn
protects cells from oxidative stress (Lv et al., 2017; Li et al., 2018).
Consistent with these studies, Xn significantly alleviated SAP-
associated oxidative stress. ROS impaired autophagy by activating
the classic AKT/mTOR pathway (Wen et al., 2022). A high level of

mTOR activation inhibits autophagy initiation and autophagosome
nucleation (Saxton and Sabatini, 2017). Through blocking the AKT/
mTOR pathway, Xn promotes autophagy and reduces p62 and
LC3 accumulation. After activating AKT/mTOR pathway,
autophagy was impaired, which verified our results. Moreover, the
molecular docking results also showed Xn had good binding affinity
with the target PI3K (the upstream of AKT/mTOR). Xn treated SAP
by improving autophagy, anti-oxidative stress and anti-inflammation,
which is consistent with previous findings (Han and He, 2021; Wen
et al., 2022). Differently, ROS is the upstream of SAP induced splenic
injury in study of Wen. Picroside II controlled the autophagic activity
by affecting the NF-κB (Han and He, 2021). However, our study
demonstrated that Xn may reduce oxidative stress by improving
autophagy.

Pathogenesis of SAP is heavily influenced by cytokines, which
induce systemic inflammation, tissue damage, and organ
dysfunction. Inflammatory responses in the pancreas can be
promoted by dysregulated autophagy (Gukovskaya et al., 2017).
TNF-α is an early-onset pro-inflammatory cytokine that directly
damages cells in multiple organs, causing necrosis, inflammation,
and edema (Silva-Vaz et al., 2020). IL-6, as an early biomarker of
severe organ failure and death, produces broad pro-inflammatory
effects and leads to tissue damage (Zhang et al., 2013). IL-17 affects
immune responses and interacts with inflammatory mediators in
SAP-related microenvironments (Li et al., 2021). IL-10, a cytokine
that combats inflammation, reduces inflammation by inhibiting
cytokine production like TNF-α (Sziksz et al., 2015; Palathingal
Bava et al., 2022). Studies have confirmed that the administration of
therapeutic drugs would protect SAP by attenuating the pro-
inflammatory cytokine and recovering the IL-10 level, which is
in line with our study (Wang et al., 2011; Silva-Vaz et al., 2020; Li
et al., 2021; Palathingal Bava et al., 2022). Further, when inhibiting
autophagy, the anti-inflammatory effect of Xn was partially lost.
Unexpectedly, inhibiting autophagy did not reverse the effect of Xn
on IL-17. Interestingly, the effects of IL-17 on autophagy during
SAP pathogenesis are unknown. A recent report has confirmed that
IL-17 stimulated keratinocytes activated PI3K/AKT/mTOR
signaling in psoriasis (Varshney and Saini, 2018). Based on
these studies, our study found that IL-17 may be upstream of
autophagy in SAP. Xn may inhibit the AKT/mTOR pathway by
inhibiting IL-17.

However, the study still has some limitations. Firstly, the
mechanism of Xn ameliorating SAP-induced acute lung injury has
not been studied. In the future, we can further study the possible
signaling pathway of Xn to improve SAP induced lung injury.
Secondly, the mechanism of Xn on IL-17 needs further research.
Also, gene silencing techniques and pharmacological inhibitors should
be used to further investigate how autophagy and the IL-17 signaling
pathway interact.

5 Conclusion

To summarize, we innovatively investigated the efficacy of Xn on
pancreatic inflammation, oxidative stress, and autophagy. Further, Xn
recovered autophagy flux in NaT-SAP via inhibiting AKT/mTOR
pathway. According to these findings, Xn might become a potential
therapeutic candidate for SAP, and autophagy might be one of its
primary targets.
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Berberine and rifaximin effects on
small intestinal bacterial
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investigator-initiated, double-arm,
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Kun Wang1 and Liping Duan1,2*
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Introduction: Small intestinal bacterial overgrowth (SIBO) leads to non-specific
abdominal discomfort and nutrient malabsorption. Currently, rifaximin is widely
applied in SIBO based on its antibacterial and non-absorbable nature. Berberine is
a natural component of many popular medicine plants that ameliorates intestinal
inflammation in humans through its modification of the gut microbiota. Potential
effect of berberine to the gut may provide therapeutic target for SIBO. We aimed to
evaluate the effect of berberine compared with rifaximin on SIBO patients.

Methods: This is an investigator-initiated, single-center, open-label, double-arm
randomized controlled trial, termed BRIEF-SIBO (Berberine and rifaximin effects for
small intestinal bacterial overgrowth). In total, 180 patients will be recruited and
allocated to an intervention group (berberine) and a control group (rifaximin). Each
participant will receive one 400mg drug twice a day (800 mg daily) for 2 weeks. The
total follow-up period is 6 weeks from the start of medication. The primary outcome
is a negative breath test. The secondary outcomes include abdominal symptom relief
and alteration in gut microbiota. Efficacy assessment will be performed every
2 weeks, as well as safety assessment during the treatment. The primary
hypothesis is that berberine is not inferior to rifaximin for SIBO.

Discussion: The BRIEF-SIBO study is the first clinical trial assessing the eradication
effects of 2 weeks of berberine treatment in SIBO patients. The effect of berberine
will be fully verified by using rifaximin as the positive control. The findings of this study
may have implications for the management of SIBO, especially increasing the
awareness of both physicians and patients who are suffering from long-term
abdominal discomfort and avoiding excessive examination.

KEYWORDS

small intestinal bacteria overgrowth (SIBO), berberine (BBR), rifaximin, microbiota, breath
test
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1 Introduction

Small intestinal bacterial overgrowth (SIBO) is defined as the
presence of an abnormally excessive amount of bacterial colonization
in the small bowel (Quigley et al., 2020; Bushyhead and Quigley, 2022).
Primary or secondary motility abnormalities destroy the ability of the
small intestine to prevent colon bacterial translocation (Bohm et al.,
2013). Meanwhile, ileocecal valve dysfunction leads to colonic
bacterial regurgitation (Miller et al., 2012). It is believed that
symptoms linked to SIBO consist of bloating, diarrhea and
abdominal pain/discomfort. Steatorrhea, vitamin B12 deficiency and
malnutrition can be seen in more severe cases.

The gold standard for the diagnosis of SIBO is quantitative culture
of small intestine aspirates. The American Gastroenterology
Association (AGA) recently recommended a new threshold at >103
colony-forming units per milliliter (CFU/mL) on fresh aspirate culture
instead of >105 CFU/mL based on a large-scale study (Leite et al.,
2019), derived from subjects with altered intestinal anatomy because
the bacterial level in normal subjects rarely exceeds 102 CFU/mL
(Pimentel et al., 2020). An alternative method is the measurement
of exhaled hydrogen and methane gas, which is considered a non-
invasive, safe, useful, and cost-efficient test (Hammer et al., 2022). The
North American Consensus recommended that a rise in hydrogen
of ≥20 part per million (ppm) or methane levels ≥10 ppm by 90 min
during glucose or lactulose breath test was considered positive (Rezaie
et al., 2017).

SIBO is now commonly diagnosed and closely associated with
many gastrointestinal diseases, such as irritable bowel syndrome (IBS)
(Ghoshal et al., 2020), inflammatory bowel disease (IBD) (Shah et al.,
2019), pancreatitis (El Kurdi et al., 2019), non-alcoholic liver disease
(Wijarnpreecha et al., 2020), colorectal cancer and abdominal surgery.
Based on the similarity of the clinical manifestation profiles between
IBS and SIBO, the prevalence of SIBO in IBS patients has been widely
reported to range from 4% to 84%, with an overall pooled prevalence
rate of 38% (Chen et al., 2018). Ameta-analysis of case‒control studies
found that SIBO prevalence in patients with IBS was 35.5% (95% CI
33.6–37.4) and 29.7% (95% CI 27.6–31.8) in controls based on breath
tests, while culture-based studies yielded a SIBO prevalence of 33.5%
(95% CI 30.1–36.9) in patients with IBS and 8.2% (95% CI 6.8–9.6) in
controls with a cutoff value of 103 CFU/mL (Shah et al., 2020). The
diagnostic modality actually influences the prevalence of SIBO in
consideration of the sensitivity and specificity of breath tests.

Currently, rifaximin is widely applied considering its broad-
spectrum and non-absorbed nature to achieve low gastrointestinal
absorption while retaining good antibacterial activity, which is
thought to be effective and safe for the treatment of SIBO (Gatta
and Scarpignato, 2017). Studies have shown significant symptom
remission of rifaximin therapy in IBS patients with SIBO (Moraru
et al., 2014; Liu et al., 2016; Leite et al., 2018; Rezaie et al., 2019; Tuteja
et al., 2019). Unfortunately, no responsiveness and recurrence after
eradication of SIBO limit antibiotic usage. Rezaie et al. (2019) reported
that 48/93 (51.6%) were non-responders after 2 weeks of low-dose
rifaximin treatment. For those responders, the average time of
recurrence was 94.86 ± 38.6 days, and 38 (84.4%) of the
45 patients experienced symptom recurrence by the end of the 18-
week observation phase. Moreover, we must take into account that
rotating antibiotic regimens lead to drug resistance and risks of
Clostridium difficile infection. Medication for SIBO remains
confusing and limited.

Berberine is a natural pentacyclic isoquinoline alkaloid extracted from
many popular medicine plants such as the genus Berberis, Coptis and
Hydrastis (Wang et al., 2017). There is already evidence that the structural
and numerical changes in the gutmicrobiota under pathological conditions
can be reversed by berberine (Jia et al., 2019), which mediates modulatory
effects on microglial activation and visceral hypersensitivity (Zhang et al.,
2021), and ameliorates intestinal inflammation in humans through
antibacterial action (Gong et al., 2017; Habtemariam, 2020). Berberine
enhanced the composition of beneficial bacteria such as Bacteroides,
Bifidobacterium, Lactobacillus, and Akkermansia (Fang et al., 2021).
Furthermore, it could alleviate colon inflammation by regulating
interferon-gamma and interleukin-17A-producing lamina propria CD4
(+) T cells (Takahara et al., 2019). It has been proven to significantly
decrease diarrhea and abdominal pain scores in diarrhea-predominant IBS
patients (Chen et al., 2015). Berberine effects to the gut may provide
therapeutic targets for SIBO. Chedid et al. (2014) confirmed that herbal
therapy containing berberine is equivalent to rifaximin for the resolution of
SIBO. However, there is little evidence investigating the potential effect of
berberine as a single agent in SIBO patients. In the present study, we aimed
to evaluate the effects of berberine and rifaximin on patients with SIBO
(BRIEF-SIBO study). The effectiveness outcomes included a negative
lactulose hydrogen methane breath test (LHMBT) and clinical symptom
remission. Different gut microbiome spectra in SIBO patients treated with
berberine and rifaximin may provide a potential explanation.

2 Methods and analysis

2.1 Trial design

This is an investigator-initiated, single-center, open-label, two-
arm randomized controlled trial from Peking University Third
Hospital, Beijing, China, termed BRIEF-SIBO. The study aims to
evaluate the efficacy and safety of berberine for SIBO patients
compared with rifaximin as the positive control. This study was
registered on the Chinese Clinical Trial Registry platform under
number ChiCTR2200057554. The study protocol, informed consent
and other documents were reviewed and approved by the Peking
University Third Hospital Medical Science Research Ethics
Committee under number 2022-021-02. This protocol complies
with the Standard Protocol Items: Recommendations for
Interventional Trials (SPIRIT) (Chan et al., 2013).

2.2 Patient recruitment and eligibility

Patients who have at least one of the major symptoms, including
abdominal pain, distension, diarrhea or constipation, with positive
LHMBT will be enrolled in this study. The inclusion criteria were as
follows: 1) Aged ≥18 and ≤65 years old; 2) Complained of abdominal
pain, distension, constipation or diarrhea for over 6 months, and at
least one of them up to a moderate or severe degree according to the
gastrointestinal symptom rating scale (GSRS); 3) Positive hydrogen
breath test with elevated or normal methane gas; 4) Voluntarily joined
the study and completed the case report form, LHMBT, colonoscopy
and blood biochemical examination; and 5) Took drugs according to
the required rules with good compliance.

Patients who were found to have gastrointestinal organic diseases
detected by endoscopy or digestive tract surgery history were excluded.
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Patients with severe heart, liver, lung, kidney, blood, endocrine, and
nervous system diseases, or severe respiratory tract, digestive tract, urinary
tract infections or mental disorders will temporarily stop entering
treatment until professional clinicians access their conditions. Patients
who were taking antibiotics and acid suppression drugs for more than
3 days during the past month or probiotics, laxatives, antidiarrheal or
prokinetic agents within 2 weeks will not be eligible for participation.
Pregnant or lactating women will also be excluded. Patients who firmly
report rifaximin or rifamycin allergy will not participate, as it is possible to
be randomized to the rifaximin group. All patients will be identified
through gastroenterologists for their patients with non-specific abdominal
symptoms. Two principal researchers of the project team are responsible
for explaining the background, purpose, process, risks and benefits of this
study and obtaining informed consent.

2.3 Visit and procedure

2.3.1 Screening
The study flow diagram is shown in Figure 1 (Schulz et al., 2010).

We will first perform LHMBT for those suspected to have SIBO and
exclude negative patients. The next examination is colonoscopy to

ensure that they do not have organic colon diseases. Baseline measures
include a case report form (shown in Supplementary Material), regular
blood tests, stool collection for calprotein and 16S rRNA sequencing.
Blood samples will be collected and shipped to the core laboratory.
Stool samples will be stored at −80°C.

Before LHMBT, all subjects are supposed to refrain from antibiotic
use and discontinue probiotics, laxatives, antidiarrheal and prokinetic
agents for 2 weeks. To minimize basal hydrogen excretion, dietary
restriction and avoidance of smoking for at least 24 h prior to the test
and during the test are recommended. Furthermore, patients are
required to avoid coarse grains, milk, juice, and alcohol in the
evening before the test. Fasting for 8–12 h before the procedure is
needed. Before the examination, subjects use 20 mL antiseptic
mouthwash (0.05% chlorhexidine) to eliminate fermentation by
oral bacteria. End-expiratory breath samples will be collected just
before the ingestion of 10 g (15 mL) of lactulose in a 250 mL water
solution. Gas samples are collected every 15 min until 90 min and
tested immediately by the methane-hydrogen breathing analyzer
DA6000 (Sunvou Medical Electronics Co., Ltd., Wuxi, China). A
rise in hydrogen of ≥20 part per million (ppm) by 90 min with
elevated or normal methane was considered positive. Patients with
only methane levels ≥10 ppm are not eligible (Rezaie et al., 2017).

2.3.2 Intervention
In total, 180 patients will be recruited and divided into two groups:

the berberine group (Berberine Hydrochloride Tablets, H51022193,
Chengdu Jinhua Pharmaceutical Co., Ltd., China) and the rifaximin
group (Xifaxan, H20181212, Alfasigma S.p.A, Italy). Each participant
will receive only one 400 mg drug twice a day (800 mg daily) for
2 weeks. The recommended dose of berberine is mainly determined by
the advice of pharmacological experts, while that of rifaximin is based
on past clinical trial conclusions. The first participant was enrolled on
15 March, 2022, and the study is expected to be terminated by July
2023 with the anticipated inclusion of 180 participants.

2.3.3 Follow-up
The total follow-up period is 6 weeks from the start of medication.

Efficacy assessment will be performed every 2 weeks using GSRS
(Dimenäs et al., 1993), Bristol Stool Form (BSF) and breath tests,
as well as safety assessment during the first 2 weeks of treatment. Each
specific visit and measurement are summarized in Table 1. Multiple
methods, such as telephone and online follow-up, are carried out to
improve patient compliance if room consultation is impossible.
Participants will return unused tablets and report reasons for non-
compliance at the first visit (Kini and Ho, 2018). If a patient decides to
withdraw, the follow-up will be stopped.

2.4 Results

2.4.1 Effectiveness outcomes
The primary outcome is a negative LHMBT. It is defined as a rise

of hydrogen less than 20 ppm and methane less than 10 ppm within
90 min compared with screening tests.

The secondary outcomes include abdominal symptom relief and
alterations in gut microbiota. The key secondary outcome we designed
was similar to the relief of IBS global symptoms (Pimentel et al., 2011).
Abdominal symptom remission is required to meet at least one of the
following criteria: 1) The pain or distension scores of GSRS decrease at

FIGURE 1
Flow diagram based on the Consolidated Standards of Reporting
Trials guidelines (CONSORT): Neg, negative; CRF, case report form.
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least 30% from baseline; 2) Hard stool (1/2 in BSF) and loose stool (6/
7 in BSF) reduce more than 50% from baseline.

2.4.2 Assessment of harms
The study investigator will exclude those with any physical

problems that may limit participation with berberine or rifaximin
exposures. Participants will be asked to report any adverse events
(AEs) experienced during the study period. Participants with adverse
events (e.g., dizziness, headache, loss of taste, dull sensation, diplopia,
vertigo, palpitations, hot flashes, dyspnea, hematochezia, rash, back
pain, muscle spasm, muscle weakness, hematuria, fever, flu-like
symptoms after intervention) will be advised to consult their
physician to provide healthcare as appropriate. The investigator
will record the details of the frequency and severity of adverse events.

2.5 Randomization and allocation

Participants will be randomized after baseline assessment to
either berberine or rifaximin intervention with a 1:1 allocation. A
laboratory staff member, not the investigator, used Statistical
Package for Social Science Version 26.0 software (SPSS V.26.0)
to produce 180 random numbers after setting the starting point
according to the simple randomization. The patient codes were
divided into two groups (A for berberine and B for rifaximin)
according to the size of the number to form a random allocation
table. The corresponding information of each code was assembled
into the envelope seal. Thus, the principal investigator will remain
blinded to the randomization process. Participants will be aware of
the group to which they are allocated.

2.6 Sample size

We calculated the sample size based on the primary outcome of
eradication rate. Gatta and Scarpignato (2017) published a meta-
analysis in which the overall eradication rate of rifaximin for SIBO
patients according to per-protocol analysis was 72.9%. Therefore, the
null hypothesis is postulated to be a rate of 72.9% (P0). We proposed
that the effective rate of berberine is 69.8% (P1) (Wang et al., 2002;
Chen et al., 2015). Using the non-inferiority design with unilateral α =
0.025 and power 1-β = 0.8, 82 participants will be enrolled in each

group. However, assuming a 10% attrition rate, we will aim to recruit
90 participants per group.

2.7 Criteria for discontinuing or modifying
allocated interventions

If a severe or unanticipated adverse event that may influence the
risk-benefit ratio of the study occurs, the principal investigator must
report to the ethics committee and permanently discontinue the
treatment. Peking University Third Hospital, the sponsor of this
study, will pay for medical expenses and provide economic
compensation for the injuries related to this study. Study treatment
must be stopped permanently in the event of unintended pregnancies.
In addition, participants can withdraw from the trial at any stage for
any reason. For patients with limited symptom response, we will
provide alternative interventions including switching medication,
probiotics and dietary guidance.

2.8 Data management

The original data will be correctly, completely and clearly recorded
in the written case report form and observation questionnaire. After
being reviewed and signed by the principal investigator, the records
should be sent in a timely manner to the clinical research data
manager. The Microsoft Excel database will be used by two-person
and two-machine input for checking. Data review will be performed
regularly by the study monitoring committee to ensure completeness
and accuracy. The monitor will finish a data inspection report for each
participant, including the study completion, inclusion and exclusion
criteria, pharmaceutical compliance, concomitant medication, adverse
events, etc. During this period, the investigator should be required to
answer if any problem is found, and the monitor will be informed in
time. The exchange of questions and answers between them should be
sent in the form of a question sheet for future reference.

The losses and dropouts will be carefully recorded to ensure study
reliability. The next participant who meets the eligibility criteria will
replace the last participant who withdraws from the research until
reaching the calculated sample size. All participant information will be
stored in a safe place anonymously by the responsible researcher as
required by Chinese relevant laws to guarantee the security of privacy.

TABLE 1 Standard protocol items: Adapted recommendations for interventional trials (SPIRIT) schedule: Enrollment, interventions, and follow-up.

Screening 1 week 2 weeks 4 weeks 6 weeks

Case report form ×

GSRS and BSF × × × ×

Breath test × × × ×

Blood test ×

Enteroscopy ×

Stool 16S rRNA sequencing × × × ×

Medication record × ×

Adverse event × ×

Legend: GSRS, gastrointestinal symptom rating scale; BSF, bristol stool form.
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The study results will be disseminated in a peer-reviewed journal and
at conferences without any privacy information of participants.

2.9 Statistical analysis

Patients who finish at least one postmedication evaluation after
randomization and subsequent treatment constitute the study full
analysis set (FAS) as well as the primary group of efficacy assessment,
according to the intention to treatment (ITT) principle. Patients whomeet
the criteria and complete the observation beforemedication without other
affected treatments during the trial will be included in the study per
protocol set (PPS) as the secondary group of efficacy assessment. The
study safety set consists of all cases who have safety evaluation data after
taking at least one kind of drug. Rubin’s method of multiple imputation
will be performed for missing values to restore natural variability and
uncertainty. The complete and imputed datasets will be combined and
analyzed (Little et al., 2012). Complete case analysis is used for fecal
microbiota on the nature of the outcome.

Analysis will be conducted using SPSS V.26.0. The quantitative and
qualitative variables were reported as mean ± standard deviation (SD),
median ± interquartile range (IQR), and number (frequency). Univariate
analysis of variance (ANOVA) will examine differences between groups
for variables with continuous data. χ2 tests will examine differences
between groups for categorical variables. Unadjusted ANOVA and
adjusted analysis of covariance models will compare differences in
scores from baseline and postintervention data within and between
groups using FAS and PPS. Variable correlations will be analyzed
through Spearman’s correlation analysis. Statistical significance was
defined as a p-value less than 0.05.

3 Discussion

The pharmacology of berberine has been extensively explored and
revealed multifunctional activities, including anti-inflammatory
(Wang et al., 2017), anticancer (Chen et al., 2019; Sun et al., 2019;
Gong et al., 2020), antidiabetic (Gong et al., 2017), antihyperlipidemic
and cardioprotective effects, based on its regulation of gut microbiota.
To the best of our knowledge, the BRIEF-SIBO study is the first clinical
trial assessing the eradication effects of a two-week intervention with
berberine in SIBO patients. The effect of berberine will be fully verified
by using rifaximin as the positive control. The findings of this study
may have implications for the management of SIBO, especially
increasing the awareness of both clinicians and patients who suffer
from long-term abdominal discomfort and avoiding excessive
examination. We also expect to promote clinical diagnosis and
efficient management. Intervention patterns will refine and inform
the development of future berberine medication designed for patients
with SIBO.

The goal of therapy in SIBO is not only to eradicate the small
intestinal microbiota but also to improve symptoms (Quigley et al., 2020).
Thus, we set abdominal symptom remission as an important point of
effectiveness. The secondary outcomes also include other symptom
improvements from GSRS and alterations in the gut microbiome.
Different microbiome spectra in SIBO patients after treatment with
berberine and rifaximin may provide a potential explanation.
Predictors may be considered in clinical practice to target SIBO
patients most likely to benefit from the varied intervention.

4 Trial status

This study was prospectively registered on the Chinese Clinical
Trial Registry platform under number ChiCTR2200057554
(15 March, 2022). The study is ongoing and has not completed
participant recruitment at the time of submission. Recruitment is
expected to be completed by July 2023.
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Introduction: Quercus L. genus (Oak) belongs to the family Fagaceae and their
galls are used commercially in leather tanning, dyeing, and ink preparation. Several
Quercus species were traditionally used to manage wound healing, acute
diarrhea, hemorrhoid, and inflammatory diseases. The present study aims to
investigate the phenolic content of the 80% aqueous methanol extract (AME)
ofQ. coccinea andQ. robur leaves as well as to assess their anti-diarrheal activity.

Methods: Polyphenolic content of Q. coccinea and Q. robur AME were
investigated using UHPLC/MS. The antidiarrheal potential of the obtained
extracts was evaluated by conducting a castor oil-induced diarrhea in-vivomodel.

Result and Discussion: Twenty-five and twenty-six polyphenolic compounds
were tentatively identified in Q. coccinea and Q. robur AME, respectively. The
identified compounds are related to quercetin, kaempferol, isorhamnetin, and
apigenin glycosides and their aglycones. In addition, hydrolyzable tannins,
phenolic acid, phenyl propanoides derivatives, and cucurbitacin F were also
identified in both species AME of Q. coccinea (250, 500, and 1000mg/kg)
exhibited a significant prolongation in the onset of diarrhea by 17.7 %, 42.6%,
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Abbreviations: Polyphenols, They are a large classis of the plant secondary metabolites which possess
number of hydroxyl groups on aromatic ring and they exerts a wide variety of biological activity;
UHPLC-MS analysis, High-performance liquid chromatography coupled with mass spectroscopy
technique is used to separate, identify and quantify different compounds present in a mixture. The
median lethal dose: (LD50), The dose of compounds or extract lethal for 50% of the experiential animals; In
vivo study, It means that the research work is done with or within an entire, living organism; Gavage,
Introduction of the drug into the stomach using oral tube; Peristaltic index, Percentage of the distance
travelled by the charcoal meal relative to the total length of the small intestine; Diarrhea, Is the frequent
passage of a watery movable stool; Anti-diarrheal drug, Are the drugs which control diarrhea and
decrease the passage of stool through the intestine; Hydrolyzable tannins, Are a class of compounds
containing glucose or polyol central core esterified with gallic acid (gallotannins) or with
hexahydroxydiphenic acid (ellagitannins); Proanthocyanidins, They are oligomeric and polymeric
products of the flavonoid biosynthetic pathway and their building units are catechin and epicatechin;
Galls, Is a large, round, indefinitely apple-like, it is commonly found on many Quercus species. Galls are
result due to chemicals injected by the larva of certain kinds of gall wasp in the family Cynipidae.
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and 79.7% respectively while AME of Q. robur at the same doses significantly
prolonged the onset of diarrhea by 38.6%, 77.3%, and 2.4 folds respectively as
compared to the control. Moreover, the percentage of diarrheal inhibition of Q.
coccinea was 23.8%, 28.57%, and 42,86% respectively, and for Q. robur 33.34%,
47.3%, and 57.14% respectively as compared to the control group. Both extracts
significantly decreased the volume of intestinal fluid by 27%, 39.78%, and 50.1% for
Q. coccinea respectively; and by 38.71%, 51.19%, and 60% forQ. robur respectively
as compared to the control group. In addition, AME of Q. coccinea exhibited a
peristaltic index of 53.48, 47.18, and 42.28 with significant inhibition of
gastrointestinal transit by 18.98%, 28.53%, and 35.95 % respectively; while AME
of Q. robur exhibited a peristaltic index of 47.71, 37, and 26.41 with significant
inhibition of gastrointestinal transit by 27.72%, 43.89%, and 59.99% respectively as
compared with the control group. Notably, Q. robur showed a better antidiarrheal
effect in comparison with Q. coccinea and, the highest effect was observed for Q.
robur at 1000mg/kg as it was nonsignificant from the loperamide standard group in
all measured parameters.

KEYWORDS

antidiarrheal, polyphenolic compounds, Quercus coccinea, Quercus rubur, UHPLC-MS

1 Introduction

Diarrhea is commonly well-defined as an unusual passage of the
unformed stools or liquid accompanied by increasing defecation rate,
and abdominal discomfort (Guerrant et al., 2001). Diarrhea can be
categorized into acute, persistent, and chronic based on the duration of
the symptoms. Acute diarrhea lasts less than 2 weeks and is caused by a
bacterial and viral infection or by some medications. It can be resolved
quickly while the persistent one starts suddenly and lasts from two to
four weeks. On the other hand, chronic diarrhea lasts more than four

weeks. Chronic and persistent diarrhea is commonly due to a functional
disorder (Wingate et al., 2001; Thapar and Sanderson, 2004). Although
diarrhea can be prevented and treated, it still represents one of the most
serious health problems in the world, particularly in children under five
years of age. It is a more challenging condition in developing countries.
It is considered the second leading cause of mortality of death among
children globally (Jaradat et al., 2016). The treatment of diarrhea usually
focuses on reducing the pain associated with bowel movements.
However, some of the available treatments are ineffective, unsafe,
antagonize the effect of each other (Sinan et al., 2020), and/or
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promote resistance (Sinan et al., 2021). Most people in developing
countries depend on folk medicine for the treatment of different
diseases including diarrhea (Park, 2021). Medicinal plants are
culturally accepted, available, and inexpensive in comparison to
modern medicine. Several reports reported the use of medicinal
plants as antidiarrheal agents since they can stimulate water
absorption and decrease electrolyte secretion and intestinal motility
(Agbor et al., 2004; Behera et al., 2006; Oben et al., 2006). They can also
stimulate antispasmodic properties (Lozoya et al., 2002). The potency of
medicinal plants as antidiarrheal agents depends on their content of
secondary metabolites. It was reported that medicinal plants containing
tannins, flavonoids, saponins, alkaloids, steroids, and terpenoids
exhibited antidiarrheal activity (Chitme et al., 2004; Yadav and
Tangpu, 2007; Brijesh et al., 2009). Flavonoids can inhibit intestinal
motility and hydro electrolytic secretions (Venkatesan et al., 2005).
Tannins form protein tannates through denaturation of the intestinal
mucosa proteins. This effect can decrease the secretion and intracellular
Ca2+ inner current or may activate the calcium pumping system
encouraging muscle relaxation (Belemtougri et al., 2006). Quercus L.
genus (family Fagaceae) is commonly known as oak. It comprises about
450 species of deciduous or evergreen trees widely spread in North
Africa, Asia, Europe, and North, Central, and South America (Burlacu
et al., 2020). The barks, woods, and galls of Quercus species have been
commercially used since ancient times due to their tannins content. Oak
galls were used in leather tanning, dyeing, and ink preparation
(Şöhretoğlu and Renda, 2020). Quercus species were traditionally
used for several disorders such as antimicrobial, wound healing,
acute diarrhea, hemorrhoids, and inflammatory diseases (Şöhretoğlu
and Renda, 2020). The anti-inflammatory, antibacterial,
hepatoprotective, antidiabetic, gastroprotective, and antioxidant
activity were assessed in previous reports (Moharram et al., 2015;
Taib et al., 2020). It was reported that the biological effects of
Quercus species were attributed to their high content of
polyphenolic compounds which possess anti-inflammatory,
antioxidant, and antidiarrheal activities (Salem et al., 2016; Dróżdż
and Pyrzynska, 2018; Vong et al., 2018). The identified polyphenolic
compounds in Quercus species were related to flavonoid, tannins and
proanthocyanidins classes (Şöhretoğlu and Renda, 2020).

Q. robur L., commonly known as the English or pedunculate oak, is
a large, lobed, deciduous, and broadleaved tree, which is native to
Europe (Eaton et al., 2016). It was traditionally used for sore throats,
anal fissures, hemorrhoids, and skin problems. Its decoction is used for
diarrhea treatment, rectal bleeding, and dysentery (Farag et al., 1998).
The amount of hydrolysable and condensed tannins in Q. robur and
other Quercus species is seasonally dependent. It was reported that the
highest insect attack on oak leaves occurs in early spring, which links to
the time when the amount of hydrolysable tannins is minimum and
condensed tannins are almost free (Scalbert and Haslam, 1987;
Moharram et al., 2015; Formato et al., 2022) Previous reports
revealed that hydrolyzable tannins belonging to
hexahydroxydiphenoylesters nucleus were identified from Q. robur
leaves, bark, and wood (Scalbert et al., 1988; Herve du Penhoat
et al., 1991; Vivas et al., 1995). Moreover, catechin derivatives were
detected from its bark (Vovk et al., 2003). The UHPLC-QTOF-MS
profiling for Q. robur leaves (Moharram et al., 2015; Unuofin and
Lebelo, 2021; Formato et al., 2022) and stem bark (Unuofin and Lebelo,
2021) indicated the presence of phenolic acid, flavonoids, and
triterpenoids. Moreover, isolation of hydrolysable tannins and

flavonoids from Q. robur leaves were reported by Moharram et al.
(2015), Unuofin and Lebelo (2021), Formato et al. (2022).

Q. coccinea Münchh (Scarlet oak, red oak, or Spanish oak) is a
deciduous tree with broadleaf. Its common name comes from the
color of its leaves in autumn. It is native to the eastern and central
parts of the United States, but it is also widely distributed around the
world (Burns and Honkala, 1990; Yang et al., 2019). In general, there
is little information about the chemistry of Q. coccinea but like other
oak species, it produces galls that are rich in phenolic compounds
(Grieve, 1984). The present study aimed to tentatively identify the
polyphenolic compounds in Q. coccinea and Q. robur leaves using
UHPLC -MS. We also investigated the antidiarrheal activity of both
species against experimentally induced diarrhea.

2 Material and methods

2.1 General experimental material

Solvents used for polyphenols extraction were supplied from
El Nasr Pharmaceutical Chemicals Co., Egypt) while that for
HPLC (Merck, Darmstadt, Germany), loperamide (Sigma-
Aldrich, MO, United States), castor oil and charcoal were
purchased from a general market.

2.2 Plant material

Q. coccineaMünchh. and Q. robur L. leaves were collected from
the International Garden, Cairo, Egypt in November 2021. They
were kindly identified by Dr. Therese Labib, a plant taxonomist at
Mazhar Botanical Garden, Giza, Egypt. A voucher samples are 34
Qro/2022 and 34 Qro/222 for Q. coccinea and Q, robur respectively,
were kept at the Herbarium of the Pharmacognosy Department
Faculty of Pharmacy, Helwan University, Cairo, Egypt.

2.3 Sample preparation and extraction of
phenolic compounds

Q. coccinea and Q. robur air-dried leaves (600 g) were
extracted with 80% aqueous methanol under reflux (4 × 3 L)
followed by filtration and evaporation under vacuum to yield 80 g
and 100 g extracts of Q. coccinea and Q. robur, respectively. The
residue was defatted with petroleum ether followed by
evaporation of the solvent to yield 60 g and 85 g methanol-
soluble portions of Q. coccinea and Q. robur, respectively. The
samples were stored at −15°C until UHPLC/MS analysis.

2.4 UHPLC-MS separation and identification

UHPLC-MS/MS studies were achieved using the Waters SYNAPT
G2 LC/Q-TOF (Waters Corporation, Milford, MA, United States)
system. The separation of the target compounds was implemented
on the column of RP C18 Waters Acquity UPLC BEH (Waters, 1.7 μm,
2.1 mm × 100 mm). The mobile phase used was a mixture of solvent
(A) acetonitrile and solvent B) 0.1% formic acid/water with a flow rate
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of 0.4 mL/min. The gradient sequence was 0–1 min, 5% A; 1–16 min,
5%–99.5% A; 16–26 min, 99.5% A; 26–26.1 min, 99.5%–5% A;
26.1–28 min, 5% A. The column temperature was sustained at 40°C.
All solvents used were filtered by a 0.45 μm membrane filter as well as
the extract (5 mg) was dissolved in methanol (1 mL) at 5,000 ppm. The

non-targeted MS1 and MS2 data were composed at the range of m/z
100–2,000. The automated data-dependent acquisition (DDA) attitude
was applied in the MS2 scans, and the non-targeted selections of
5 precursor ions were fragmented with ramping of the collision
energy from 10 to 50 eV. The attained MS records were confirmed

TABLE 1 UHPLC profile tentative secondary metabolites identification for Q. coccinea and Q. robur leaves 80% aqueous methanol extract.

No Rt
(min)

Exact
mass

[M-H]ˉ MF Name of compound Species References

Q. c Q. r

1 0.87 192.06 191.0591 C7H12O6 Quinic acid + Nishimura et al. (1984), Sardans et al. (2014)

2 1.76 170.02 169.0149 C7H6O5 Gallic acid + + Rahman et al. (2015)

3 1.18 342.10 341.1069 C15H18O9 Caffeic acid hexoside + Pacifico et al. (2019)

4 2.27 462.08 461.1343 C21H18O12 Kaempferol hexoside + Mahgoub et al. (2021)

5 3.11 462.08 461.125 C21H18O12 Di methyl ellagic acid O pentoside + Gao et al. (2021)

6 4.29 194.06 193.0522 C10H10O4 Ferulic acid + + Aung et al. (2020)

7 4.55 432.11 431. 1937 C21H20O10 Apigenin-O-hexoside + + Deveoglu et al. (2012)

8 4.63 432.11 431.1849 C21H20O10 Methoxy apigenin-C-pentoside + +

9 4.66 432.11 431.1483 C21H20O10 Afzelin + + Xu et al. (2018)

10 4.89 432.11 431.1574 C21H20O10 Vitexin + + Elsayed et al. (2022)

11 4.89 432.11 431.1574 C21H20O10 Isovitexin + +

12 5.22 434.08 433.0383 C20H18O11 Quercetin-O-pentoside + Sakar et al. (2005)

13 5.44 596.14 595.1299 C26H28O16 Quercetin-O-pentose hexoside + + Unuofin and Lebelo (2021)

14 5.73 610.15 609.1497 C27H30O16 Rutin + Aung et al. (2020)

15 5.91 302.04 301.0370 C15H10O7 Quercetin + +

16 5.99 464.10 463.0890 C21H20O12 Isoquercitrin +

17 6.08 302.01 300.9991 C14H6O8 Ellagic acid + + Unuofin and Lebelo (2021)

18 5.44 594.16 593.1479 C30H26O13 Tribuloside + Unuofin and Lebelo (2021)

19 6.30 198.05 197.0818 C9H10O5 Ethyl gallate + + Ou et al. (2015)

20 6.35 600.11 599.1036 C28H24O15 Kaempferol hexose gallate + Mahgoub et al. (2021)

21 6.59 448.10 447.0962 C21H20O11 Kaempferol glucouronopyranoside + + Meng et al. (2001)

22 6.67 478.11 477.1068 C22H22O12 Isorhamnetin-O-hexoside + Romussi et al. (1988), Jiang et al. (2017), Formato
et al. (2022), Stefi et al. (2022)

23 7.59 418.09 417.1580 C20H18O10 Kaempferol pentoside + Saunier et al. (2022)

24 8.55 462.12 461.1156 C22H22O11 Isorhamnetin-O-rhamnoside + Arámbula-Salazar et al. (2015)

25 8.72 680.22 679.3714 C28H40O19 Ferulic acid triglucoside + + Usui et al. (2017)

26 9.55 286.05 285.0393 C15H10O6 Kaempferol + + Bursal and Boğa (2018)

27 10.21 184.04 183.1367 C8H8O5 Methyl gallate + + Ou et al. (2015)

28 11.97 518.32 517.3173 C30H46O7 Cucurbitacin F + + Unuofin and Lebelo (2021)

29 13.12 824.20 823.1816 C34H30O14 Kaempferol diacetyl-p-
coumaroylrhamnoside

+ Unuofin and Lebelo (2021), Formato et al. (2022)

30 13.48 198.05 197.1186 C9H10O5 Syringic acid + + Dar Ms Fau - Ikram and Ikram (1979)

31 15.76 634.08 633.3814 C27H22O18 Strictinin or its isomer + + Nishimura et al. (1986), Moharram et al. (2015)

32 21.056 788.11 787.3824 C34H28O22 Tetra galloyl glucose + + Amr et al. (2021)
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by Waters Mass Fragment software (MassLynx4.1, Waters, MA,
United States).

2.5 Animals

Swiss albino male mice at age of 5–7 weeks (20–25 g) were provided
by the Biological Products and Vaccines breeding unit, Helwan, Egypt.
Micewere kept in the standard condition andwere free to access standard
pelleted diet and water. All in vivo experiments were permitted by the
scientific research ethics committee (Faculty of Pharmacy, Helwan
University, no: 13A2022). The experiments were performed according
to the European Community Directive (86/609/EEC), and the NIH
Guidelines for the Care and Use of Laboratory Animals (8th edition).

2.6 Determination of median lethal dose
(LD50)

For the determination of the LD50, mice (25 g) received orally
80% aqueous methanol extract (AME) dissolved in Tween 80 and

distilled water with the aid of tween 80 with increasing doses till
5 g/kg. At the same time, the control group mice were
administrated Tween 80 and distilled water. Mice’s general
behavior and mortality percentage were noticed over 24 h
(Mady et al., 2022).

2.7 In vivo anti-diarrheal activity

2.7.1 Castor oil-induced diarrhea in mice
Castor oil-induced diarrhea in mice was performed according

to Zhao et al. (2018). Forty-eight mice were fasted for 18 h and
then classified into eight groups (n = 6). Group I received orally
the vehicle and was considered an untreated control, group II
taking loperamide orally (5 mg/kg) and served as the standard
group. The mice in groups III-VIII received the AME of Q.
coccinea and Q. robur orally using gavage and the
concentrations were 250, 500, and 1,000 mg/kg b. wt. After
one hour from oral administration of castor oil (0.2 mL) to
each mouse and they were kept individually in a plastic cage,
where its floor was covered with white blotting paper. For each

FIGURE 1
UHPLC-ESI-TOF MS profile (Total ion chromatogram acquired in negative ion mode) for (A) AME of Q. robur (B) AME of Q. coccinea extract.
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mouse, the onset of diarrhea was recorded, and the numbers of
normal, wet, and watery feces were calculated for 4 h.

Percentage of inhibition � Mean number of WFC −Mean number of WFT
Mean number of WFC

X100

Where WFC and WFT were the wet Feces for the control and test
groups, respectively.

2.7.2 Castor oil-induced enter pooling in mice
Themice were divided as in the previous method. After one hour

of the administration of AME and standard, each mouse received
castor oil (0.5 mL) orally then 1 h later, mice were sacrificed using
cervical dislocation and their abdomens were opened to isolate small
intestines after ligation from the pylorus to the caecum. The
intraluminal fluid was squeezed and placed in a graduated tube
to determine the volume (Abdela, 2019).

2.7.3 Castor oil triggered charcoal meal transit test
Fasted forty-eight mice were categorized into eight groups as

previously described (Mekonnen et al., 2018). After one hour of
the administration of AME and loperamide, each mouse in all
groups was given castor oil (0.5 mL). One hour later, each mouse
received 5% charcoal 0.5 mL orally suspended in distilled water.
Thirty minutes later, all mice were sacrificed to isolate their
small intestines (Mekonnen et al., 2018). The intestinal length
traveled by the charcoal was recorded and represented as a
percentage of the total intestine length (peristaltic index)
(Mady et al., 2022).

Peristalsis index � Distance traveled by charcoalmeal
Length of small intestine

X100

% inhibition � MeanPeristalsis index of control −Mean Peristalsis index of test
Mean Peristalsis index of control

X100

2.7.4 Statistical analysis
The results were stated as mean value ±SEM. Statistical

analysis was done using Graph Pad Prism, version 8
(GraphPad Software Inc., United States), by one-way analysis
of variance, followed by a Tukey’s test to measure the statistical

significance between various groups. The value p < 0.05 was
considered as significant.

3 Results

3.1 Identification ofQ. robur andQ. coccinea
polyphenols

UHPLC-MS analysis for the AME of both Q. coccinea and Q.
robur leaves led to the tentative identification of twenty-five and
twenty-six compounds in Q. coccinea and Q. robur, respectively
belonging to phenolic acids, flavone, and flavonol aglycone and
glycosides in addition to few tannins’ compounds (Table 1 and
Figure 1). They were identified based on their molecular ion peak,
fragmentation pattern, and comparison with the previously
published data. The major compounds present in both
Quercus species were further subjected to MS/MS to establish
their structure (Table 2). Quercetin-O pentoside, quercetin
pentose hexoside, rutin, isoquercitrin, and quercetin
represented the quercetin derivatives. Kaempferol
glucouronopyranoside, afzelin, kaempferol glucogallate,
kaempferol hexoside, kaempferol pentoside, kaempferol
diacetyl-p-coumaroylrhamnoside, tribuloside, and kaempferol
represented the main kaempferol derivatives. Isorhamnetin-O-
hexoside and isorhamnetin-O- rhamnoside were examples of
isorhamnetin compounds. Apigenin-O-hexoside, methoxy
apigenin-O-pentoside, vitexin, and isovitexin were examples of
apigenin derivatives. Quinic, syringic, gallic, and ellagic acids
represented the phenolic acids while ethyl and methyl gallate, and
dimethyl ellagic acid-O-pentoside were examples of phenolic
acid derivatives, caffeic acid hexoside, ferulic acid, and ferulic
acid tri glucosides were examples of phenylpropanoids. Strictinin
or its isomer and tetra galloyl glucose are related to hydrolysable
tannins. Cucurbitacin F, an example of triterpene, was observed
in both species. Isoquercitrin and isorhamnetin hexoside
represented the major compounds in Q. coccinea while
tribuloside and caffeic acid hexoside were the major

TABLE 2 MS/MS fragmentation for the major compounds present in Q. coccinea and Q. robur leaves 80% aqueous methanol extract.

Rt (min) Exact mass [M- H] ˉ Daughter fragment Name of compound Species

Q. c Q. r

1.18 342.10 341.1069 179.05 Caffeic acid hexoside +

4.63 432.11 431.1849 299.99 Methoxy apigenin-O-hexoside + +

5.44 596.14 595.1299 301.02 Quercetin O-pentose hexoside + +

5.99 464.10 463.0890 301.01 Isoquercitin +

6.08 302.01 300.9991 229.01 Ferulic acid + +

6.27 594.16 593.1479 285.05 Tribuloside +

6.59 448.10 447.0962 286.03 Kaempferol hexoside + +

6.67 478.11 477.1068 315.04 Isorhamnetin-O-hexoside +

8.72 680.22 679.3714 517.31 Ferulic acid triglucoside + +
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components in Q. robur. Methoxy apigenin-O-pentoside,
quercetin pentose hexoside, ellagic acid, kaempferol hexoside,
and ferulic acid triglucoside were the major compounds detected
in Q. coccinea and Q. robur leaves AME. Our study revealed that
UHPLC MS/MS analysis of Q. robur leaves AME was consistent
with the previously reported data (Moharram et al., 2015;
Unuofin and Lebelo, 2021; Formato et al., 2022) which
revealed that the identified flavonoids based on kaempferol
and quercetin nucleus while our result demonstrated in
addition to this compounds the presence of some tannins and
flavonoids compounds related to apigenin and luteolin moiety.
Moreover, Moharram et al. (2015) revealed the isolation of
compounds 2, 27, 31 and 17 which identified also in our
result. This difference in the results could be attributed to
alterations in cultivation conditions, climate changes, and
geographical origin of Quercus species (Holopainen et al.,
2018; Stefi et al., 2022), while the components of Q. coccinea
were identified for the first time.

3.1.1 Compound 3 (caffeic acid hexoside)
The TOF-MS/MS spectrum of compound 3 displayed a molecular

ion peak at m/z 341.1070 [M-H]- with deprotonated caffeic acid ion
fragment atm/z 179.0542 [M-162]- after losing 162 Da (hexose moiety)
(Supplementary Figure S1) (Pacifico et al., 2019).

3.1.2 Compound 8 (methoxy apigenin-C-
pentoside)

The MS/MS fragmentation spectrum of compound 8 showed a
molecular ion peak at m/z 431.1846. The peaks at m/z
299.9988 represented [M-H]- and [M-132]-, respectively. A
fragment ion peak was detected resulting from the loss of 132 Da
corresponding to pentose moiety. It was attributed to methoxy
apigenin, supporting the suggestion of the O-linkage of the sugar
moiety (Supplementary Figure S3) (Zengin et al., 2021).

3.1.3 Compound 13 (Quercetin pentose hexoside)
and compound 16 (Isoquercitrin)

The MS/MS spectrum of compounds 13 and 16 displayed a
deprotonated molecular ion at m/z 300.0291 corresponding to

quercetin as the aglycone moiety in both compounds. It was
created, by the loss of 132 Da (dehydrated pentose moiety) and
162 Da (dehydrated hexose moiety) from the main peak of 13 atm/z
595.1299 [M-H]- (Supplementary Figure S4) (Unuofin and Lebelo,
2021) while in case of 16, it resulted from the neutral loss of 162 Da
(dehydrated hexose moiety) from the parent ion m/z 463.0890 [M-
H]- (Supplementary Figure S5) (Zengin et al., 2021).

3.1.4 Compound 4 (Kaempferol hexoside) and
compound 18 (Tribuloside)

The presence of kaempferol aglycone was suggested in both
compounds since their MS/MS revealed a deprotonated
molecular ion peak at m/z 285.0393 for kaempferol moiety
which resulted from the loss of neutral 308 Da (dehydrated
coumaroyl hexose moiety) from the main peak at m/z
593.1479 [M-H]- (Unuofin and Lebelo, 2021) in compound 18
(Supplementary Figure S7), as well as, due to the loss of neutral
162 Da (dehydrated hexose moiety) from the parent peak at m/z
447.0962 [M-H]- for compound (4) (Supplementary Figure S2)
(Formato et al., 2021).

3.1.5 Compound 17, ellagic acid
The MS/MS (Supplementary Figure S6) spectrum of compound

17 displays the molecular ion peak at m/z 300.9991 [M-H]- with a
daughter peak at m/z 229.0138 [M-H]- consistent with the loss of
CO2 and CO groups (77 Da) (Yan et al., 2014) (Supplementary
Figure S6).

3.1.6 Compound 22 (Isprhamnetin)
Compound 22was identified based on itsMS/MSdatawhich displays

amolecular ion peak atm/z 477.1068 [M-H]- with a fragment peak atm/z
314.0459 [M-162]- due to the loss of hexose moiety (162 Da) (Romussi
et al., 1988; Jiang et al., 2017) (Supplementary Figure S8).

3.1.7 Compound 25 (Ferulic acid triglucoside)
In compound 25, the loss of 162 Da (hexose moiety) from the

molecular ion peak 679.3714 [M-H]- produced a fragment ion atm/z
517.3174 [M-162]- (Kulshreshtha and Rastogi, 1971; Usui et al.,
2017) (Supplementary Figure S9).

TABLE 3 Effects of Q. coccinea and Q.robur AME on fecal characteristics in castor oil-induced diarrhea in mice.

Groups Doses
(mg/kg)

Onset of
diarrhea

Number of
normal feces

Number of wet
feces

Number of
watery feces

Total feces
number

% of diarrheal
inhibition

Control 63.00 ± 5.63 0.67 ± 0.21 3.50 ± 0.22 7.17 ± 0.31 11.33 ± 0.33 —

Loperamide 5 170.03 ± 1.28a 3.50 ± 0.22a 1.17 ± 0.31a 1.33 ± 0.21a 6.17 ± 0.31a 66.66

Q. coccinea 250 74.17 ± 2.95b 1.00 ± 0.00b 2.67 ± 0.21b 3.83 ± 0.40a,b 7.17 ± 0.48a 23.8

500 89.83 ± 2.98a,b 1.67 ± 0.21b 2.50 ± 0.26b 3.00 ± 0.37a,b 7.00 ± 0.26a 28.57

1,000 112.2 ± 2.86a,b 2.67 ± 0.21a 2.00 ± 0.22a 2.50 ± 0.22a 6.83 ± 0.60a 42.86

Q.robur 250 87.33 ± 0.79a,b 2.00 ± 0.37a,b 2.33 ± 0.21b 2.67 ± 0.21a,b 7.00 ± 0.52a 33.34

500 111.7 ± 9.71a,b 2.50 ± 0.22a 1.83 ± 0.17a 1.67 ± 0.21a 5.50 ± 0.43a 47.3

1,000 152.5 ± 0.93a 3.00 ± 0.37a 1.50 ± 0.22a 1.50 ± 0.22a 5.83 ± 0.48a 57.14

Data presented as: Mean ± SEM (n = 6);
asignificant from control
bsignificant from loperamide.
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3.2 In vivo anti-diarrheal activity

3.2.1 Acute toxicity study
The dose of 5 g/kg of both extracts, which is the maximum tested

dose in the acute study, did not reveal any mortality or change in the
behavior of the animals. Therefore, the selection of the AME at a
dose of 250, 500, and 1,000 mg/kg was considered to be safe and this
result was agreeing with previously reported LD50 for Q. robur
(Moharram et al., 2015).

3.2.2 Castor oil–induced diarrheal model
The obtained data showed that Q. robur and Q. coccinea AME

significantly delay in a dose-dependent manner the onset of diarrhea
(Table 3), in addition they decrease (p < 0.05) the total number of
wet feces following castor oil administration comparing to the
control and treated groups, especially in the case of Q. robur

AME at 500 (1.83 ± 0.17) (p < 0.001), and 1,000 (1.50 ± 0.22)
(p < 0.0001). In addition, Q. robur AME significantly decreased the
average total feces number in comparison with the control at 250,
500, and 1,000 mg/kg b. wt (p < 0.0001). The highest defecation
inhibition percentage was also detected with Q. robur AME at
1,000 mg/kg (57.14) which was non-significant from loperamide
as the antidiarrheal drug (66.66).

3.2.3 Castor oil-induced enter-pooling activity
After treatment with AME ofQ. robur andQ. coccinea, it was found

that they exerted in a dose dependent manner a significant suppression
of castor oil-induced enter pooling (p < 0.001) compared with the
untreated group (Table 4). Accordingly, after measuring the intestinal
fluid volume, they were 0.48, 0.38, and 0.31 mL for 250, 500, and
1,000 mg/kg b. wt respectively with Q. robur AME and 0.57, 0.47, and
0.39 mL for 250, 500, and 1,000 mg/kg b. wt respectively with Q.

TABLE 4 Effects of Q. coccinea and Q. robur AME on castor oil-induced enter pooling.

Group Dose (mg/kg) Volume of intestinal fluid (mL) % of inhibition

Control 0.78 ± 0.031 —

Loperamide 5 0.28 ± 0.012a,c,d 64.52

AME of Q. coccinea 250 0.57 ± 0.019a,b,c,d,e 27.09

500 0.47 ± 0.013a,b,d,e 39.78

1,000 0.39 ± 0.010a,b,c,e 50.10

AME of Q. robur 250 0.48 ± 0.014a,b,d,e 38.71

500 0.38 ± 0.011a,b,c 51.19

1,000 0.31 ± 0.009a,c 60

Data presented as: Mean ± SEM (n = 6).
aSignificant from control
bSignificant from loperamide
cSignificant from Q. robur 250 mg
dSignificant from Q. robur 500 mg
eSignificant from Q. robur 1,000 mg.

TABLE 5 Effects of Q. coccinea and Q. robur on gastrointestinal motility in mice.

Group Dose
(mg/kg)

Length of small
intestine (cm)

Distance traveled by
charcoal (cm)

Peristaltic
index (%)

% of
inhibition

Control 52.83 ± 0.75 34.83 ± 0.60 66.01 ± 1.65 —

Loperamide 5 53.83 ± 0.70 12.33 ± 0.33a,c,d 22.95 ± 0.81a,c,d 65.23

AME of Q.
coccinea

250 52.50 ± 1.06 28.00 ± 0.63a,b,c,d,e 53.48 ± 1.88a,b,d,e 18.98

500 53.33 ± 0.56 25.17 ± 0.70a,b,d,e 47.18 ± 1.17a,b,d,e 28.53

1,000 54.00 ± 0.58 22.83 ± 0.83a,b,d,e 42.28 ± 1.46a,b,d,e 35.95

AME of Q.robur 250 52.67 ± 1.26 25.00 ± 0.58a,b,d,e 47.71 ± 2.16a,b,d,e 27.72

500 53.17 ± 0.60 19.67 ± 0.56a,b,c,e 37.04 ± 1.33a,b,c,e 43.89

1,000 53.00 ± 0.89 14.00 ± 0.68a,c,d 26.41 ± 1.22a,c,d 59.99

Data presented as: Mean ± SEM (n = 6)
aSignificant from control
bSignificant from loperamide
cSignificant from Q.robur 250 mg
dSignificant from Q. robur 500 mg
eSignificant from Q. robur 1,000 mg.
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coccinea AME. The results were compared with 0.78 and 0.28 mL for
the untreated control and loperamide groups, respectively.

3.2.4 Castor oil triggered charcoal meal transit test
The results showed that Q. robur and Q. coccinea AME suppressed

gastrointestinal transit movement and affected peristaltic index (p <
0.0001) in a dose-dependentmanner, whichwas confirmed by decreasing
the mean of the distance moved by charcoal (p < 0.0001) compared with
the control groups (Table 5). Furthermore, Q. robur showed a non-
significant change from the standard group at 1,000mg/kg.

4 Discussion

Hydro-methanol solution (80% aqueous methanol) can extract
non-polar and polar phytochemicals (Zayede et al., 2020) so we
used it to extract the polyphenolic constituents from both Q.
coccinea and Q. robur leaves as well as to tentative identify the
polyphenolic constituents by UHPLC/MS. The antidiarrheal activity
of both AME was assessed in vivo in three diarrhea models using castor
oil as a stimulant laxative. Ricinoleic acid, the pharmacologically active
component present in castor oil is liberated by the effect of the lipase
enzyme present in the small intestine’s upper part (Kulkarni and Pandit,
2005). Ricinoleic acid binds and activates the prostanoid EP3 receptor
and motivates the endogenous prostaglandins synthesis from the
intestinal arachidonic acid. Prostaglandins can advance
gastrointestinal motility, exert a laxative effect, and modify the
electrolytes and water movement in and out the lumen of the
intestine (Tunaru et al., 2012; Adeniyi et al., 2017). Consequently,
the use of castor oil to encourage diarrhea is similar to diarrhea
pathophysiology, which rationalizes its use in the current research.
Previous reports revealed that the anti-diarrheal effect of traditional
medicinal plants is usually associated to their secondary metabolites as
flavonoids, and tannins (Meite et al., 2009; Emudainohwo et al., 2015).
Plants used to tackle diarrhea were found to exert their effect through
different mechanisms including antiparasitic effect, suppression of
gastric motility, and peristaltic index (Özbilgin et al., 2013). Our
results revealed that Q. robur and Q. coccinea AME displayed a
significant result on all measured parameters including the diarrhea
onset, and the number of wet, watery, and total feces which indicated
that they exert their antidiarrheal through an antisecretory mechanism.
It is worth mentioning that the flavonoids, phenolic acids, and tannins
were detected in the HPLC/MS of the AME which are well-known for
their antidiarrheal effect via prostaglandin production inhibition
(Hämäläinen et al., 2011). Furthermore, previous reports revealed
that tannins have the ability to form complex with protein that help
in the precipitation of the intestinal mucosa proteins making it more
resistance to alteration by chemicals and consequently reduce intestinal
secretion and peristaltic movements (Kumar and Upadhyaya, 2012).
Another antidiarrheal mechanism for the drug is manifested by
reducing the propulsive movement of the gastrointestinal smooth
muscles. Consequently, enter pooling and motility tests were
assessed to give more evidence for the antidiarrheal mechanism of
the extract. In the castor oil-induced enter pooling method, Q. robur
and Q. coccinea AME significantly decreased the intraluminal fluid
accumulation compared with the control group. Meanwhile, castor oil
improves prostaglandins production which motivates fluid secretion by
avoiding the reabsorption of water and electrolytes (Pierce et al., 1971).

The AME of both species inhibited the gastrointestinal hypersecretion
and enter pooling via increasing reabsorption of water and electrolytes
otherwise through the inhibition of the induced intestinal fluid
accumulation which again could be attributed to their polyphenolic
content. Additionally, themethod of the charcoalmeal wasmeasured to
explain another antidiarrheal mechanism by monitoring
gastrointestinal content transposition because of gastrointestinal
motility reduction (Qnais et al., 2005; Ezekwesili-Ofili et al., 2016).
The current results suggested that the AME of both species significantly
inhibited the intestinal transit by reducing the gastrointestinal motility
of charcoal meal, which led to an increase in the intestinal content
passage time therefore it was suggested that theAMEact on all intestinal
parts as well as its anti-motility property (Islam et al., 2013).

Our results revealed that the two Quercus species are rich in
flavonoids which are supposed to inhabit intestinal motility, water,
and electrolyte secretions by interfering with the auto-acid and
prostaglandins activity (Tiwari et al., 2011). Our results revealed also
the presence of quercetin and its glycosides which yield quercetin in the
intestine and it was reported that the plants containing quercetin, can
produce antidiarrheic effects mainly due to its antihistamine and anti-
inflammatory activities (Carlo et al., 1994) also other reports revealed that
quercetin exerts its antidiarrheic action through inhibition of
gastrointestinal release of acetylcholine (Lutterodt, 1989; Perrucci et al.,
2006). Moreover, our result revealed the presence of hydrolyzable tannins
which are recognized for their antidiarrheal activity through denaturing
intestinal mucosa proteins by forming protein tannate, which makes
them stronger to chemical changes and so reduces secretion (Sardans
et al., 2014; Sanda et al., 2020). In addition, tannins possess an anti-
motility activity due to their anti-spasmodic effect, which inhibits
secretion and intestinal motility via decreasing Ca2+ influx or
improving calcium outflow (Bamisaye et al., 2013). Moreover, the
presence of gallic acid or its derivatives (strictinin and tetra galloyl
glucose) which produce gallic acid on hydrolysis in the extract may
enhance the antidiarrheal activity since gallic acid has anti-secretory
activity through inhibition of H + K + -ATPase activity (Chen et al., 2006),
moreover it was reported that ellagic acid possesses antidiarrheal activity
(Xiao et al., 2013). Therefore, it is speculated that the effectiveness of crude
extractmay be owing to the interaction between the different constituents
in the extract leading to good activity and/or a decrease in possible toxicity
of some distinct compounds. Otherwise, the individual action of different
constituents found in the extract may collectively contribute to the
efficacy of the extract. This finding justifies the ethnomedicinal use of
the Q. coccinea and Q. robur extract in the treatment of diarrheal.

5 Conclusion

The current results revealed that the Q. robur and Q. coccinea
leaves extracts showed antidiarrheal activity, which could be
responsible for their inhibitory effect on gastrointestinal motility,
and secretion. The secondary metabolites identified in the extracts
mainly flavonoids and tannins could be owing to the Quercus
species’ antidiarrheal effect through different mechanisms.
Conversely, more research is required to establish the mechanism
of action for antidiarrheal activity and to purify the active
compounds responsible for the activity. Moreover, the research
results gave evidence for the traditional uses of Quercus species
and direct that they can be used for the treatment of diarrhea.
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Introduction: Non-alcoholic fatty liver disease (NAFLD) incidence has been
rapidly increasing, and it has emerged as one of the major diseases of the
modern world. NAFLD constitutes a simple fatty liver to chronic non-alcoholic
steatohepatitis (NASH), which often leads to liver fibrosis or cirrhosis, a serious
health condition with limited treatment options. Many a time, NAFLD progresses
to fatal hepatocellular carcinoma (HCC). Nuclear receptors (NRs), such as liver X
receptor-α (LXR-α) and closely associated farnesoid X receptor (FXR), are ligand-
inducible transcription factors that regulate various metabolism-associated gene
expressions and repression and play a major role in controlling the
pathophysiology of the human liver. Withaferin A is a multifaceted and potent
natural dietary compound with huge beneficial properties and plays a vital role as
an anti-inflammatory molecule.

Methods: In vivo: Swill albino mice were fed with western diet and sugar water
(WDSW) for 12, 16, and 20 weeks with suitable controls. Post necropsy, liver
enzymes (AST, ALT, and ALP) and lipid profile were measured by commercially
available kits using a semi-auto analyzer in serum samples. Liver histology was
assessed using H&E and MTS stains to check the inflammation and fibrosis,
respectively, using paraffin-embedded sections and mRNA expressions of
these markers were measured using qRT-PCR method. TGF-β1 levels in serum
samples were quantified by ELISA. In vitro: Steatosis was induced in HepG2 and
Huh7 cells using free fatty acids [Sodium Palmitate (SP) and Oleate (OA)]. After
induction, the cells were treated with Withaferin A in dose-dependent manner (1,
2.5, and 5 μM, respectively). In vitro steatosis was confirmed by Oil-Red-O
staining. Molecular Docking: Studies were conducted using Auto Dock Vina
software to check the binding affinity of Withaferin-A to LXR-α and FXR.

Results: We explored the dual receptor-activating nature of Withaferin A using
docking studies, which potently improves high-fat diet-induced NAFLD in mice
and suppresses diet-induced hepatic inflammation and liver fibrosis via LXR/FXR.
Our in vitro studies also indicated that Withaferin A inhibits lipid droplet
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accumulation in sodium palmitate and oleate-treated HepG2 and Huh7 cells,
which may occur through LXR-α and FXR-mediated signaling pathways.
Withaferin A is a known inhibitor of NF-κB-mediated inflammation. Intriguingly,
both LXR-α and FXR activation inhibits inflammation and fibrosis by negatively
regulating NF-κB. Additionally, Withaferin A treatment significantly inhibited TGF-β-
induced gene expression, which contributes to reduced hepatic fibrosis.

Discussion: Thus, the LXR/ FXR dual receptor activator Withaferin A improves both
NAFLD-associated liver inflammation and fibrosis in mouse models and under in
vitro conditions, which makes Withaferin A a possibly potent pharmacological and
therapeutic agent for the treatment of diet-induced NAFLD.

KEYWORDS

inflammation, fibrosis, withaferin A, fatty liver, liver X receptor-α, farnesoid X receptor

Introduction

Non-alcoholic fatty liver disease (NAFLD) is an intricate malady
that starts from steatosis (the accumulation of fats) and develops
into non-alcoholic steatohepatitis (NASH) (Younossi et al., 2019). It
constitutes early-stage inflammation and late-stage fibrosis, which
leads to severe and irreversible terminal-stage hepatic complications
like cirrhosis and malignancy of the liver, which is called
hepatocellular carcinoma (HCC) (Allen et al., 2018). NAFLD is a
significant risk factor for metabolic syndrome, which includes
obesity and frequently associated co-maladies like type 2 diabetes
mellitus (T2DM), cardiovascular disease (CVD), and other closely
associated disorders (Byrne and Targher, 2015). NAFLD is
remediable in the preliminary stages and can be addressed
through lifestyle changes and medical help (Zeng et al., 2021). A
lack of specific symptoms, knowledge, and awareness about the
disease among patients makes the early-stage detection of NAFLD
challenging (Cleveland et al., 2019; Busetto et al., 2021). In addition,
there are few approved and available drugs for NAFLD on the
market and they possess many side effects (Takahashi et al., 2015;
Bhave and Ho, 2021). Therefore, looking for natural dietary
compounds with minimal or no side effects for NAFLD
treatment is greatly needed.

The pathogenesis of NAFLD is mainly linked to the excess and
abnormal accumulation of free fatty acids (FFAs) in liver cells due to
insulin resistance. It elevates the usage and production of FFAs in the
liver and sensitizes hepatocytes to oxidative stress, mitochondrial
dysfunction, and endoplasmic reticulum stress (ER stress), which
further triggers various transcription factors and induces the secretion
of TNF-α, TGF-β, MCP1, and the production of other closely
associated inflammatory cytokines (Nascè et al., 2022; Akbari
et al., 2021). This triggers macrophage recruitment and activates
hepatic star-like cells or commonly known stellate cells (HSCs) and
results in liver inflammation and fibrosis (Oates et al., 2019).
Targeting the inflammation and fibrosis-associated transcription
factors and their target genes and cytokines aids in NAFLD treatment.

Cellular nuclear receptors act as potential therapeutic targets for
various clinical conditions like type 2 diabetes and NAFLD (Ballestri
et al., 2016). Liver X receptor alpha (LXRα, NR1H3) plays a major
role in regulating liver diseases (Tanaka et al., 2017). An associate of
ligand-activated nuclear receptor-related transcription factors and
the bile acid-binding nuclear receptor farnesoid X receptor (FXR)
also has a potential function in human metabolism and an

ameliorating effect against NAFLD (Ali et al., 2015). Obeticholic
acid (OCA), which is a well-known bile acid and accepted drug for
NASH, is known to significantly improve liver fibrosis via FXR
(Younossi et al., 2022). In our recent study, we showed that
withaferin A, which is a multifaceted drug from the ashwagandha
plant, has an inhibitory effect on hepatocellular carcinoma via LXR-
α activation and inhibits the NF-κB transcription factor
(Santhekadur, 2017; Shiragannavar et al., 2021; Shiragannavar
et al., 2022).

Our study indicates that withaferin A suppresses high-fat diet-
induced metabolic features, NASH, and fibrosis acting as a ligand for
both LXR-α and FXR. This study supports that the dual LXR/FXR
activating nature of withaferin A could be used in treating
human NASH.

Materials and methods

Materials

Withaferin A was purchased from Xenon Biosciences (India),
and the chow diet was procured from Adita Biosys Pvt Ltd. The
high-fat diet was procured from VRK Nutritional Solutions,
India. Glucose and fructose were procured from Sisco
Research Laboratories Pvt. Ltd. Commonly used liver function
test enzymes, like aspartate transaminases or aspartate
aminotransferase (AST), alanine transaminase or alanine
aminotransferase (ALT), and alkaline phosphatase (ALP), and
lipid molecules like total cholesterol, triglycerides (TG), and
high-density lipoproteins (HDL) kits were purchased from
Agape Diagnostics Ltd. TRIzol reagent, sodium palmitate,
oleate and Oil Red O stain solution were purchased from
Sigma Aldrich, St. Louis, Missouri, United States. cDNA
synthesis and SYBR green kits were purchased from Thermo
Fisher Scientific. A TGF-β1 ELISA kit was purchased from
Krishgen Biosystems. HepG2 and Huh7 cells were purchased
from NCCS Pune, India. The cell culture media Minimum
Essential Medium Eagle (MEM), Ham DMEM/F-12, 1:
1 mixture, bovine serum albumin, and hematoxylin were
purchased from HiMedia, India. Fetal bovine serum (FBS) and
antibiotics like penicillin/streptomycin were purchased from
Gibco. 25-Hydroxycholesterol was a gift provided by Dr.
Perumal Madan Kumar, CSIR-CFTRI, Mysuru.
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Taurochenodeoxycholic acid and deoxycholic acid were a gift
from Dr. Ramprasad Talahalli, CSIR-CFTRI, Mysuru.

Diet composition

Male Swiss albino mice (4–6 weeks old) were fed ad libitum
sugar water (SW) containing glucose (18.9 g/L) and fructose (23.1 g/
L) and a high-fat diet (Western Diet, WD) containing 42% kcal from
fat and 0.1% cholesterol. A standard chow diet and normal water
were given to the control mice.

Experimental animals and study design

All animal experiments were conducted following the ethical
clearance and approval from the Jagadguru Sri Shivarathreeshwara
Academy of Higher Education and the Research Institutional animal
ethics committee (JSSAHER/CPT/IAEC/019/2020), JSS AHER,
Mysore, Karnataka, India. In this study, male Swiss albino mice
(weighting 15–20 g) were selected and separated equally into five
groups of six animals as follows: Group 1: control, standard chow diet,
and normal water (CDNW); Group 2: western diet (high-fat diet) and
sugar water (WDSW); Group 3: WDSW with withaferin A up to
12 weeks (treatment of withaferin A from 8 to 12 weeks); Group 4:
WDSW with withaferin A up to 16 weeks (treatment of withaferin A
from 8 to 16 weeks); and Group 5: WDSW with withaferin A up to
20 weeks (treatment of withaferin A from 8 to 20 weeks). Every
3 days, the treatment groups received withaferin A (1.25 mg/kg
body weight, DMSO 0.1%), while the control group received
DMSO (0.1%) intraperitoneally before the dark cycle of each day.
To compare the treatment groups, Group 1—CDNW and Group
2—WDSW mice also received diet specifications, as previously
mentioned for a duration of 12, 16, and 20 weeks. Briefly, Group
3 mice [mice that received WDSW (until 12 weeks) + withaferin A
treatment for 4 weeks (from the 8th week until the 12th week)] were
compared with the mice group that received CDNW andWDSW for
12 weeks. Group 4 mice [mice that received WDSW (16 weeks) +
Withaferin A treatment for 8 weeks (from the 8th week until the 16th
week)] were compared with the mice group that received CDNW and
WDSW for 16 weeks. Group 5 mice [mice that received WDSW
(20 weeks) +Withaferin A treatment for 12 weeks (from the 8th week
until the 20th week)] were compared with themice group that received
CDNW andWDSW for 20 weeks. Furthermore, images of individual
groups of mice that received theWDSW+Withaferin A treatment for
12, 16, and 20 weeks along with their corresponding controls and
WDSW groups are depicted in Supplementary Figures S6A–C.

Serum biochemical measurements

Hepatic function enzymes, such as ALT, AST, and ALP, and
the lipid profile comprising triglycerides, cholesterol, and HDL
were determined using commercially available kits and is based on
the associated manuals (Agappe Diagnostics Ltd.). The traditional
GOD-POD method was used to measure the level of serum
glucose. LDL was calculated using a simple mathematical
formula as follows:

LDL = Total cholesterol–HDL–Triglycerides/5

Histopathological estimation

Mice were sacrificed at the following time intervals (12, 16, and
20 weeks) to collect the liver tissue. The tissue samples were
immediately formalin-fixed and stored at room temperature for
subsequent processing and embedded by a standard technique in
paraffin blocks for future usage. H&E and Trichome Masson’s
(TMS) staining were performed to assess inflammation and
visualize fibrosis, respectively.

Quantitative polymerase chain reaction

The liver tissue was preserved at −80 °C. The TRIzol reagent
(Thermo Fisher Scientific) was used to extract total RNA from
frozen livers. The verso cDNA synthesis kit was used to create cDNA
from 1 μg of total RNA. qPCR was performed on a Rotor-Gene Q
(Qiagen) PCR system using the SYBR green kit. These qPCR results
were expressed as a fold change relative to the control group, and
values were normalized to β-actin mRNAs. The primer sequences
used in our experiments were as follows:

TNF-α forward: 5′-ATGGCCTCCCTCTCATCAGT-3′
TNF-α reverse: 5′-TTTGCTACGACGTGGGCTAC-3′
IL-6 forward: 5′-GTCCTTCCTACCCCAATTTCCA-3′
IL-6 reverse: 5′-TAACGCACTAGGTTTGCCGA-3′
IL-1β forward: 5′-TGCCACCTTTTGACAGTGATG-3′
IL-1β reverse: 5′-AAGGTCCACGGGAAAGACAC-3′
MCP1 forward: 5′-AGGTGTCCCAAAGAAGCTGT-3′
MCP1 reverse: 5′-AAGACCTTAGGGCAGATGCAG-3′
COL1A1 forward: 5′-CGATGGATTCCCGTTCGAGT-3′
COL1A1 reverse: 5′-GCTGTAGGTGAAGCGACTGT-3′
COL3A1 forward: 5′-GAGGAATGGGTGGCTATCCG-3′
COL3A1 reverse: 5′-TTGCGTCCATCAAAGCCTCT-3′
α-SMA forward: 5′-GCCGAGATCTCACCGACTAC-3′
α-SMA reverse: 5′-ATAGGTGGTTTCGTGGATGC-3′
β-actin forward: 5′-TGGATCAGCAAGCAGGAGTATG-3′
β-actin reverse: 5′-GCATTTGCGGTGGACGAT-3′

ELISA for serum TGF-β1

An ELISA kit (Krishgen Biosystems) was used to quantify TGF-
β1 in the plasma from the study animals following the
manufacturer’s instructions. The results are presented as pg/mL
after sample values were calculated using a standard curve (created
by serially diluting known standards).

Cell culture

Human hepatoma cells, namely, HepG2 and Huh7 cell lines,
were cultured inMEMmedium andHamDMEM/F-12, 1:1 mixture,
respectively, complemented with 10% penicillin (100 U/mL)/
streptomycin (100 mg/mL) antibiotics in a humid incubator with
5% CO2 at 37 °C.
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In vitro steatosis induction

Stock solutions of sodium palmitate (SP) and oleate (OA) (Sigma-
Aldrich, United States) were prepared, as previously described (Römer
et al., 2021; Cao et al., 2012). Briefly, 100 μM of SP and OA were
incubated for 30min at 50 °C. Later, fatty acids weremixedwith BSA in a
culture medium (the fatty acid to BSA molar ratio was 4:1). To induce
steatosis, HepG2 and Huh7 cells were exposed to SP and OA conjugated
with fatty acid-free BSA. After incubation for 24 h, the cells were treated
for 24 h with various concentrations of withaferin A (1, 2.5, and 5 μM).
Cells used as controls were treated with fatty acid-free media containing
ethanol as a vehicle.

Oil Red O staining

Following treatment, the cells were fixed for 1 h in 10% formalin. The
fixative solution was removed and rinsed with PBS once and then treated
with 60% isopropanol for 15 s to facilitate the staining of neutral lipids.
Cells were then incubated with a 6:4 diluted Oil Red O solution for 1 min
and then washed with PBS to remove the excess stain before being
counter-stained for 1 min with hematoxylin stain. Then, cells were
washed with distilled water to remove excess stains. Pictures of the
lipid droplets were taken using an inverted microscope.

Oil Red O quantification

Oil Red O staining was measured semi-quantitatively after
staining with Hematoxylin, washing with dH2O, and additionally

washing with 60% isopropanol. The extracted Oil Red O stain was
then treated with 100% isopropanol and gentle rocking. Then, the
red color absorbance was measured at 492 nm.

Molecular docking

The binding affinity of withaferin A with the LXR and FXR
was assessed using AutoDock Vina (Eberhardt et al., 2021; Trott
et al., 2010). The crystal structure of the LXR/FXR complexed
with withaferin A was used as the target structure in the docking
study. Water molecules were eliminated from the docking study
and checked for prior attachment to the ligand (withaferin A)
before being removed from the dimensional structure using
version 2.4 of the PyMOL tool. Discovery Studio software,
which offers near-able binding residues, was used to further
visualize the favored possessions from the findings obtained
from the docking technique. This verified the selected ligands’
ideal docking postures, and their binding affinities were recorded.
Docking poses and score calculations were used to determine the
binding affinity of withaferin A as a ligand with LXR and FXR.

Statistical analysis

The one-way ANOVA (Bonferroni post hoc test) test was used
for the data average value calculation of the results and for statistical
analysis, where p < 0.05 was considered significant. The significance
of different groups was expressed using mean ± SEM values. *p <
0.05, **p < 0.01, and ***p < 0.001

FIGURE 1
Withaferin A (WA) inhibited diet-induced obesity. (A) Experimental treatment pattern for testing the therapeutic effects of WA in theWDSW-induced
NAFLD mouse model. (B) Images represent the reduction in body and adipose tissue weights in a withaferin A-treated WDSW-induced NAFLD mouse
model. (C,D)Graphical representation depicting the decrease in body and adipose tissue weights in withaferin A-treated groups at different time intervals
compared to the WDSW group. (E) Serum glucose levels. Data are expressed as mean ± SEM for six animals per group.
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FIGURE 2
Withaferin A decreased diet-induced liver injury and dyslipidemia. Serum liver function tests: (A) aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and alkaline phosphatase (ALP). Serum lipid profile: (B) triglycerides (TG), total cholesterol (TC), high-density lipoproteins (HDL),
and low-density lipoproteins (LDL).

FIGURE 3
Withaferin A ameliorates steatosis and steatohepatitis both in vivo. (A,B) Representative images and graphs depicting a reduction in fat
accumulation in the liver and liver weights in a withaferin A-treated WDSW-induced NAFLD mouse model. (C) Representative liver sections stained
with hematoxylin-eosin (H&E) with a scale bar of 50 μM. (D) Relative mRNA expression levels of TNF-α, IL-6, IL-1β, and MCP1 were evaluated in the
liver.
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Results

Withaferin A inhibited diet-induced obesity

Swiss Albinomice nourishedwithWDSWshowed advancement in
weight and adipose tissue mass contrary to mice nourished with a chow
diet and regular water (Figures 1A–D). In addition to progression in
diet-induced obesity, nourishment withWDSW showed an elevation in
blood glucose levels. Another group of mice fed with WDSW was

treated with withaferin A for 12–16 weeks, which showed a
considerable reduction in the total body weight (including fat mass)
compared to WDSW-fed mice. Withaferin A also reduced blood
glucose levels in mice with a high-fat diet and sugar water
(Figure 1E). Our data are strongly supported by an elegant study
fromHarvardMedical School, which clearly shows the anti-obesity and
anti-diabetic properties of withaferin A through its leptin sensitizing
action, and it may also impact the appetite of the animal (Lee et al.,
2016).

FIGURE 4
Withaferin A ameliorates steatosis and steatohepatitis in vitro. (A,C) Representative microphotographs of sodium palmitate and oleate-induced
steatotic HepG2 and Huh7 cells treated with withaferin A in a dose-dependent manner. The cells were treated with the test materials for 24 h, and images
were taken after ORO staining at 40X magnification. A semi-quantitative analysis of lipid accumulation in the cells (B,D).
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Withaferin A decreased diet-induced liver
injury and dyslipidemia

Liver enzymes AST, ALT, and ALP increased in mice fed WDSW
contrary to the control group (Figure 2A). The treatment of withaferin
A reduced liver enzyme levels in different time courses. Withaferin A
effectively lowered the lipid profile parameters in mice fed WDSW
(Figure 2B). These data provide preliminary evidence showing the
hepatoprotective effect of withaferin A.

Withaferin A ameliorates steatosis and
steatohepatitis both in vivo and in vitro

Mice nourished with a chow diet and regular water showed
normal liver anatomy and weight (Figures 3A, B). In contrast,
mice on WDSW developed major hallmarks of steatohepatitis
(grade 3 macrovesicular steatosis, immune cell infiltration, and
hepatocellular ballooning along with some microvesicular
steatosis), as confirmed by H&E staining (Figure 3C). The
withaferin A treatment also inhibited inflammatory markers,
such as TNF-α, IL-6, IL-β, and MCP1 expression, in diet-
induced obese mice (Figure 3D) compared to the high-fat
diet-fed mice in our qPCR data. In vitro steatosis was
confirmed by routine and common Oil Red O staining using
HepG2 and Huh7 cells (Figures 4A, C). The withaferin A
treatment inhibited sodium palmitate- and oleate-induced
lipid droplet accumulation in human Huh7 and HepG2 cells,
and the graphs depict a quantitative decrease of lipid
accumulation in the cells (Figures 4B, D). This experimental
evidence strongly shows the anti-steatohepatitis effect of
withaferin A.

Withaferin A inhibited diet-induced fibrosis
and fibrogenic signaling

Mice fed a regular low-calorie chow diet and normal water
revealed normal liver architecture, whereas mice fed with high-
calorie WDSW for 16–20 weeks revealed early fibrotic
characteristics such as deposition of collagen and activation of
TGF-β signaling. The withaferin A treatment inhibited diet-
induced liver fibrosis in WDSW-fed mice (Figure 5A). The
withaferin A treatment also inhibited TGF-β secretion and its
target genes, Collagen 1 and Collagen 3, expression in WDSW-
fed mice and was confirmed by ELISA and qPCR data
(Figures 5B, C).

Withaferin A revealed a dual LXR/FXR
receptor-activating nature

Our study revealed that withaferin A acts as a potent
molecular ligand for LXR-α in HCC and inhibits NF-κB
target genes (Shiragannavar et al., 2021; Shiragannavar et al.,
2022). To determine the possible molecular mechanism of the
hepatoprotective nature of withaferin A in the NAFLD model,
we conducted a docking study and our results indicated a strong
binding of withaferin A to both LXR-α and FXR, which is a
known bile acid nuclear receptor (Figures 6A, B). Some of these
common genes and signaling pathways are mutually regulated
by ligand-dependent activation of both LXR-α and FXR (Ding
et al., 2014), (Dong et al., 2019). Both inflammatory and fibrotic
signaling is negatively regulated by LXR-α and FXR through
their cognate ligands (Rudraiah et al., 2016; Wang et al., 2008).
Based on our docking study results and the previously published

FIGURE 5
Withaferin A inhibits diet-induced fibrosis and fibrogenic signaling. (A)Representative liver sections stainedwithMasson’s trichome stain (MTS) with a
scale bar of 50 μM. (B) Secretion of TGF-β1 by the liver in the withaferin A-treated WDSW-induced NAFLDmouse model measured by ELISA. (C) Relative
mRNA expression of TGF-β1 target genes: COL1A1, COL3A1, and α-SMA were analyzed using qPCR.
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evidence, we inferred that withaferin A acts as a dual LXR/FXR
receptor activator and inhibits diet-induced steatosis,
steatohepatitis, and fibrosis. To support our claim, we
validated the expression of LXR-α and FXR and their target
genes in both in vitro and in vivo NAFLD models treated with
withaferin A. Along with withaferin A, we used the LXR-α
specific agonist 25-hydroxycholesterol (25HC) and the FXR-
specific agonist taurochenodeoxycholate (TCDC) and TGR5
(bile acid membrane receptor)-specific agonist deoxycholic
acid (DCA). Our results showed that withaferin A activated
both LXR-α and FXR and induced their canonical target genes
(ABCA1, ApoE, ABCB11, and ApoCII) (Supplementary Figures
S1–S3, S5, S7).

Discussion

Obeticholic acid, which is a known agonist for FXR, has lately been
under clinical trial for themanagement ofNAFLD (Younossi et al., 2022).
The molecular pathways for the therapeutic effects of obeticholic acid in
FXR agonism are poorly understood and need to be elucidated. Another
nuclear receptor, LXR-α, has a potential role in cholesterol homeostasis,
and the ligand-dependent activation of LXR-α has an anti-inflammatory
effect through repressing NF-ҡB-mediated signaling (Wu et al., 2009;
Endo-Umeda and Makishima, 2019). Our study elucidated that
withaferin A suppresses HCC proliferation, migration, and invasion
via the activation of LXR-α and negatively regulates NF-ҡB target
genes (Shiragannavar et al., 2021; Shiragannavar et al., 2022).

FIGURE 6
Withaferin A acts as a dual LXR/FXR receptor activator. (A,B) 2D and 3D visualization of the protein–ligand interaction of LXR (A) and FXR (B) with
withaferin A; the table represents the binding affinity and RMSD values of the LXR/FXR receptor activator docked with withaferin A.
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Although FXRs respond to bile acids and LXRs to oxysterol
molecules inside the cellular nucleus, the ligand-specific coordinated
actions of LXR and FXR activate transcription and modulate the
expression profiles of several genes (Ding et al., 2014). In particular,
genes are responsible for cholesterol, lipid, bile acid, and carbohydrate
metabolism and control overall liver function (Dong et al., 2019).
Along with their role in cellular metabolism, LXR and FXR activation
also inhibits inflammation and fibrosis-associated gene expression
through a transcription repression mechanism (Shiragannavar et al.,
2021; Shiragannavar et al., 2022; Wang et al., 2008; An et al., 2020).

T0901317, a known LXRα [NR1H3] and LXRβ [NR1H2] agonist,
also stimulates FXR more effectively than natural bile acid (Bonafide
FXR ligand) and acts as a dual LXR/FXR agonist (Houck et al., 2004).
However, T0901317 molecular action on pathophysiology remains
elusive. There are reports that suggest T0901317 inhibits obesity and
induces a fatty liver inmice (Gao and Liu, 2013a; Gao and Liu, 2013b).
Also, numerous reports have shown the beneficial lipid-lowering
effect of ligand-mediated FXR activation (Fang et al., 2015; Laffitte
et al., 2003). Inflammation and fibrosis are major hallmarks of
NAFLD-associated chronic conditions like HCC, where NF-κB
acts as the master regulator of inflammation and inflammatory
cytokine production (Elsharkawy and Mann, 2007; Santhekadur
et al., 2012; Santhekadur et al., 2014). In addition, both LXR-α
and FXR activation negatively regulates the activity of NF-κB (Wu
et al., 2009; Shiragannavar et al., 2021; Wang et al., 2008).

Our docking studies clearly show that withaferin A acts as a bona
fide ligand for both LXR-α and FXR andmay activate both LXR-α and
FXR and induce the expression of their target genes in NAFLD as a
dual LXR/FXR receptor activator. In this study, we found the anti-
obesity effect of withaferin A in diet-induced obesity mouse models
and under in vitro steatotic conditions. FXR activation by its agonists
promotes the browning of adipose tissue, induces thermogenesis, and

reduces diet-induced obesity and insulin resistance (Fang et al., 2015).
The activation of LXR improves glucose tolerance and plays an
important role in regulating glucose metabolism in the liver and
adipose tissue (Laffitte et al., 2003). This supports our data and shows
the LXR/FXR dual receptor-activating nature of withaferin A and its
therapeutic role in diet-induced obesity.

Overall, withaferin A treatment decreased ALP, AST, andALT levels
in diet-induced Swiss albino mouse serum in a time-dependent fashion
in contrast to the WDSW-fed mice. Total cholesterol, non-HDL
cholesterol, and circulating triglyceride levels were decreased in
withaferin A-treated WDSW-fed mouse serum when compared with
WDSWmice.WithaferinA also decreased hepatic triglyceride content in
withaferin A-treated WDSW mice liver tissue when compared to
WDSW mice (Supplementary Figure S8). This showed that
withaferin A decreased diet-induced liver injury and dyslipidemia in
Swiss albino mice. A few supporting studies have shown that FXR
pharmacological activation prevents liver injury (Peng et al., 2021; Cui
et al., 2009). Activation of LXRs also inhibits liver injury (Beyer et al.,
2015). These studies strongly support our hypothesis that LXR/FXR dual
activation prevents liver injury.

We also found the anti-NASH and anti-fibrotic effects of withaferin
A in our diet-induced NAFLD model (Supplementary Figure S4). It is
already well-established and known that withaferin A has anti-
inflammatory effects and inhibits NF-κB activation (Shiragannavar
et al., 2021). The NF-κB activity is negatively regulated by LXR-α
(Shiragannavar et al., 2022). Our immunohistochemistry data showed
the anti-steatotic, anti-NASH, and anti-fibrotic effects in our diet-
induced obese mice. Also, withaferin A inhibited IL-6, TNF-α, IL-1β,
MCP1, COL1A1, COL3A1, and α-SMA expression in liver tissue.
Additionally, past published studies have shown that LXR activation
exerts a potent anti-inflammatory effect in immune cell types,
particularly Kupffer cells/macrophages (Beyer et al., 2015). This may

FIGURE 7
Schematic representation of the inhibiting effect of withaferin A on high-fat diet (Western diet sugar water)-induced fibrosis by acting as an LXR/FXR
dual receptor activator. This figure was created in part using Servier Medical Art, which is licensed under a Creative Commons Attribution 3.0 Unported
license.
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be due to the inhibition of MCP1 expression and suppression of Kupffer
cell recruitment by withaferin A. Additionally, ligand-dependent LXR
activation reduces acute hepatic inflammation, which is mostly mediated
bymacrophages that are unique to the liver (Kupffer cells) (Endo-Umeda
and Makishima, 2019). LXR-deficient mice also revealed acute liver
injury, steatohepatitis, and fibrosis due to excess hepatic cholesterol
accumulation-mediated inflammation. Ligand-dependent LXR
stimulation also suppressed primary stellate cell activation-mediated
fibrosis. Additionally, Lxrαβ (−/−) stellate cells showed increased
production and secretion of inflammatory mediators. The treatment
of conditioned media from these Lxrαβ (−/−) cells to wild-type cells
increased fibrogenic signaling and activated fibrosis (Beaven et al., 2011).
A recent study demonstrated that the novel non-bile acid EDP-305 serves
as a powerful and highly selective FXR agonist and potently inhibits the
liver injury and fibrosis caused by a methionine/choline-deficient diet
(An et al., 2020). It also inhibits NF-κB activity and suppresses the
expression of TNF-α, IL-1β, COL1A2, COL3A1, α-SMA, and CCL2
(Chau et al., 2019). Another FXR agonist and knownbile acid, obeticholic
acid, protects against hepatic injury andfibrosis in aNASHmousemodel
(Goto et al., 2018). Withaferin A ameliorates bile duct ligation-induced
liver injury and fibrosis by inhibitingNF-κB signaling (Sayed et al., 2019).
Additionally, withaferin A therapeutically reduces fibrosis in HFD-
treated leptin-deficient ob/ob mice (Sayed et al., 2019). In support of
these classic studies, we found that withaferin A treatment inhibited fatty
acid synthesis genes, such as sterol regulatory element binding protein 1c
(SREBP1c) and fatty acid synthase (FASN), in both in vitro and in vivo
NAFLDmodels (Supplementary Figure S3). It has been reported that the
LXR-α agonist 25HC prevents NAFLD through the regulation of known
cholesterol metabolism and inflammatory signaling (Wang et al., 2022).
Increased levels of cholesterol 25-hydroxylase (Ch25 h) and its enzymatic
by-product 25HC in the liver prevent high-fat diet-induced hepatic
steatosis. This beneficial mechanism involves the regulation of
enterohepatic circulation of bile acids by the induction of the
CYP7A1 gene via activation of LXR-α (Dong et al., 2022). Our data
show that withaferin A also activates LXR-α and similarly induces its
canonical target genes to that of 25HC and mimics and exerts similar
effects on NAFLD. Previous studies show that hepatic overexpression of
the canonical FXR target gene ABCB11 reduces hepatosteatosis (Figge
et al., 2004). Ligand-mediated FXR activation also ameliorates NAFLD
mainly through a bile acid-dependent mechanism (Clifford et al., 2021).
Interestingly, even in our study, the withaferin A treatment induced
ABCB11 expression via FXR and mimicked the known FXR agonist
taurochenodeoxycholate (TCDC) but not the TGR5-specific agonist
deoxycholic acid (DCA) (Supplementary Figure S5). These
experimental validations of withaferin A along with LXR-α-
and FXR-specific agonists and previously published studies add
strong support to our work. Based on our research, we propose a
possible molecular mechanism involving the dual receptor-activating
nature of withaferin A on LXR/FXR activation that ameliorates high-
calorie diet-induced NAFLD (Figure 7).

In summary, we show that withaferin A not only activates
LXR-α but also stimulates FXR, which is another similar nuclear
receptor. Therefore, it exerts dual LXR and FXR ligand
properties and confers protective effects against diet-induced
animal models of obesity and NAFLD. These beneficial
properties of withaferin A appear to be the consequences of
decreased adipose tissue mass and glucose levels along with the
hepatoprotective nature and anti-inflammatory and anti-fibrotic

properties. Our data strongly suggest that the dual LXR/FXR
ligand withaferin A might be used in the treatment of NAFLD
and associated maladies.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, and further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by the JSS AHER
Institutional Animal Ethics Committee.

Author contributions

VS performed the experiments, analyzed the data, and drafted the
manuscript. NS, LP, and SK helped during in vivo and in vitro
experiments. SB and SP aided in the docking studies. DK provided
intellectual inputs for the manuscript. PS designed the project, provided
overall supervision and intellectual guidance, and drafted themanuscript.
All authors read and approved the submitted final version.

Acknowledgments

This work was supported by the Department of Biotechnology,
Government of India funding through a Ramalingaswami Re-entry
Fellowship to PS and VS (for stipend support), and the authors would
like to thank DBT, the Government of India, and JSS AHER, Mysuru,
India.

Conflict of interest

The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or those
of the publisher, the editors, and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1135952/
full#supplementary-material

Frontiers in Pharmacology frontiersin.org10

Shiragannavar et al. 10.3389/fphar.2023.1135952

61

https://www.frontiersin.org/articles/10.3389/fphar.2023.1135952/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2023.1135952/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1135952


References

Akbari, R., Behdarvand, T., Afarin, R., Yaghooti, H., Jalali, M. T., and
Mohammadtaghvaei, N. (2021). Saroglitazar improved hepatic steatosis and fibrosis
by modulating inflammatory cytokines and adiponectin in an animal model of non-
alcoholic steatohepatitis. BMC Pharmacol. Toxicol. 22 (1), 53. doi:10.1186/s40360-021-
00524-8

Ali, A. H., Carey, E. J., and Lindor, K. D. (2015). Recent advances in the development
of farnesoid X receptor agonists. Ann. Transl. Med. 3 (1), 5. doi:10.3978/j.issn.2305-
5839.2014.12.06

Allen, A. M., Therneau, T. M., Larson, J. J., Coward, A., Somers, V. K., and Kamath, P.
S. (2018). Nonalcoholic fatty liver disease incidence and impact on metabolic burden
and death: A 20 year-community study.Hepatology 67 (5), 1726–1736. doi:10.1002/hep.
29546

An, P., Wei, G., Huang, P., Li, W., Qi, X., Lin, Y., et al. (2020). A novel non-bile
acid FXR agonist EDP-305 potently suppresses liver injury and fibrosis without
worsening of ductular reaction. Liver Int. 40 (7), 1655–1669. doi:10.1111/liv.
14490

Ballestri, S., Nascimbeni, F., Romagnoli, D., Baldelli, E., and Lonardo, A. (2016). The
role of nuclear receptors in the pathophysiology, natural course, and drug treatment of
NAFLD in humans. Adv. Ther. 33, 291–319. doi:10.1007/s12325-016-0306-9

Beaven, S. W., Wroblewski, K., Wang, J., Hong, C., Bensinger, S., Tsukamoto, H., et al.
(2011). Liver X receptor signaling is a determinant of stellate cell activation and
susceptibility to fibrotic liver disease. Gastroenterology 140 (3), 1052–1062. doi:10.
1053/j.gastro.2010.11.053

Beyer, C., Huang, J., Beer, J., Zhang, Y., Palumbo-Zerr, K., Zerr, P., et al. (2015).
Activation of liver X receptors inhibits experimental fibrosis by interfering with
interleukin-6 release from macrophages. Ann. Rheum. Dis. 74 (6), 1317–1324.
doi:10.1136/annrheumdis-2013-204401

Bhave, S., and Ho, H. K. (2021). Exploring the gamut of receptor tyrosine kinases for
their promise in the management of non-alcoholic fatty liver disease. Biomedicines 9
(12), 1776. doi:10.3390/biomedicines9121776

Busetto, L., Frühbeck, G., Dicker, D., Woodward, E., Korenjak, M., Willemse, J., et al.
(2021). Non-alcoholic fatty liver disease: A patient guideline. JHEP Rep. 3 (5), 100322.
doi:10.1016/j.jhepr.2021.100322

Byrne, C. D., and Targher, G. (2015). Nafld: A multisystem disease. J. Hepatol. 62 (1),
S47–S64. doi:10.1016/j.jhep.2014.12.012

Cao, J., Dai, D. L., Yao, L., Yu, H. H., Ning, B., Zhang, Q., et al. (2012). Saturated fatty
acid induction of endoplasmic reticulum stress and apoptosis in human liver cells via
the PERK/ATF4/CHOP signaling pathway. Mol. Cell Biochem. 364 (1-2), 115–129.
doi:10.1007/s11010-011-1211-9

Chau, M., Li, Y., Roqueta-Rivera, M., Garlick, K., Shen, R., Wang, G., et al. (2019).
Characterization of EDP-305, a highly potent and selective farnesoid X receptor agonist,
for the treatment of non-alcoholic steatohepatitis. Int. J. Gastroenterol. 3, 4. doi:10.
11648/j.ijg.20190301.12

Cleveland, E. R., Ning, H., Vos, M. B., Lewis, C. E., Rinella, M. E., Carr, J. J., et al.
(2019). Low awareness of nonalcoholic fatty liver disease in a population-based cohort
sample: The CARDIA study. J. Gen. Intern Med. 34 (12), 2772–2778. doi:10.1007/
s11606-019-05340-9

Clifford, B. L., Sedgeman, L. R., Williams, K. J., Morand, P., Cheng, A., Jarrett, K. E.,
et al. (2021). FXR activation protects against NAFLD via bile-acid-dependent reductions
in lipid absorption. Cell Metab. 33 (8), 1671–1684.e4. doi:10.1016/j.cmet.2021.06.012

Cui, Y. J., Aleksunes, L. M., Tanaka, Y., Goedken, M. J., and Klaassen, C. D. (2009).
Compensatory induction of liver efflux transporters in response to ANIT-induced liver
injury is impaired in FXR-null mice. Toxicol. Sci. 110 (1), 47–60. doi:10.1093/toxsci/
kfp094

Ding, L., Pang, S., Sun, Y., Tian, Y., Yu, L., and Dang, N. (2014). Coordinated actions
of FXR and LXR in metabolism: From pathogenesis to pharmacological targets for type
2 diabetes. Int. J. Endocrinol. 2014, 751859. doi:10.1155/2014/751859

Dong, B., Singh, A. B., Guo, G. L., Young, M., and Liu, J. (2019). Activation of FXR by
Obeticholic acid induces hepatic gene expression of SR-BI through a novel mechanism
of transcriptional synergy with the nuclear receptor LXR. Int. J. Mol. Med. 43 (5),
1927–1938. doi:10.3892/ijmm.2019.4136

Dong, Z., He, F., Yan, X., Xing, Y., Lei, Y., Gao, J., et al. (2022). Hepatic reduction in
cholesterol 25-hydroxylase aggravates diet-induced steatosis. Cell Mol. Gastroenterol.
Hepatol. 13 (4), 1161–1179. doi:10.1016/j.jcmgh.2021.12.018

Eberhardt, J., Santos-Martins, D., Tillack, A. F., and Forli, S. (2021). AutoDock Vina
1.2.0: New docking methods, expanded force field, and Python bindings. J. Chem. Inf.
Model. 61, 3891–3898. doi:10.1021/acs.jcim.1c00203

Elsharkawy, A. M., and Mann, D. A. (2007). Nuclear factor-kappaB and the hepatic
inflammation-fibrosis-cancer axis. Hepatology 46 (2), 590–597. doi:10.1002/hep.21802

Endo-Umeda, K., and Makishima, M. (2019). Liver X receptors regulate cholesterol
metabolism and immunity in hepatic nonparenchymal cells. Int. J. Mol. Sci. 20 (20),
5045. doi:10.3390/ijms20205045

Fang, S., Suh, J. M., Reilly, S. M., Yu, E., Osborn, O., Lackey, D., et al. (2015). Intestinal
FXR agonism promotes adipose tissue browning and reduces obesity and insulin
resistance. Nat. Med. 21 (2), 159–165. doi:10.1038/nm.3760

Figge, A., Lammert, F., Paigen, B., Henkel, A., Matern, S., Korstanje, R., et al. (2004).
Hepatic overexpression of murine Abcb11 increases hepatobiliary lipid secretion and
reduces hepatic steatosis. J. Biol. Chem. 279 (4), 2790–2799. doi:10.1074/jbc.
M307363200

Gao, M., and Liu, D. (2013). Resveratrol suppresses T0901317-induced hepatic fat
accumulation in mice. AAPS J. 15 (3), 744–752. doi:10.1208/s12248-013-9473-7

Gao, M., and Liu, D. (2013). The liver X receptor agonist T0901317 protects mice
from high fat diet-induced obesity and insulin resistance. AAPS J. 15 (1), 258–266.
doi:10.1208/s12248-012-9429-3

Goto, T., Itoh, M., Suganami, T., Kanai, S., Shirakawa, I., Sakai, T., et al. (2018).
Obeticholic acid protects against hepatocyte death and liver fibrosis in a murine model
of nonalcoholic steatohepatitis. Sci. Rep. 8 (1), 8157. doi:10.1038/s41598-018-26383-8

Houck, K. A., Borchert, K. M., Hepler, C. D., Thomas, J. S., Bramlett, K. S., Michael, L.
F., et al. (2004). T0901317 is a dual LXR/FXR agonist. Mol. Genet. Metab. 83 (1-2),
184–187. doi:10.1016/j.ymgme.2004.07.007

Laffitte, B. A., Chao, L. C., Li, J., Walczak, R., Hummasti, S., Joseph, S. B., et al. (2003).
Activation of liver X receptor improves glucose tolerance through coordinate regulation
of glucose metabolism in liver and adipose tissue. Proc. Natl. Acad. Sci. U. S. A. 100 (9),
5419–5424. doi:10.1073/pnas.0830671100

Lee, J., Liu, J., Feng, X., Salazar Hernández, M. A., Mucka, P., Ibi, D., et al. (2016).
Withaferin A is a leptin sensitizer with strong antidiabetic properties in mice. Nat. Med.
22 (9), 1023–1032. doi:10.1038/nm.4145

Nascè, A., Gariani, K., Jornayvaz, F. R., and Szanto, I. (2022). NADPH oxidases
connecting fatty liver disease, insulin resistance and type 2 diabetes: Current knowledge
and therapeutic outlook. Antioxidants (Basel) 11 (6), 1131. doi:10.3390/antiox11061131

Oates, J. R., McKell, M. C., Moreno-Fernandez, M. E., Damen, M. S. M. A., Deepe, G.
S., Jr, Qualls, J. E., et al. (2019). Macrophage function in the pathogenesis of non-
alcoholic fatty liver disease: The Mac Attack. Front. Immunol. 10, 2893. doi:10.3389/
fimmu.2019.02893

Peng, W., Dai, M. Y., Bao, L. J., Zhu, W. F., and Li, F. (2021). FXR activation prevents
liver injury induced by Tripterygium wilfordii preparations. Xenobiotica 51 (6),
716–727. doi:10.1080/00498254.2021.1900626

Römer, A., Rawat, D., Linn, T., and Petry, S. F. (2021). Preparation of fatty acid
solutions exerts significant impact on experimental outcomes in cell culture
models of lipotoxicity. Biol. Methods Protoc. 7 (1), bpab023. doi:10.1093/
biomethods/bpab023

Rudraiah, S., Zhang, X., andWang, L. (2016). Nuclear receptors as therapeutic targets
in liver disease: Are we there yet? Annu. Rev. Pharmacol. Toxicol. 56, 605–626. doi:10.
1146/annurev-pharmtox-010715-103209

Santhekadur, P. K., Akiel, M., Emdad, L., Gredler, R., Srivastava, J., Rajasekaran, D.,
et al. (2014). Staphylococcal nuclease domain containing-1 (SND1) promotes migration
and invasion via angiotensin II type 1 receptor (AT1R) and TGFβ signaling. FEBS Open
Bio 4, 353–361. doi:10.1016/j.fob.2014.03.012

Santhekadur, P. K., Das, S. K., Gredler, R., Chen, D., Srivastava, J., Robertson, C., et al.
(2012). Multifunction protein staphylococcal nuclease domain containing 1 (SND1)
promotes tumor angiogenesis in human hepatocellular carcinoma through novel
pathway that involves nuclear factor κB and miR-221. J. Biol. Chem. 287 (17),
13952–13958. doi:10.1074/jbc.m111.321646

Santhekadur, P. K. (2017). Is Withaferin A, a magic bullet for metabolic syndrome?
Biomed. Pharmacother. 92, 1135–1137. doi:10.1016/j.biopha.2017.04.002

Sayed, N., Khurana, A., Saifi, M. A., Singh, M., and Godugu, C. (2019). Withaferin A
reverses bile duct ligation-induced liver fibrosis by modulating extracellular matrix
deposition: Role of LOXL2/Snail1, vimentin, and NFκB signaling. Biofactors 45 (6),
959–974. doi:10.1002/biof.1546

Shiragannavar, V. D., Gowda, N. G. S., Kumar, D. P., Mirshahi, F., and Santhekadur,
P. K. (2021). Withaferin A acts as a novel regulator of liver X receptor-α in HCC. Front.
Oncol. 10, 628506. doi:10.3389/fonc.2020.628506

Shiragannavar, V. D., Gowda, N. G. S., and Santhekadur, P. K. (2022). Discovery of
eukaryotic cellular receptor for Withaferin A, a multifaceted drug from Withania
somnifera plant. Med. Drug Discov. 14, 100127. doi:10.1016/j.medidd.2022.100127

Takahashi, Y., Sugimoto, K., Inui, H., and Fukusato, T. (2015). Current
pharmacological therapies for nonalcoholic fatty liver disease/nonalcoholic
steatohepatitis.World J. Gastroenterol. 21 (13), 3777–3785. doi:10.3748/wjg.v21.i13.3777

Tanaka, N., Aoyama, T., Kimura, S., and Gonzalez, F. J. (2017). Targeting nuclear
receptors for the treatment of fatty liver disease. Pharmacol. Ther. 179, 142–157. doi:10.
1016/j.pharmthera.2017.05.011

Trott, O., Olson, A. J., and Vina, AutoDock (2010). AutoDock Vina: Improving the
speed and accuracy of docking with a new scoring function, efficient optimization, and
multithreading. J. Comput. Chem. 31, 455–461. doi:10.1002/jcc.21334

Frontiers in Pharmacology frontiersin.org11

Shiragannavar et al. 10.3389/fphar.2023.1135952

62

https://doi.org/10.1186/s40360-021-00524-8
https://doi.org/10.1186/s40360-021-00524-8
https://doi.org/10.3978/j.issn.2305-5839.2014.12.06
https://doi.org/10.3978/j.issn.2305-5839.2014.12.06
https://doi.org/10.1002/hep.29546
https://doi.org/10.1002/hep.29546
https://doi.org/10.1111/liv.14490
https://doi.org/10.1111/liv.14490
https://doi.org/10.1007/s12325-016-0306-9
https://doi.org/10.1053/j.gastro.2010.11.053
https://doi.org/10.1053/j.gastro.2010.11.053
https://doi.org/10.1136/annrheumdis-2013-204401
https://doi.org/10.3390/biomedicines9121776
https://doi.org/10.1016/j.jhepr.2021.100322
https://doi.org/10.1016/j.jhep.2014.12.012
https://doi.org/10.1007/s11010-011-1211-9
https://doi.org/10.11648/j.ijg.20190301.12
https://doi.org/10.11648/j.ijg.20190301.12
https://doi.org/10.1007/s11606-019-05340-9
https://doi.org/10.1007/s11606-019-05340-9
https://doi.org/10.1016/j.cmet.2021.06.012
https://doi.org/10.1093/toxsci/kfp094
https://doi.org/10.1093/toxsci/kfp094
https://doi.org/10.1155/2014/751859
https://doi.org/10.3892/ijmm.2019.4136
https://doi.org/10.1016/j.jcmgh.2021.12.018
https://doi.org/10.1021/acs.jcim.1c00203
https://doi.org/10.1002/hep.21802
https://doi.org/10.3390/ijms20205045
https://doi.org/10.1038/nm.3760
https://doi.org/10.1074/jbc.M307363200
https://doi.org/10.1074/jbc.M307363200
https://doi.org/10.1208/s12248-013-9473-7
https://doi.org/10.1208/s12248-012-9429-3
https://doi.org/10.1038/s41598-018-26383-8
https://doi.org/10.1016/j.ymgme.2004.07.007
https://doi.org/10.1073/pnas.0830671100
https://doi.org/10.1038/nm.4145
https://doi.org/10.3390/antiox11061131
https://doi.org/10.3389/fimmu.2019.02893
https://doi.org/10.3389/fimmu.2019.02893
https://doi.org/10.1080/00498254.2021.1900626
https://doi.org/10.1093/biomethods/bpab023
https://doi.org/10.1093/biomethods/bpab023
https://doi.org/10.1146/annurev-pharmtox-010715-103209
https://doi.org/10.1146/annurev-pharmtox-010715-103209
https://doi.org/10.1016/j.fob.2014.03.012
https://doi.org/10.1074/jbc.m111.321646
https://doi.org/10.1016/j.biopha.2017.04.002
https://doi.org/10.1002/biof.1546
https://doi.org/10.3389/fonc.2020.628506
https://doi.org/10.1016/j.medidd.2022.100127
https://doi.org/10.3748/wjg.v21.i13.3777
https://doi.org/10.1016/j.pharmthera.2017.05.011
https://doi.org/10.1016/j.pharmthera.2017.05.011
https://doi.org/10.1002/jcc.21334
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1135952


Wang, Y., Zhang, J., Chen, J., Wang, D., Yu, Y., Qiu, P., et al. (2022). Ch25h and 25-
HC prevent liver steatosis through regulation of cholesterol metabolism and
inflammation. Acta Biochim. Biophys. Sin. (Shanghai). 54 (4), 504–513. doi:10.3724/
abbs.2022030

Wang, Y. D., Chen, W. D., Wang, M., Yu, D., Forman, B. M., and Huang, W. (2008).
Farnesoid X receptor antagonizes nuclear factor kappaB in hepatic inflammatory
response. Hepatology 48 (5), 1632–1643. doi:10.1002/hep.22519

Wu, S., Yin, R., Ernest, R., Li, Y., Zhelyabovska, O., Luo, J., et al. (2009).
Liver X receptors are negative regulators of cardiac hypertrophy via
suppressing NF-kappaB signalling. Cardiovasc Res. 84, 119–126. doi:10.1093/
cvr/cvp180

Younossi, Z., Stepanova, M., Ong, J. P., Jacobson, I. M., Bugianesi, E., Duseja, A., et al.
(2019). Nonalcoholic steatohepatitis is the fastest growing cause of hepatocellular
carcinoma in liver transplant candidates. Clin. Gastroenterol. Hepatol. 17 (4),
748–755.e3. doi:10.1016/j.cgh.2018.05.057

Younossi, Z. M., Stepanova, M., Nader, F., Loomba, R., Anstee, Q. M., Ratziu, V., et al.
(2022). Obeticholic acid impact on quality of life in patients with nonalcoholic
steatohepatitis: REGENERATE 18-month interim analysis. Clin. Gastroenterol.
Hepatol. 20 (9), 2050–2058.e12. doi:10.1016/j.cgh.2021.07.020

Zeng, F., Zhang, Y., Han, X., Zeng, M., Gao, Y., and Weng, J. (2021). Predicting non-
alcoholic fatty liver disease progression and immune deregulations by specific gene
expression patterns. Front. Immunol. 11, 609900. doi:10.3389/fimmu.2020.609900

Frontiers in Pharmacology frontiersin.org12

Shiragannavar et al. 10.3389/fphar.2023.1135952

63

https://doi.org/10.3724/abbs.2022030
https://doi.org/10.3724/abbs.2022030
https://doi.org/10.1002/hep.22519
https://doi.org/10.1093/cvr/cvp180
https://doi.org/10.1093/cvr/cvp180
https://doi.org/10.1016/j.cgh.2018.05.057
https://doi.org/10.1016/j.cgh.2021.07.020
https://doi.org/10.3389/fimmu.2020.609900
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1135952


Neostigmine for non-mild acute
pancreatitis: A systematic review
and meta-analysis of randomized
controlled trials
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Background: The therapeutic value of neostigmine as a prokinetic drug in acute
pancreatitis (AP), especially in non-mild AP, including moderately severe and
severe AP remains controversial. This meta-analysis aimed to investigate the
efficacy of neostigmine treatment in patients with non-mild AP.

Methods: We searched the Cochrane Central Register of Controlled Trials
(CENTRAL), MEDLINE, Embase, China National Knowledge Infrastructure
(CNKI), and Wanfang databases up to 24 December 2022 for RCTs comparing
neostigmine plus conventional treatment versus the conventional treatment alone
in patients with non-mild AP. Trial sequential analyses (TSA) were used to assess
the risk of random errors and the results.

Results: Six RCTs with 318 participants were included. Compared with
conventional treatment, patients who received neostigmine plus conventional
treatment had a shorter time duration for their first defecation (MD: −1.74; 95% CI:
−2.10 to −1.38; p < 0.00001; n = 205; RCTs = 4; low quality of evidence) and better
relief time of abdominal symptoms (MD: −1.59, 95% CI: −2.07 to −1.11; p <
0.00001; n = 155; RCTs = 3; low quality of evidence) as primary outcomes,
and a faster percentage decrease of IAP at 24 h (p = 0.0005; moderate quality of
evidence) and a shorter length of ICU stay (p < 0.00001; moderate quality of
evidence) as partial secondary outcomes. TSA suggested the sample size was
limited, but the cumulative Z curves of the primary outcomes crossed the
conventional boundary and the trial sequential monitoring boundary.

Conclusion: For patients with non-mild AP, neostigmine promotes the recovery
of gastrointestinal motility and may have positive effects on the improvement of a
clinical prognosis. Further large-sample studies are needed for a definite
conclusion.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/;
Identifier: CRD 42022381417.
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Introduction

Acute pancreatitis (AP) is acute inflammation of the
pancreas with a variable involvement of the nearby tissues or
other organs, causing substantial mortality and morbidity
(Bradley, 1993; Boxhoorn et al., 2020). It is one of the most
common causes for gastroenterology-related hospitalization,
with an increase in the annual incidence of AP in the past
decades (Peery et al., 2012; Roberts et al., 2013). Based on the
presence of organ failure and local and systemic complications,
AP was classified into mild AP (MAP) and non-mild AP,
including moderately severe AP (MSAP) and severe AP
(SAP), according to the revised Atlanta Classification. MAP
presents with a self-limitation process, but non-mild AP
accounts for substantial morbidity and mortality and needs
aggressive treatment (Banks et al., 2013).

Gut dysfunction, with ileus as the most frequently
encountered complication, is common in AP, especially SAP
(Uhl et al., 1996; Wang et al., 2003). It often aggravates intra-
abdominal hypertension (IAH) and may even give rise to
abdominal compartment syndrome (ACS) (Kirkpatrick et al.,
2013; van Brunschot et al., 2014). In addition, gut dysfunction
also limits the starting and delivery of enteral nutrition, which
has been confirmed to reduce infections, surgical interventions,

organ failures, and mortality (Cao et al., 2008; Al-Omran et al.,
2010). Therefore, the concept of ‘gut rousing’ was proposed to
maintain the gut function, while there was no effective
evidence-based drugs except for supportive treatment in
clinical practice until now (Petrov and Windsor, 2013;
Moggia et al., 2017).

Neostigmine is an anti-cholinesterase drug that enhances
intestinal peristalsis, promoting the passage of flatus and
defecation. It is widely used as a prokinetic drug in the
treatment of AP, especially with gut dysfunction and IAH.
Several previous studies showed that it had positive effects
on AP with the latest randomized controlled trials (RCTs)
published in March 2022, suggesting that neostigmine could
reduce IAH and promote defecation (Schneider et al., 2014; He
et al., 2022; Mancilla Asencio and Berger Fleiszig, 2022).
However, its clinical value for AP has remained debatable so
far, and the current international clinical guidelines did not
attribute enough importance to this drug. To date, no systemic
review has addressed this topic either (Tenner et al., 2013;
Greenberg et al., 2016; Crockett et al., 2018a; Leppaniemi
et al., 2019). Therefore, we planned to conduct a systematic
review and meta-analysis to explore the efficacy of neostigmine
for the treatment of non-mild AP, aiming to provide current
evidence for clinical practice.

FIGURE 1
PRISMA flowchart represents the flow of information through the different phases of the systematic review and meta-analysis.
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TABLE 1 Characteristics of the included studies.

First author
(publication year)

Patients, n
(NT/CT)

Severity
of AP

Age, years, and
mean ± SD (NT

vs. CT)

M/F; n
(NT

vs. CT)

Dosage, frequency, and the
route of neostigmine

Location of the
neostigmine
injection

Course of
neostigmine
treatment (d)

Primary
outcomes

Secondary
outcomes

Feng (2011) 25/25 SAP 41.0 ± 11.3 vs.
39.6 ± 10.6

16/9 vs.
14/11

1.0 mg every 12 h; sc Zusanli 5 ① ③⑤⑦

Chen and Zhang (2013) 21/20 SAP 40.1 ± 0.2* 26/15* 1.0 mg every 6 h; sc Zusanli 3–5 ①② ⑥

Wang and Xiao (2013) 32/28 SAP 45.1 ± 3.0* 34/26* 1.0 mg every 24 h; sc Zusanli 7 ①② ⑥

Wang (2016) 27/27 SAP 45.2 ± 6.2* 30/24* 1.0 mg; sc and frequency NM Zusanli NM ①② —

Chen (2016) 16/17 MSAP + SAP 51.4 ± 12.7 vs.
54.3 ± 14.8

11/5 vs.
13/4

0.5 mg every 12 h; im — 3–7 — ①②③④⑥⑦

He et al. (2022) 40/40 MSAP + SAP 46.0 ± 13.0 vs.
49.0 ± 14.0

27/13 vs.
34/6

1.0 mg every 12 h at the beginning
and gradually increased to every 6–8 h

depending on the response; im

— 7 — ①②③④⑤⑥⑦⑧

Abbreviations: NT, neostigmine treatment group; CT, conventional treatment group; M/F, male/female; *: the clinical data were mentioned in the included study in total rather than in subgroups as NT versus CT and no significant difference between NT and CT; sc,

subcutaneously; im, intramuscularly; SD, standard deviation; AP, acute pancreatitis; MSAP, moderately severe AP; SAP, severe AP; ACS, abdominal compartment syndrome; IAP, intra-abdominal pressure; the primary outcomes are as follows: ① time to the first

defecation and② time to the relief of abdominal symptoms. The secondary outcomes are as follows:① percentage decrease of IAP at 24 h;② new-onset ACS;③ in-hospital mortality;④multiple organ failure;⑤ interventional drainage and operation events;⑥ length

of ICU stay; ⑦ length of hospital stay; and ⑧ serious adverse events caused by neostigmine.
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Methods

This study was conducted based on the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
protocol (Supplementary Table S1, PRISMA checklist) and the
recommendations of the Cochrane Handbook for Systematic
Reviews of Interventions (The Cochrane Collaboration, 2011;
Page et al., 2021). The study protocol was prospectively
registered on PROSPERO (CRD 42022381417).

Eligibility criteria

Study types

Our study only included RCTs, while other types of studies such
as case series, case reports, and observational cohort studies were
excluded. Studies without sufficient data, primary data, or full text
were also excluded, and neither were duplicate publications.
Languages were not limited.

FIGURE 2
Methodological quality of the included studies according to the Cochrane Collaboration’s tool for assessing the risk of bias. (A) Risk of bias summary;
(B) risk of bias graph.
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Participants

Our study included adults (aged over 18) with non-mild AP
including MSAP and SAP, and participants with contraindications
to neostigmine, such as an allergy to neostigmine, comorbidity with
epilepsy, angina pectoris or asthma, and pregnancy or lactation,
were excluded (Neely et al., 2022). MSAP was defined as AP that had
local complications with or without transient organ failures (<48 h).
SAP was characterized by persistent organ failure (>48 h) with or
without local complications. The diagnosis of AP and definitions of
MSAP and SAP were made according to the established guidelines
(Tenner et al., 2013; Greenberg et al., 2016; Crockett et al., 2018a;
Leppaniemi et al., 2019; Chinese Pancreatic Surgery Association
CSoSCMA, 2021).

Interventions and comparisons

We planned to include studies comparing neostigmine plus
conventional therapy as the neostigmine treatment (NT) group
and conventional therapy alone as the conventional treatment
(CT) group. Conventional therapy included fluid management
with early fluid resuscitation and volume control for IAH,
analgesics, nutrition support, symptomatic treatment,
gastrointestinal decompression, and traditional Chinese medicine
(TCM) components such as rhubarb, Glauber’s salt, and Da-Cheng-
Qi decoction (Qiong et al., 2005; Boxhoorn et al., 2020). Studies with
different kinds of conventional treatment between NT and CT were
excluded. The route of neostigmine included intramuscular
injections and Zusanli (stomach meridian, ST36), which is an
acupoint 2 cm below the knee joint on the anterior aspect of the
lower limb based on the TCM theory of acupuncture and had
potential effects on the recovery of gastrointestinal disorders (Ng
et al., 2013).

Outcomes

Primary outcomes: a. Time to the first defecation; b. time to the
relief of abdominal symptoms.

Secondary outcomes: a. Percentage decrease of intra-abdominal
pressure (IAP) at 24 h; b. new-onset ACS that is defined as a
sustained IAP>20 mmHg with organ failure after treatment
(Kirkpatrick et al., 2013); c. in-hospital mortality; e. multiple
organ failure; d. interventional drainage and operation events; e.
length of ICU stay; f. length of hospital stay; and g. serious adverse
events caused by neostigmine, which include nervous system
dysfunctions such as ataxia, convulsions, coma, slurred speech,
anxiety or fear, malignant arrhythmia, or bronchospasm
(Smedley et al., 2020).

Search methods

We conducted a literature search up to 24 December 2022 in the
Cochrane Central Register of Controlled Trials (CENTRAL),
MEDLINE, Embase, China National Knowledge Infrastructure
(CNKI), and Wanfang databases with the designed search
strategies (Supplementary Table S2). The reference lists of
relevant articles were also checked for additional references.

Data collection and analyses

Study selection and data extraction

Two reviewers (JL and XB) independently completed study
screening and selection. First, the reviewers screened the titles
and abstracts of potential studies from the literature search and
retrieved the qualified articles. Afterward, the reviewers

TABLE 2 Summary of the main findings.

Population: Patients with non-mild AP

Intervention: NT

Comparison: CT

Outcome Anticipated absolute effects* (95% CI) Relative effect
(95% CI)

No. of participants (studies) Quality of the evidence
(GRADE)

Risk with CT Risk with NT

Time to the first defecation Mean time to the first defecation
was 3.42 days

MD −1.74 days
(−2.10 to −1.38)

— 205 (four randomized
controlled trials)

⊕⊕⃝⃝Lowab

Time to the relief of
abdominal symptoms

Mean time to the relief of
abdominal symptoms was

3.72 days

MD −1.59 days
(−2.07 to −1.11)

— 155 (three randomized
controlled trials)

⊕⊕⃝⃝Lowab

Percent decrease of IAP
at 24 h

Mean percent decrease of IAP at
24 h was 6.30%

MD −8.95%
(−13.95 to −3.95)

— 113 (two randomized
controlled trials)

⊕⊕⊕⃝Moderateb

Length of ICU stay Mean length of ICU stay was
9.05 days

MD −2.81 days
(−3.75 to −1.87)

— 214 (four randomized
controlled trials)

⊕⊕⊕⃝Moderateb

GRADE: working group GRADE of evidence. High quality: further research is very unlikely to change our confidence in the estimate of the effect. Moderate quality: further research is likely to

have an important impact on our confidence in the estimate of the effect andmay change the estimate. Low quality: further research is very likely to have an important impact on our confidence

in the estimate of the effect and is likely to change the estimate. Very low quality: we are very uncertain about the estimate. CI, confidence interval; RR, relative risk. *The basis for the assumed

risk is the average control group proportion across all comparisons; AP, acute pancreatitis; NT, neostigmine treatment group; CT, conventional treatment group; MD, mean difference; IAP,

intra-abdominal pressure; adowngraded one level for the risk of bias; bdowngraded one level for a small sample size.

Frontiers in Pharmacology frontiersin.org05

He et al. 10.3389/fphar.2023.1131974

68

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1131974


screened the full text and identified eligible studies for the
inclusion based on inclusion and exclusion criteria.
Disagreements were resolved through discussions. In
addition, we identified and excluded duplicates and multiple
reports of the same study. Another set of reviewers (YW and
ZY) independently conducted data extraction and recorded all
relevant details from the included studies using a standardized
data extraction form including methods, participants,
interventions, outcomes, and additional related information.
Similarly, disagreements were resolved through discussions.

Assessment of the risk of bias in the included
studies and certainty of evidence

Two reviewers (XB and ZY) independently assessed the risk of
bias for each study and recorded it in ‘Risk of bias’ tables with

conflicts resolved through discussions. The risk of bias of RCTs was
assessed with items in the Cochrane Collaboration’s tool (The
Cochrane Collaboration, 2011).

We applied the Grading of Recommendations Assessment,
Development, and Evaluations (GRADE) framework to assess the
certainty of evidence on the main outcomes, including primary
outcomes and several important secondary outcomes, such as the
time to the first defecation, time to the relief of abdominal
symptoms, percentage decrease of IAP at 24 h, and the length of
ICU stay (Atkins et al., 2004).

Trial sequential analyses

Trial sequential analyses (TSA) were used to control the risk of
random errors and assess the conclusions. Based on previous clinical
experiences and RCTs in this field, we used the mean difference

FIGURE 3
Forest plots illustrating the main outcomes (the primary outcome and some secondary outcomes): (A) time to the first defecation; (B) time to the
relief of abdominal symptoms; (C) percentage decrease of IAP at 24 h; (D) length of ICU stay.
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(MD) and a variance of power of 80% to calculate the required
sample size and assess the clinical significance of the primary
outcome in our review (He et al., 2022). Decisions were made

based on the position of cumulative Z curves with the
conventional boundary, trial sequential monitoring boundary,
and futility boundary (Wetterslev et al., 2017).

FIGURE 4
Trial sequential analyses for primary outcomes: (A) time to the first defecation and (B) time to the relief of abdominal symptoms.
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Assessment of heterogeneity

We utilized the I2 statistic to measure the heterogeneity among
the RCTs. We considered an I2 value greater than or equal to 60% as
the evidence of moderate to substantial levels of heterogeneity. In the
event of I2 > 80% (substantial heterogeneity), we did not plan to
perform the meta-analysis but instead presented the results using
forest plots without pooled estimates (Higgins, 2011).We planned to
explore the potential reasons by a subgroup analysis based on the
severity of AP and the detailed therapeutic regimen of neostigmine if

heterogeneity was found, and there were sufficient relevant data
(Higgins, 2011).

Assessment of publication bias

Funnel plots for measuring the publication bias were performed if
there were 10 or more included studies in this meta-analysis, with
Egger’s test being used to determine the statistical significance of the
publication bias. A p-value of less than 0.05 was considered to indicate

FIGURE 5
Forest plots illustrating other secondary outcomes: (A) new-onset ACS; (B) in-hospital mortality; (C) multiple organ failure; (D) interventional
drainage and operation events; (E) length of hospital stay.
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the statistically significant publication bias (Egger et al., 1997). If fewer
than 10 studies were included, the publication bias was assessed based
on the characteristics of the included studies instead.

Data synthesis

Data were analyzed using RevMan (version 5.4.1). A random-
effects model was used to combine the eligible trials, in which the
DerSimonian and Laird method was used to estimate the between-
study variance. The results were presented as forest plots and risk
ratios (RRs) with 95% confidence interval (CI) for dichotomous data
and mean MD with 95% CI for continuous data. If the data were
reported as the median, the minimum and maximum values, and/or
the first and third quartiles, we transformed the data to the mean
value and standard deviation (SD) to pool the results in a consistent
format (Wan et al., 2014; Luo et al., 2018).

Results

Search results and study characteristics

As shown in Figure 1, six RCTs fulfilling all eligible criteria from
194 records were included in this meta-analysis (Feng, 2011; Chen
and Zhang, 2013; Wang and Xiao, 2013; Chen, 2016; Wang, 2016;
He et al., 2022). Table 1 shows the details of the included studies with
a total of 318 participants. A total of 161 participants were in NT,
and the remaining 157 were in CT.

Risk of bias and summary of the main
findings

The risk of bias of eligible studies is shown in Figure 2. All RCTs,
except the latest one (He 2022), had some concerns of bias. The
quality of evidence for the main outcomes mentioned previously
using the GRADE methodology is shown in Table 2.

Publication bias

We assessed the publication bias on the basis of the characteristics
of the included studies rather than the funnel plots because fewer than
the 10 included studies were analyzed.We assessed the risk of bias to be
unclear because the protocols and registered information on five RCTs
in our review were not found despite the fact that we obtained the
registered information on the last RCT (He 2022) from the clinical trial
registration website (No. NCT02543658).

Effects of interventions

Primary outcomes

Time to the first defecation
Four RCTs were analyzed for the time to the first defecation. A

meta-analysis showed that NT had a significantly shorter time to the

first defecation than CT (MD: −1.74; 95% CI: −2.10 to −1.38; p <
0.00001; I2 55%; n = 205; RCTs = 4; low quality of evidence)
(Figure 3A). The TSA result showed the required information
size was 529. Although the cumulative Z curve did not reach the
required information size, it crossed the conventional boundary and
the trial sequential monitoring boundary, suggesting a reliable
positive result (Figure 4A).

Time to the relief of abdominal symptoms
Three RCTs were analyzed for the time to the relief of abdominal

symptoms. A meta-analysis showed that NT had a significantly
shorter time to the relief of abdominal symptoms than CT (MD:
−1.59; 95% CI: −2.07 to −1.11; p < 0.00001; I2 56%; n = 155; RCTs =
3; low quality of evidence) (Figure 3B). The TSA result showed the
required information size was 894. The cumulative Z curve crossed
the conventional boundary and the trial sequential monitoring
boundary despite the fact that it did not reach the required
information size, suggesting a reliable positive result (Figure 4B).

Secondary outcomes

Percentage decrease of IAP at 24 h
Two RCTs were analyzed for the percentage decrease of IAP at

24 h. A meta-analysis showed that NT had a significantly faster rate
of the percentage decrease of IAP at 24 h than CT (MD: −8.95%;
95% CI: −13.95 to −3.95%; p = 0.0005; I2 0%; n = 113; RCTs = 2;
moderate quality of evidence) (Figure 3C).

Length of ICU stay
Four RCTs were analyzed for the length of ICU stay. A meta-

analysis showed that NT had a significantly shorter length of ICU
stay than CT (MD: −2.81; 95% CI: −3.75 to −1.87; p < 0.00001; I2 0%;
n = 214; RCTs = 4; moderate quality of evidence) (Figure 3D).

Serious adverse events caused by neostigmine
There was one RCT that reported the safety outcome of

neostigmine as serious adverse events (He 2022). The latest RCT
reported six adverse events including circulatory failure, respiratory
failure, renal failure, and bradycardia. After careful analyses, the
investigators considered neostigmine treatment unlikely to be
related to all these adverse events, which were attributed to the
progression of AP and the withdrawal of a cardio-selective beta
receptor blocker.

Other secondary outcomes
Meta-analysis showed there was no significant difference

between NT and CT in the secondary outcomes, shown as follows:
New-onset ACS (RR: 0.61; 95% CI: 0.15 to 2.49; p = 0.49; I2 0%;

n = 113; RCTs = 2) (Figure 5A).
In-hospital mortality (RR: 0.87; 95% CI: 0.41 to 1.85; p = 0.72; I2

0%; n = 163; RCTs = 2) (Figure 5B).
Multiple organ failure (RR: 1.60; 95% CI: 0.67 to 3.82; p = 0.29; I2

0%; n = 113; RCTs = 2) (Figure 5C).
Interventional drainage and operation events (RR: 1.60; 95% CI:

0.67 to 3.82; p = 0.29; I2 0%; n = 130; RCTs = 2) (Figure 5D).
Length of hospital stay (MD: −2.22; 95% CI: −6.67 to 2.23; p =

0.33; I2 54%; n = 163; RCTs = 3) (Figure 5E).
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Discussion

Our systemic review and meta-analysis showed that compared
with the conventional treatment, the application of neostigmine
promoted the recovery of bowel movements in patients with non-
mild AP and fastened the percentage decrease of IAP at 24 h and
shortened the length of ICU stay, suggesting that neostigmine may
be beneficial to promote the recovery of the gastrointestinal function
and improve clinical prognoses. The TSA showed that the results for
primary outcomes were reliable, regardless of the relatively small
sample size. The quality of evidence for the main outcomes was low
to moderate due to the paucity of the included studies and risk
of bias.

Neostigmine is a reversible acetylcholinesterase inhibitor, which
increases acetylcholine and stimulates both nicotinic andmuscarinic
receptors. Its distribution and elimination half-lives are 3.4 and
77 min, respectively. Therefore, neostigmine is usually used to
reverse the effects of non-depolarizing muscle relaxants at the
end of an operation, showing a dose-dependent effect and ceiling
effect (Miller, 1976; Miller and Roderick, 1977). In the field of
gastroenterology, it has been proved that neostigmine can induce
colonic decompression in pseudo-obstruction and is recommended
in the treatment of patients with colonic obstruction and IAH, who
show poor response to other measures. It further supports the
beneficial effect of neostigmine in non-mild AP on the
promotion of gastrointestinal motility and reduction of IAP
revealed by our review (Ponec et al., 1999; Kirkpatrick et al.,
2013). As for this, there was no significant difference in
secondary outcomes as the new-onset ACS, in-hospital mortality,
multiple organ failure, interventional drainage, and operation events
and the length of hospital stay, we speculated that the reason may be
due to the paucity of the included participants, and further large-
sample size studies are needed.

However, as for AP, the international clinical guidelines paid
less attention to neostigmine despite the fact that neostigmine
with or without TCM was widely used in clinical practice in the
department of gastroenterology and ICUs in lots of hospitals in
China for non-mild AP, especially with enteroparalysis or IAH
(Tenner et al., 2013; Greenberg et al., 2016; Crockett et al., 2018a;
Crockett et al., 2018b; Leppaniemi et al., 2019). We speculated
that the reason was that all previous related studies were
published in the Chinese language in the local journals until
He et al. published a high-quality RCT in an international journal
in 2022 (He et al., 2022; Mancilla Asencio and Berger Fleiszig,
2022). To the best of our knowledge, this systematic review was
the first review that included all RCTs with the latest review
published in March, 2022, about neostigmine treatment for non-
mild AP, providing strong current evidence in this field.

Nevertheless, our study had several limitations. First, the
main limitation was the small sample size of the included
studies and participants and the risk of bias due to the
inappropriate methodology of several included RCTs
published in the Chinese language, which limited its clinical

application (Wu et al., 2006). However, TSA revealed that the
result of primary outcomes seemed to be reliable, regardless of
the unsatisfied sample size. Certainly, large-sample, prospective,
multi-center RCTs were required to confirm the final results in
the future. Second, the lack of sufficient clinical data and the
paucity of the included studies made it difficult to perform
further statistical analysis, such as the safety of neostigmine
treatment, efficacy of neostigmine versus neostigmine and
TCM, exploration of the appropriate dosage, frequency, route
of administration, location of the injection, and treatment course
for neostigmine treatment.

Conclusion

Our meta-analysis suggested that for patients with non-mild
AP, neostigmine promotes the recovery of the gastrointestinal
motility and may have positive effects on the clinical prognosis.
Future studies such as large-sample prospective multi-center
studies are needed for conclusive results and further detailed
analyses.
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Liver fibrosis, a compensatory repair response to chronic liver injury, is caused by
various pathogenic factors, and hepatic stellate cell (HSC) activation and
phenotypic transformation are regarded as key events in its progression.
Ferroptosis, a novel form of programmed cell death, is also closely related to
different pathological processes, including those associated with liver diseases.
Here, we investigated the effect of doxofylline (DOX), a xanthine derivative with
potent anti-inflammatory activity, on liver fibrosis as well as the associated
mechanism. Our results indicated that in mice with CCl4-induced liver fibrosis,
DOX attenuated hepatocellular injury and the levels of liver fibrosis indicators,
inhibited the TGF-β/Smad signaling pathway, and significantly downregulated the
expression of HSC activation markers, both in vitro and in vivo. Furthermore,
inducing ferroptosis in activated HSCs was found to be critical for its anti-liver
fibrosis effect. More importantly, ferroptosis inhibition using the specific inhibitor,
deferoxamine (DFO) not only abolished DOX-induced ferroptosis, but also led to
resistance to the anti-liver fibrosis effect of DOX in HSCs. In summary, our results
showed an association between the protective effect of DOX against liver fibrosis
and HSC ferroptosis. Thus, DOX may be a promising anti-hepatic fibrosis agent.

KEYWORDS

liver fibrosis, doxofylline, hepatic stellate cells, ferroptosis, deferoxamine (DFO)

Introduction

Liver fibrosis, which is characterized by a disease course that is long and reversible, is a
repair response to chronic liver injury caused by various factors. Without active and effective
intervention, it can progress to liver cirrhosis or even liver cancer (Lee et al., 2015).
Therefore, developing effective liver fibrosis prevention and reversal strategies has
become a major challenge worldwide. Current mainstream studies suggest that hepatic
stellate cell (HSC) activation is a key event in the development of liver fibrosis. With
increasing interest in developing antifibrotic therapies, there is a need for cell lines that
preserve the in vivo phenotype of human HSCs to elucidate pathways of human hepatic
fibrosis. Therefore, LX-2 was established which characterised human HSC cell lines. LX-2
was generated by spontaneous immortalisation in low serum conditions. LX-2 express α
smooth muscle actin, vimentin, and glial fibrillary acid protein, as visualised by
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immunocytochemistry. Similar to primary HSCs, LX-2 express key
receptors regulating liver fibrosis, including platelet derived growth
factor receptor β (PDGF-R), obese receptor long form (Ob-RL), and
discoidin domain receptor 2 (DDR2), and also proteins involved in
matrix remodelling; matrix metalloproteinase (MMP)-2, tissue
inhibitor of matrix metalloproteinase (TIMP)-2, and MT1-MMP,
as determined by western analyses. LX-2 had a retinoid phenotype
typical of stellate cells. Microarray analyses showed strong similarity
in gene expression between primary HSCs and either LX-2 (98.7%),
with expression of multiple neuronal genes (Xu et al., 2005).
Activited HSC affects the normal functioning of hepatocytes and
Kupffer cells, further aggravating the pathological state of the liver
(Tacke and Trautwein, 2015). Therefore, inhibiting the activation
and proliferation of HSCs and inducing their death is a plausible
treatment strategy for liver fibrosis.

Ferroptosis is a form of programmed cell death caused by iron-
dependent oxidative damage. Unlike other forms of programmed
cell death, ferroptosis is characterized by the excessive accumulation
of lipid reactive oxygen species (ROS), mitochondrial wrinkling, and
increased mitochondrial membrane density (Dixon et al., 2012; Li
et al., 2020). Intracellular iron level is mainly regulated by transferrin
receptor which accounts for transporting extracellular iron-
transferrin complex into cells via clathrin-mediated endocytosis,
ferritin composed of light chain and heavy chain and responsible for
storing iron, and ferroportin in charge of iron exportation. The
increased iron disrupts membrane integrity by peroxidizing
polyunsaturated fatty acid (PUFA) chains of membrane
phospholipids via two pathways. One is to serve as a cofactor for
nonheme iron-containing lipoxygenase to enzymatically catalyze
PUFA peroxidation. The other is to react with H2O2 via Fenton
reaction to generate toxic hydroxyl radicals, which have potent
capacity to peroxidize PUFA (Ooko et al., 2015; Chen et al., 2021). In

recent years, the role of ferroptosis in the development of liver
fibrosis has attracted increased attention and has become a research
hotspot in the field of liver fibrosis. Notably, several studies have
shown that large amounts of Fe2+ are stored in HSCs and that
ferroptosis can affect the development of liver fibrosis by regulating
the Fe2+ content of HSCs as well as the degree of lipid peroxidation.
Therefore, targeting HSC ferroptosis could be a novel strategy to
treat liver fibrosis (Anderson and Shah, 2013).

Additionally, doxofylline (DOX, Figure 1A), a xanthine
derivative with a long-acting bronchodilator effect (Page, 2010),
is regarded as a substitute for theophylline owing to its higher
efficacy and fewer side effects (Matera et al., 2017). DOX has also
been reported to be a non-selective phosphodiesterase (PDE)
inhibitor with good anti-inflammatory activity. However, its
effects on liver fibrosis remain unclear. Therefore, in this study,
we attempted to clarify its effect on ferroptosis and further elucidate
the mechanism underlying its action in liver fibrosis.

Materials and methods

Chemical compounds and reagents

Kits for detecting serum alanine (ALT)/aspartate
aminotransferase (AST) activity, liver hydroxyproline content,
and glutathione (GSH) from LX-2 cells were purchased from
Jiancheng Bioengineering Institute (Nanjing, China). The Phen
Green SK diacetate (PGSK) kit was purchased from Glpbio
(Montclair, CA, United States), cell counting Kit-8 (CCK-8) was
purchased from APE×BIO Technology LLC (Houston, TX,
United States), the 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH-DA) assay kit was purchased from Solarbio (Beijing,

FIGURE 1
Effects of DOX serum ALT/AST activity and liver H&E staining. (A) The chemical structures of DOX. (B) AST activity. (C) ALT activity. Data were
expressed as means ± SEM (n = 3). (D) Liver index (n = 7). (E) Liver H&E staining. Typical images were chosen from each experimental group. (original
magnification ×400, upper images; partial enlarged pictures, down images). *p < 0.05; ***p < 0.001.
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China) and MitoLite™ Red FX600 Kit was purchased from AAT
Bioquest, Inc. (Sunnyvale, CA, United States). 2.5% glutaraldehyde
solution was purchased from Solarbio (Beijing, China). Further,
antibodies against α-smooth muscle actin (α-SMA), vimentin
(VIM), desmin (DES), SMAD family member 2/3 (Smad 2/3),
p-Smad 2/3, transforming growth factor-beta (TGF-β),
glutathione peroxidase 4 (GPX4), solute carrier family-7
member-11 (SLC7A11), solute carrier family 40 member 1
(SLC40A1), transferrin, transferrin receptor and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were purchased from Cell
Signaling Technology (Danvers, MA, United States). Furthermore,
the FDA staining kit was purchased from AAT Bioquest (Sunnyvale,
CA, United States), FerroOrange was purchased from Goryo
Chemical Inc. (Hokkaido, Japan), and deferoxamine (DFO) was
purchased from Sigma-Aldrich (St. Louis, MO, United States).
Peroxidase-conjugated or fluorescein isothiocyanate (FITC)-
conjugated antibodies were purchased from Jackson
ImmunoResearch (West Grove, PA, United States), TRIzol
reagent was purchased from Invitrogen Life Technology
(Carlsbad, CA, United States), the PrimeScript Master Mix and
SYBR Premix Ex Taq were purchased from Yeasen Biotechnology
Co., Ltd. (Shanghai, China). Doxofylline (DOX) and silymarin (SIL)
were purchased from Yuanye Bio-Technology Co., Ltd. (Shanghai,
China).

Experimental animals

C57BL/6 mice (20 ± 2 g) were purchased from the Experimental
Animal Center of Hangzhou Medical College (Hangzhou, China).
The animals were maintained under controlled temperature (22°C ±
1°C), humidity (50%), and light (12-h light/12-h dark cycle)
conditions. All the animals received humane care according to the
institutional animal care guidelines of the Experimental Animal
Ethical Committee of Hangzhou Medical College. The mice were
randomly divided into six groups, namely, the: 1) vehicle control (n =
7), 2) CCl4 model (n = 7), 3) CCl4+DOX (25 mg/kg) (n = 7), 4)
CCl4+DOX (50 mg/kg) (n = 7), 5) DOX (50 mg/kg) (n = 7), and 6)
CCl4+silymarin (SIL) (0.2 g/kg) (n = 5) groups. Thereafter, that mice
were treated for 2 weeks with CCl4 (intraperitoneal injection, mixed
with olive oil in the ratio 1:3, 2 mL/kg twice per week) and then for
additional 4 weeks with both CCl4 (twice per week), DOX or SIL
(intragastric administration, every day). After the treatment period,
the mice were sacrificed, and their plasma and liver tissue samples
were collected.

Analysis of serum ALT/AST activities

Serum ALT and AST (Nanjing Jiancheng Bioengineering
Institute) activities were assessed according to the manufacturer’s
instructions.

Liver histological evaluation

Liver tissue samples were fixed in 4% paraformaldehyde for 24 h,
sectioned (4 μm) and stained with haematoxylin-eosin (H&E) for

the histological observation of liver injury, Staining with masson’s
trichrome and sirius red were also performed to observe collagen
deposition in the liver of the mice.

Measurement of liver hydroxyproline
content

Liver hydroxyproline content was determined using the alkaline
hydrolysis method in accordance with the manufacturer’s
instruction (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China).

Immunofluorescence staining with α-SMA

The liver sections were incubated overnight with α-SMA
antibody in a humidified chamber at 4°C. Thereafter, the sections
were incubated again with FITC-conjugated secondary antibody for
1 h. Finally, images were captured using an inverted
IX81 microscope (Olympus, Tokyo, Japan).

Immunohistochemical staining

Liver sections were blocked with 3% hydrogen peroxide and 3%
bovine serum albumin (BSA) for 1 h. After rinsing once with PBS
(phosphate buffer saline), diluted vimentin antibody was added to the
sections followed by incubation overnight at 4°C. Next, goat anti-
rabbit secondary antibody was added dropwise and the mixture was
incubated at room temperature for 1 h. After washing with PBS, the
tissue sections were developed with 3,3-Diaminobenzidine
tetrahydrochloride (DAB) chromogenic solution and the nuclei
were counterstained with hematoxylin. This was followed by
thorough washing, after which the sections were dehydrated using
75% and 85% alcohol for 6 min and then washed with absolute
ethanol and n-butanol, respectively, until they became transparent.
Next, the tissue slices were then mounted on slides and their
pathological characteristics were observed under a light microscope.

Cell culture

LX-2 cells were cultured in dulbecco’s modified eagle medium
(DMEM) supplemented with 10% [v/v] fetal bovine serum (FBS),
2 mM glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin.
Heparg cells were cultured in RPMI1640 supplemented with 10% [v/
v] fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin and
100 mg/mL streptomycin.

Cell viability assay

For assay of viability, LX-2 cells and heparg cells was seeded onto
96-well plates with a density of 5 × 103 cells per well and treated by
DOX (25, 50, 100, and 250 μM) for 48 h. Viability of cells in the 96-
well plates were assayed using a CCK-8 kit (APE×BIO Technology,
United States). The CCK-8 was incubated with cells at 37°C for 1 h.
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Then the 96-well plates was measured using a multifunctional
enzyme labeler (Molecular devices, CA) at 405 nm.

Cell death

Cell death was assessed using a FDA staining kit (AAT Bioquest
Sunnyvale, CA). LX-2 cells were seeded onto 6-well plates with a
density of 1 × 105 cells per well and treated by DOX (10, 25 μM) for
48 h. Briefly, cells were stained in 10 μM FDA (Beyotime, China) in
PBS for 1 h at 37°C. Finally, the samples were washed with PBS and
imaged immediately. The samples were observed with a fluorescence
inverted microscope (EVOS M7000, United States).

Transmission electron microscopy

LX-2 cells were seeded onto 6-well plates with a density of 1 ×
105 cells per well and treated by DOX (25 μM) for 48 h. The cells
were harvested by centrifugation at 3,000 rpm for 5 min. Then the
cells were fixed by adding 2.5% glutaraldehyde solution. The samples
were observed by the bio-TEM (Hitachi H-7000, Japan).

GSH measurement

To measure total GSH levels, LX-2 cells was seeded onto 6-well
plates with a density of 1 × 105 cells per well and treated by DOX (10,
25 μM) for 48 h. The samples were determined using a glutathione
assay kit (Nanjing Jiancheng Bioengineering Institute, China)
following a standard protocol.

ROS measurements

To measure ROS levels, LX-2 cells was seeded onto 6-well plates
with a density of 1 × 105 cells per well and treated by DOX (10,
25 μM) for 48 h. The cells were stained in 10 μM 2,7-Dichlorodi-
hydrofluorescein diacetate, DCFH-DA (Solarbio, China) in DMEM
for 1 h at 37°C. Next the samples were washed with PBS and imaged.
The samples were observed with a fluorescence inverted microscope
(EVOS M7000, United States).

Iron level determination

Iron levels were measured as described below. LX-2 cells were
seeded onto 6-well plates with a density of 1 × 105 cells per well and
treated by DOX (10, 25 μM) for 48 h. The cells were stained in
10 μMPhen Green SK (Glpbio, United States) in PBS for 1 h at 37°C.
Finally, the samples were imaged immediately. LX-2 cells were
seeded onto 6-well plates with a density of 1 × 105 cells per well
and treated by DOX (10, 25 μM) for 48 h. The cells were stained in
1 mM Ferro orange (Dojingo, Japan) in PBS for 1 h at 37°C. Next
nuclei of the LX-2 cells were incubated with DAPI (Biosharp, China)
for 30 min. Finally, the constructs were imaged immediately. All
samples as described above were observed with a fluorescence
inverted microscope (EVOS M7000, United States).

Mitochondrion detection

Mitochondria were stained using MitoLite™ Red FX600 Kit
(AAT Bioquest, United States). LX-2 cells were seeded onto 6-well
plates with a density of 1 × 105 cells per well and treated by DOX (10,
25 μM) for 48 h. Next cells were stained in the buffer containing a 1:
500 dilution of Mitolite™ Red FX600 for 1 h at 37°C. Then nuclei of
the LX-2 cells were incubated with DAPI (Biosharp, China) for
30 min. Finally, the samples were washed with PBS three times
again. The samples were observed with a fluorescence inverted
microscope (EVOS M7000, United States).

Real-time PCR analysis

Total ribonucleic acid (RNA) was extracted from liver tissue
samples and LX-2 cells and heparg cells using TRIzol reagent.
Next, complementary deoxyribonucleic acid (cDNA) was
synthesized using the PrimeScript RT Master Mix kit, and real-
time PCR was performed using the SYBR green premix according
to the manufacturer’s instructions. The relative expression levels of
target genes were then normalized to actin, analyzed using the delta-
delta-CTmethod, and expressed as ratios relative to the vehicle control
group. The primers used are listed in Supplementary Table S1.

Western blot analysis

Liver and cell protein samples from mice in the different groups
were isolated using a lysis buffer. This was followed by centrifugation
at 3,000 g for 20 min at 4°C, after which supernatant samples were
collected. Next, the protein concentration in each sample was then
determined and normalized. Thereafter, the protein samples were
separated via sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto polyvinylidene fluoride
membranes, which were then incubated with primary and
secondary antibodies followed by the visualization of the proteins
in the cell membranes using a chemiluminescence kit.

Statistical analysis

Data are expressed as mean ± standard error of the mean (SEM).
Further, significant differences were determined by performing one-
way analysis of variance (ANOVA) with least significant difference
(LSD) post hoc tests, and statistical significance was set at p < 0.05.

Results

DOX attenuated CCl4-induced liver injury in
mice

In this study, we investigated whether therapeutic DOX
administration could improve fibrotic liver damage. A classic
CCl4-induced hepatic fibrosis mouse model was established,
followed by DOX treatment. The therapeutic effect of DOX was
then investigated by detecting changes in liver injury indices. From
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Figures 1B, C, it is evident that DOX treatment (25 and 50 mg/kg)
significantly reduced serum AST/ALT activity, compared with the
CCl4 model group. Reportedly, the liver index (liver weight/body
weight ratio) has been found to be positively correlated with the
degree of liver damage (Wu et al., 2015). Similarly, our results
indicated that mice in the model group demonstrated significantly
higher liver weight/body weight ratios than their counterparts in the
normal group, and DOX treatment significantly lowered this index
relative to its value for the model group (Figure 1D). Moreover, H&E
staining of pathological liver sections showed that DOX ameliorated
CCl4-induced liver injury in mice, reversing inflammatory cell
infiltration and hepatocyte necrosis (Figure 1E). SIL is a well-
known hepato-protective drug (Abd Elmaaboud et al., 2021). The
results of serum ALT/AST activity and liver histological evaluation
also indicated that it attenuates CCl4-induced liver injury (Figures
1B, C, E). Additionally, the DOX-only treatment (50 mg/kg) exert
any significant effect on serum ALT/AST level and liver
histomorphology compared with these characteristics for mice in
the control group (Figures 1B, C, E). Therefore, DOX significantly

improved the pharmacological effects of CCl4-induced liver injury
in mice.

DOX attenuated CCl4-induced liver fibrosis
in mice

Next, we determined how DOX alleviated pathological changes
in CCl4-induced hepatic fibrosis in mice. First, we assessed the level
of hydroxyproline, which is considered as a gold standardmarker for
liver fibrosis (Wu et al., 2015). The results thus obtained showed that
hydroxyproline was significantly elevated in liver tissue samples
from mice in the CCl4 model group, while the administration of
DOX (25 and 50 mg/kg) significantly alleviated this phenomenon
(Figure 2A). Additionally, DOX administration resulted in a
significant decrease in the upregulated liver Col1a1 and
Col3a1 mRNA expression levels induced by CCl4 (Figures 2B, C).
Our results also indicated that the pathogenesis of liver fibrosis
involved the excessive accumulation of ECM, which has as main

FIGURE 2
Effects of DOX on liver hydroxyproline content, serummarkers of fibrosis and liver collagen expression. (A) Liver hydroxyproline content (n= 7). (B,C)
Liver Col1a1 (Collagen, type I, α1) and Col3a1 (Collagen, type III, α1) (n = 3). (D) Liver masson’s trichrome staining. Typical images were chosen from each
experimental group. Black arrows indicate collagen deposition. (original magnification ×200, upper images; partial enlarged pictures, down images). (E)
Liver sirius red staining. Typical images were chosen from each experimental group. Black arrows indicate collagen deposition. (original
magnification ×200, upper images; partial enlarged pictures, down images). Data were expressed as means ± SEM. *p < 0.05; **p < 0.01.
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FIGURE 3
Effects of DOX onHSCs activation in vivo. (A–C) Liver Acta2 (α-SMA), Vim (Vimentin), Des (Desmin) mRNA expression (n = 3). (D,B) The expression of
α-SMA, vim and desmin proteins in CCl4-inducedmice liver tissues treated with DOX (25, 50 mg/kg) was detected byWestern blot, and GAPDHwas used
as a loading control. (E) The quantitative result of α-SMA, vim and desmin. The results represent three independent experiments. (F) Liver α-SMA
immunofluorescence staining (original magnification×100). (G) Liver Vim immunohistochemical staining (original magnification×100). Typical
images are chosen from each experimental group. Black arrows indicate positive staining. Data were expressed as means ± SEM. *p < 0.05; **p < 0.01;
***p < 0.001.
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component, collagen. In this study, we used two staining methods
(Masson’s trichrome and Sirius red staining) to investigate the effect
of DOX on collagen deposition. The two staining results showed
increased collagen deposition in samples from mice in the CCl4-
induced liver fibrosis group, while this effect was completely
normalized by DOX treatment (Figures 2D, E). In contrast, the
DOX-only treatment of mice without liver fibrosis had no significant
effect on collagen deposition in mouse liver tissue (Figures 2D, E).

DOX inhibited HSCs activation in CCl4-
treated mice

Activated HSCs constitute the main source of ECM, hence play a
major role in hepatic fibrosis. In this study, we investigated the inhibitory
effects of DOX on HSC activation in vivo, based the mRNA levels of α-
SMA, vimentin, and desmin, which are markers of activated HSCs
(Puche et al., 2013; Greenhalgh et al., 2015). Our results in this regard
showed that DOX treatment (25 and 50 mg/kg) significantly
downregulated the mRNA and protein expression levels of hepatic α-
SMA, vimentin, and desmin, compared with their levels for the CCl4
group (Figures 3A–E). Moreover, hepatic α-SMA immunofluorescence
staining showed that DOX treatment resulted in an obvious decrease in
the number of α-SMA-positive cells in CCl4-treated mice (Figure 3F).
Similarly, hepatic vimentin immunohistochemical staining showed that
DOX treatment resulted in a significantly reduced number of vimentin-
positive cells in CCl4-treated mice (Figure 3G).

DOX suppressed HSCs activation by
inhibiting TGF-β/smad signaling in vivo

TGF-β, which shows association with all key links in the
pathogenesis of liver fibrosis, is one of the most potent pro-
fibrotic cytokines. This implies that the TGF-β/Smad signaling
pathway plays an extremely important role in the activation of
HSCs (Yang et al., 2003). In this study, we further used real-time
PCR and western blot analysis to investigate the effect of DOX on
the key proteins of this signaling pathway. The results of real-time
PCR showed that DOX treatment decreased TGF-β mRNA
expression in mice (25 and 50 mg/kg) (Figure 4A). Further, as
shown in Figures 4B–D, Western blot analysis revealed that the
CCl4-induced p-Smad2/3 upregulation at the protein level was
reversed in mice with CCl4-induced liver fibrosis following
treatment with DOX (25 and 50 mg/kg).

DOX inhibited HSC activation in vitro

Our findings indicated that DOX ameliorated liver injury and
fibrosis in vivo. Thus, we performed in vitro experiments to further
corroborate these in vivo experimental results. Our findings, based
on real-time PCR analysis, revealed that HSC activation markers, α-
SMA, COL1A1, FN1, VIM, and DES were significantly
downregulated by DOX in a dose-dependent manner (10 and
25 μM) following treatment for 48 h (Figures 5A–E). Moreover,

FIGURE 4
Effects of DOX TGF-β/Smad signalling in vivo. (A) Liver Tgfb1 (TGF-β), mRNA expression (n = 3). (B) The expression of TGF-β, p-Smad2/3 and t-Smad
2/3 proteins in CCl4-induced mice liver tissues treated with DOX (25 mg/kg, 50 mg/kg) was detected by Western blot, and GAPDHwas used as a loading
control. The results represent three independent experiments. (C) The quantitative result of TGF-β. The results represent three independent experiments.
(D) The quantitative result of p-Smad2/3. The results represent three independent experiments. Data were expressed as means ± SEM. *p < 0.05;
**p < 0.01.
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western blot analysis revealed that DOX (10 and 25 μM) remarkably
downregulated α-SMA, VIM, and desmin expression in activated
HSCs (Figures 5F, G).

DOX triggered activated HSC ferroptosis
in vitro

Previous in vivo and in vitro experiments have demonstrated
that DOX significantly inhibits HSC activation; however, it is still
unclear whether DOX treatment drives the ferroptosis of
activated HSCs. Our findings in this study revealed that DOX
induced HSC death at 48 h after treatment with different doses.
Furthermore, FDA staining demonstrated reduced green
fluorescence expression with increasing drug dosage,
indicating that DOX significantly induced the death of
activated HSCs (Figure 6A). A cell counting Kit-8 (CCK-8)
analysis also showed that DOX remarkably suppressed HSC
viability (Figure 6B). Reportedly, transferrin, GPX4, SLC7A11,
and SLC40A1 are the key regulators of ferroptosis. Transferrin
(TRF, Tf) is responsible for carrying iron absorbed by the
digestive tract and released by the degradation of red blood
cells (Gomme et al., 2005). The solute carrier family-7
member-11 (SLC7A11) is the main member of Systerm x c-,
responsible for the uptake of extracellular cystine into the
cytoplasm and the output of glutamic acid, which is then
reduced to cysteine for the biosynthesis of GSH. GSH is
synthesized from glutamic acid, cysteine and glycine, which
directly affects the activity of GPX4 (Koppula et al., 2018).
GPX4 is an anti-lipid peroxidase, responsible for catalyzing
toxic unsaturated lipid hydroperoxides into non-toxic fatty

alcohols, inhibiting ROS production, protecting cells from the
effects of lipid peroxides, and playing an important role in
inhibiting ferroptosis (Seibt et al., 2019). SLC40A1 (Solute
Carrier Family 40 Member 1) is currently the only member of
the SLC40 transporter family, and is currently the only transfer
protein found to promote the transfer of iron from the cell to the
outside of cell (Pietrangelo, 2004). We found that DOX (25, 50,
100, 250 μM) has no significant effect not only on the viability of
liver parenchyma cells, but also on the expression of ferroptosis
related proteins (Transferrin, GPX4, SLX7A11, SLC40A1,
Supplementary Figure S1). Next, we investigated whether
DOX mediated the activation of the ferroptotic mode in vitro
by measuring ferroptosis-associated biomarkers (Hirschhorn
and Stockwell, 2019). PGSK and FerroOrange were used for
intracellular Fe2+ detection. As shown in Figures 6C–F, DOX
treatment markedly triggered HSC ferroptosis, which was
characterized by a decrease in GSH content, elimination of
ROS scavenging enzymes, and increased iron levels, Since, we
found differences which are statistically significant but slight, the
biological meaning of these findings should be confirmed in
further studies. Furthermore, electron microscopy images of
mitochondria samples confirmed the occurrence of ferroptosis.
We also observed that DOX-treated LX-2 cells showed smaller,
ruptured, and broken mitochondria, which represent the
morphological changes associated with ferroptotic cells, when
compared with un-treated LX-2 cells (Cao and Dixon, 2016)
(Figure 6G). Furthermore, the mitochondrial red fluorescent
probe is a cationic dye that can selectively accumulate in the
mitochondria through mitochondrial membrane potential
gradients. The fluorescence intensity is proportional to the
mitochondrial potential, and stronger fluorescence indicates

FIGURE 5
Effects of DOX inhibited HSC activation in vitro. LX-2 cells treated with DOX (10, 25 μM) for 48 h (A–E) LX-2 cell ACTA2 (α-SMA), COL1A1, FN1, VIM
(Vimentin), DES (Desmin), mRNA expression (n = 3). (F) The expression of LX-2 cell α-SMA, vimentin and desmin proteins was detected by Western blot,
and GAPDH was used as a loading control. (G) The quantitative result of α-SMA, vimentin and desmin. The results represent three independent
experiments. Data were expressed as means ± SEM. *p < 0.05; **p < 0.01.
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FIGURE 6
Effects of DOX triggers activated HSC ferroptosis in vitro. LX-2 was treated with DOX (10, 25 μM) for 48 h (A) FDA staining for evaluating cell death.
LX-2 was stained in 10 μM FDA and the samples were observed with a fluorescence inverted microscope. (B) Cell Count Kit-8 analysis of cell viability in
LX-2. CCK-8 was incubated with LX-2 at 37°C for 1 h and the samples was measured using a multifunctional enzyme labeler at 405 nm. (C) Cellular GSH
amount (n = 3). (D) The ROS level in LX-2. LX-2 was stained in 10 μM DCFH-DA in DMEM for 1 h at 37°C and the samples were observed with a
fluorescence invertedmicroscope. (E) Free iron levels in LX-2weremeasured by Phen Green SK probe. LX-2 cells were stained in 10 μMPhenGreen SK in
PBS for 1 h at 37°C and the samples were imaged immediately. (F) Representative fluorescent images of intracellular iron level were identified by using
FerroOrange (orange). Nuclei are stained by DAPI (blue). LX-2 was stained in 1 mM Ferro orange in PBS for 1 h at 37°C and constructs were imaged
immediately. All samples as described (E,F)were observed with a fluorescence inverted microscope. (G) Themitochondria morphology was observed by
transmission electronmicroscopy andmitochondrial length was summarized. (H)Mitochondrion staining detection. LX-2 cells were stained in the buffer
containing a 1:500 dilution of MitoliteTM Red FX600 for 1 h at 37°C and the samples were observed with a fluorescence invertedmicroscope. (I) LX-2 cell
transferrin, GPX-4, SLC7A11, SLC40A1 mRNA expression (n = 3). (J) The expression of LX-2 cell transferrin, transferrin receptor, GPX-4, SLC7A11,

(Continued )
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FIGURE 7
Inhibition of ferroptosis impaired DOX-induced anti-fibrosis effects in vitro. Activated LX-2 cells were exposed for 24 h to 100 μMDFO followed by
25 μM DOX treatment. (A) FDA staining for evaluating cell death. LX-2 was stained in 10 μM FDA and the samples were observed with a fluorescence
inverted microscope. (B) Cell Count Kit-8 analysis of cell viability in LX-2. CCK-8 was incubated with LX-2 at 37°C for 1 h and the samples was measured
using a multifunctional enzyme labeler at 405 nm. (C) The ROS level in LX-2. LX-2 was stained in 10 μM DCFH-DA in DMEM for 1 h at 37°C and the
samples were observed with a fluorescence inverted microscope. (D) Free iron levels in LX-2 were measured by Phen Green SK probe. LX-2 cells were
stained in 10 μM Phen Green SK in PBS for 1 h at 37°C and the samples were imaged immediately. (E) Representative fluorescent images of intracellular
iron level were identified by using FerroOrange (orange). Nuclei are stained by DAPI (blue). LX-2 was stained in 1 mM Ferro orange in PBS for 1 h at 37°C
and samples were imaged immediately. All samples as described (D,E) were observed with a fluorescence inverted microscope. (F) Mitochondrion
staining detection. LX-2 cells were stained in the buffer containing a 1:500 dilution of MitoliteTM Red FX600 for 1 h at 37°C and the samples were
observed with a fluorescence inverted microscope. (G) The mRNA expression of α-SMA, DES and VIM (n = 3). (H) The mRNA expression of GPX-4,
SLC40A1 and SLC7A11 (n = 3). For the statistics of each panel in this figure, data were expressed as means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

FIGURE 6 (Continued)
SLC40A1 proteins was detected by Western blot, and GAPDH was used as a loading control. (K) The quantitative result of transferrin, transferrin
receptor, GPX-4, SLC7A11, SLC40A1. The results represent three independent experiments. For the statistics of each panel in this figure, data were
expressed as means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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higher mitochondrial potential, that is, healthier mitochondria,
which proves that mitochondria are less affected by ferroptosis.
In our results, mitochondrial staining revealed that DOX (10,
25 μM) significantly reduced the number of mitochondrion-
positive HSCs (Figure 6H). Similarly, Our results show that
DOX (10 and 25 μM) can increase the protein expression of
transferrin and transferrin receptor in a dose-dependent manner;
At the same time, in our study show that GPX4, SLC7A11, and
SLC40A1 were reduced by DOX (10 and 25 μM) at both the
mRNA and protein levels in LX-2 cells compared with the control
(Figures 6I–K). Overall, these findings indicated that the
inhibition of HSC activation is associated with DOX-induced
HSC ferroptosis in vitro.

Ferroptosis inhibition abolished DOX-
induced anti-fibrosis effects in vitro

To investigate whether ferroptosis plays a role in the anti-fibrotic
effect of DOX, the ferroptosis-specific inhibitor, deferoxamine
(DFO) was used to inhibit ferroptosis in activated HSCs (Wang
et al., 2017). Additionally, activated LX-2 cells were exposed to DOX
as well as DFO. The results of FDA staining as well as CCK-8 assay
showed that LX-2 cells treated with DOX showed suppressed HSC
viability, whereas DFO rescued this growth inhibition effect of DOX
(Figures 7A, B). Additionally, DOX-treated LX-2 cells demonstrated
remarkably increased ROS and iron levels compared with their
untreated counterparts. Conversely, this effect on ferroptosis

induction was weakened by co-treatment with DFO (Figures 7C–E).
Mitochondrial staining further indicated that DOX treatment (25 μM)
significantly reduced the number of mitochondria-positive cells, and
DFO treatment significantly blocked the ferroptosis-promoting effect of
DOX (Figure 7F). Real-time PCR analysis, performed to explore the
expression of HSC activation- and ferroptosis-associated biomarkers
showed that DOX treatment significantly downregulated the gene
expression levels of the HSC activation- and ferroptosis-associated
markers, whereas this function was inhibited by DFO (Figures 7G,
H). Overall, these findings suggested that DFO inhibition abolished
DOX-induced anti-fibrotic effects in vitro.

Discussion

In this study, several key findings were made. First, we
observed that DOX significantly attenuated hepatocellular
injury and liver fibrosis in mice in the CCl4 group. Second,
treatment with DOX significantly decreased the expression
levels of HSC activation markers both in vitro and in vivo.
Further, our results also indicated that DOX alleviated liver
fibrosis by inducing ferroptosis in HSC and reducing ECM
production. Thus, DOX may be useful in clinical practice as a
treatment for liver fibrosis.

Liver fibrosis is a complex process, and its pathogenesis is
based on increased synthesis or decreased degradation of the ECM,
resulting in ECM deposition (Lee et al., 2015). HSCs normally store
lipids in the liver. When the liver is damaged, they can be activated

FIGURE 8
The graphic illustration of the mechanism of doxofylline protecting against liver fibrosis.
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to become myofibroblasts, producing large amounts of ECM;
therefore, their activation represents the pathogenesis of liver
fibrosis (Tacke and Trautwein, 2015). This also implies that
inducing activated HSC death is an important strategy for the
treatment of liver fibrosis. Ferroptosis, a newly discovered form of
programmed cell death, is significantly different from other types
of programmed death processes, such as apoptosis, necrosis, and
autophagy, at the morphological, biochemical, and genetic levels
(Dixon et al., 2012). Several recent studies indicate that a variety of
cytokines, signaling pathways (Zhang et al., 2020a; Zhang et al.,
2020b; Z; Zhang et al., 2018; Zhu et al., 2021) affect the occurrence
of ferroptosis and participate in liver fibrosis development.
Tripartite motif-containing protein 26 (TRIM26) induces HSC
ferroptosis through the regulation of solute carrier family-7
member-11 (SLC7A11) ubiquitination, thereby ameliorating
liver fibrosis (Zhu et al., 2021). In addition to the above-
mentioned targets for regulating ferroptosis, it has also been
reported that several drugs can treat liver fibrosis by inducing
ferroptosis in HSCs. Specifically, sorafenib and erastin can induce
ferroptosis in HSCs to alleviate liver fibrosis (Z. Zhang et al., 2018).
Magnesium isoglycyrrhizinate (MgIG) can upregulate heme
oxygenase 1 (HO-1) expression, leading to intracellular iron
deposition, lipid peroxide accumulation, the induction of
ferroptosis in HSC, and the inhibition of liver fibrosis (Sui
et al., 2018). Further, artesunate ultimately induces ferroptosis
in HSCs and ameliorates liver fibrosis development by depleting
glutathione (GSH), reducing glutathione peroxidase 4 (GPX4)
activity, and favoring ROS accumulation (Kong et al., 2019).
Interestingly, in this current study we also identified that a drug
with high efficacy and low toxicity, DOX, alleviated liver fibrosis
and induced ferroptosis in HSCs.

DOX has been used for patients with asthma and chronic
obstructive pulmonary disease (Page, 2010). DOX increases
intracellular cyclic adenosine monophosphate concentrations by
inhibiting intracellular phosphodiesterase activity, and this in turn
reduces the incidence of airway pressure and barometric injury in
patients (Y. Zhang et al., 2016), and reportedly, DOX, via nucleotide-
binding oligomerization domain, leucine-rich repeat and pyrin domain-
containing 3-thioredoxin-interacting protein (NLRP3-TXNIP)
inflammasome activation, mitigates epithelial inflammation (Jiao
et al., 2020). Moreover, compared with aminophylline, DOX has
fewer cardiovascular adverse effects, a higher safety profile, and
better user experience (Rao et al., 2013). Based on these previous
studies, we investigated whether DOX exerts a therapeutic effect on
liver fibrosis as well as the possible mechanisms.

Studies have shown that hepatocyte injury is one of the key
factors to promote the formation of liver fibrous scar (Kisseleva
and Brenner, 2021). In our study showed that DOX also reduced
the elevated serum ALT/AST activities in CCl4-treated mice, and
the liver histological analysis showed that DOX significant reduce
hepatic infiltration of immune cells, swelling and necrosis of
hepatocytes in CCl4-treated mice. These evidences show that
DOX protection against hepatocellular injury induced by CCl4.
We observed that DOX ameliorated liver fibrosis and inhibited
HSC activation both in vivo and in vitro. Additionally, our
findings indicated that DOX treatment significantly impaired
HSC viability via inducing ferroptosis. Primarily, Electron
microscopy and mitochondrial staining provided direct

evidence that DOX induced ferroptosis in HSCs. Furthermore,
the ferroptosis markers iron and ROS level in HSCs increasing
significantly induced by DOX, while GSH content was decreased.
Meanwhile, DOX can increase the protein expression of
transferrin and transferrin receptor in a dose-dependent
manner; GPX4, SLC7A11, and SLC40A1, which have been
recognized as critical upstream factors of ferroptosis
(Pietrangelo, 2004; Gomme et al., 2005; Koppula et al., 2018;
Seibt et al., 2019), was inhibited significantly by DOX. Then the
inhibition of ferroptosis using the specific inhibitor, DFO not
only abolished the ferroptosis-inducing effect of DOX, but also
resisted its anti-fibrosis effect. These findings above indicated
that the anti-fibrotic effect of DOX is closely related to the
induction of ferroptosis in HSCs.

In conclusion, our findings overall indicated for the first
time that DOX elicits its anti-fibrotic effects through the
regulation of HSC ferroptosis (Figure 8). Additionally, DOX-
only treatment of mice without liver fibrosis exhibited no
significant effect on serum ALT/AST levels or liver
histomorphology. This observation suggests that DOX may
be useful in clinical settings as treatment of liver fibrosis.
However, in this study, we did not explore the in vivo
distribution of DOX; this was a limitation of this study.
Therefore, the further evaluation of the in vivo metabolic
profile of DOX should be realized in future studies.
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Glossary

ALT/AST Alanine/Aspartate aminotransferase

ANOVA Analysis of variance

α-SMA α-Smooth muscle actin

BSA Bovine serum albumin

CCK-8 Cell counting Kit-8

CCl4 Carbon tetrachloride

cDNA Complementary deoxyribonucleic acid

DDR2 Discoidin domain receptor 2

DAB,3 3-Diaminobenzidine tetrahydrochloride

DAPI 4′, 6-diamidino-2-phenylindole

DCFH-DA Dichlorodihydrofluorescein diacetate

DES Desmin

DFO deferoxamine

DMEM Dulbecco’s modified eagle medium

DOX Doxorubicin

ECM Extracellular matrix

FBS Fetal bovine serum

FDA Fluorescein diacetate

FITC Fluorescein isothiocyanate

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

GPX4 Glutathione peroxidase 4

GSH glutathione

H&E Hematoxylin-eosin

HO-1 Heme oxygenase 1

NLRP3-TXNIP Nucleotide-binding oligomerization domain,
leucine—rich repeat and pyrin domain-containing 3—thioredoxin-
interacting protein

HSC Hepatic stellate cell

LSD Least significant difference

MMP-2 Matrix metalloproteinase

MgIG Magnesium isoglycyrrhizinate

Ob-RL Obese receptor long form

PDGF-R Platelet derived growth factor receptor β
PUFA Peroxidizing polyunsaturated fatty acid

PBS Phosphate buffer saline

PDE Phosphodiesterase

PGSK Phen Green SK diacetate

RNA ribonucleic acid

ROS Reactive oxygen species

SEM Standard error of the mean

SIL Silymarin

SLC7A11 Solute carrier family-7 member-11

SLC40A1 Solute carrier family 40 member 1

Smad 2/3 SMAD family member 2/3

TIMP-2 Matrix metalloproteinase-2

TEM Transmission electron microscope

TGF-β Transforming growth factor-beta

VIM Vimentin
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Introduction:Non-alcoholic fatty liver disease (NAFLD) has gradually become the
primary cause of fatty liver disease. Betel nuts have been used to treat
gastrointestinal diseases.

Methods: In the present study, we analyzed the pathology, serology, gut flora, and
metabolites in a ratmodel of NAFLD, with andwithout betel nut alkaloid treatment,
using an integrated approach involving pathology, serological testing, 16S rRNA
gene sequencing, and ultra-performance liquid chromatography-mass
spectrometry metabolomics.

Results: Two rats were used for model validation. Thirty SD rats were included and
divided into the normal group (C group), NAFLD model group (M group), low-dose
group, medium-dose group (T group), and high-dose group with intraperitoneal
injection of arecoline. The expression of blood lipids was significantly downregulated
at all three arecoline concentrations (p <0.05). Alpha-diversity analysis of the intestinal
flora showed significant differences among the three groups, with a significant
reduction in population diversity in the M group and a recovery of population
diversity after arecoline treatment. At the phylum level, the relative abundance of
Firmicutes was significantly higher in the T group and Proteobacteria in the M
group. The KEGG metabolic pathways included polyketide sugar unit biosynthesis
and hypertrophic cardiomyopathy. Thirty-three significantly different metabolites
were identified among the groups. Significantly different metabolites between
groups T and M included indolepyruvate, 2-deoxystreptamine, sakuranetin, glycyl-
leucine, and riboflavin. The KEGG metabolic pathway suggested a potential role for
arachidonic acid metabolism, serotonergic synapses, neuroactive ligand-receptor
interactions, tyrosine metabolism, and regiomelanin. Vitamin digestion and
absorption, as well as regulation of lipolysis in adipocytes, were the main
metabolic pathways that distinguished the T vs. M groups. PGE2 is involved in
several metabolic pathways. Correlation analysis showed that 29 bacterial species
were significantly associated with PGE2 levels in the M and T groups. Vagococcus,
Lawsonia, Christensenella, unidentified Erysipelotrichaceae, unidentified
Coriobacteriaceae, and five other bacterial groups are unique in the
PGE2 metabolic pathway regulated by arecoline.

Discussion: Arecoline has lipid-lowering effects andmay exert therapeutic effects
in NAFLD through intestinal metabolites and intestinal flora, as well as through the
Butyricicoccus/Christensenella/Coriobacteriaceae-COX2/PGE2 pathway. Thus,
arecoline may represent a potential drug or target for NAFLD treatment.
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1 Introduction

Betel nut is a seed produced by the betel nut tree (Family
Palmae), mainly in the Southern regions of Asia, such as in the
Hainan and Yunnan Provinces, Taiwan, India, and Malaysia.
Betel nuts for chewing are usually processed later and consist
mainly of betel nut fruit, old-flowering vine, and calcined lime,
with the addition of roasted tobacco and spices in some regions
(IARC Working Group on the Evaluation of Carcinogenic Risks
to Humans, 2004). Arecoline, arecaidine, guvacine, guvacoline,
tannins, safrole, hydroxychavicol, and catechins are
components of betel nuts (Tilakaratne et al., 2006). Betel
nuts have historically been used as a proprietary Chinese
medicine for the treatment of a variety of ailments. Recent
research has found that they have anthelmintic,
neuroprotective, digestive, antidepressant, cardiovascular,
antiinflammatory, and antiviral effects (Kim et al., 2018).
Moreover, betel nuts inhibited cholesterol absorption. In
addition, the blood lipid levels, small intestine pancreatic
cholesterol esterase activity, and intestinal cholesterol
acyltransferase activity of rats, which were fed 10%
triglycerides and betel nut extract, were lower than those of
the control group without betel nut extract. The absorption of
triglycerides decreased with supplementation of the betel nut
extract, indicating that the inhibition of pancreatic cholesterol
esterase may have inhibited pancreatic lipase activity, resulting
in lower plasma triglyceride levels (Byun et al., 2001).

Non-alcoholic fatty liver disease (NAFLD) is primarily caused
by hepatocellular steatosis, a manifestation of excessive
accumulation of toxic lipids, such as triglycerides, free fatty acids
(FAA), ceramides, and free cholesterol in the liver (Marra and
Svegliati-Baroni, 2018). The current symptoms of NAFLD
include overweight/obesity, metabolic dysfunction, and diabetes
with metabolic dysfunction including high triglyceride levels
(Eslam et al., 2020) and its role in the development of NAFLD.
Altered intestinal flora is an important factor in the development of
NAFLD, including small intestinal bacterial overgrowth (Wigg et al.,
2001), alterations in the intestinal flora metabolite TMAVA (Zhao
et al., 2020), production of endogenous acetaldehyde (Cope et al.,
2000), and increased intestinal permeability (Miele et al., 2009),
which also play a role in the reversal of NAFLD. After 4 weeks of
probiotic administration, remarkable improvement was observed in
the symptoms of NAFLD mice with fatty liver-related indices (Li
et al., 2010).

However, the role of arecoline in NAFLD remains unclear. A
study from Taiwan showed that metabolic syndrome increased
the risk of substantial liver fibrosis, and cumulative betel nut
exposure increased the risk of substantial liver fibrosis in
patients with metabolic syndrome, but not in those without
metabolic syndrome (Chou et al., 2022). However, a previous
study suggested a hypolipidemic effect of arecoline (Byun et al.,
2001). Given that the current study remains controversial, we
constructed NAFLD rats and explored the effects of arecoline on
NAFLD-induced pathophysiological mechanisms with respect

to lipid levels, pathology, 16S rRNA sequencing, and
metabolomics.

We used a total of 32 rats, two of which were used to validate the
NAFLD model; six healthy controls and six rats from each NAFLD
model were treated with low, medium, and high arecoline
concentrations. Total DNA was extracted from fresh feces of the
healthy control, model, and medium-concentration treatment
groups, and 16S rRNA gene sequencing and metabolic analysis
were performed using ultra-performance liquid chromatography-
mass spectrometry (UHPLC-MS). The DNA was analyzed using
UHPLC-MS for 16S rRNA gene sequencing and metabolic profiling.
We found differences in the intestinal flora and metabolites, which
may be of value as the cause of NAFLD and candidate biomarkers
for early diagnosis and treatment.

2 Materials and methods

2.1 Mice breeding and NASH modeling

Thirty-two male SD rats (3 weeks old) of the SFP class were
housed for 1 week of acclimatization and randomly divided into
two groups: one group (seven rats) on a conventional diet and
the other group (25 rats) on a high-fat diet. After 4 weeks of
consuming the high-fat diet, the rats in the high-fat diet group
were intraperitoneally injected with 30 mg/kg of STZ (pre-
formulated with citrate buffer, 30 mg/mL; fasting blood
glucose levels were measured 3 days after injection). After
5 weeks of feeding on high-fat chow, blood was collected
from all rats into sterile centrifuge tubes, left at room
temperature for 2 h, centrifuged at 4°C for 15 min at
3,000 rpm, and the supernatant was removed for immediate
measurement of lipids (HDL-C, TC, TG, and LDL). One rat in
the conventional diet group and one rat in the high-fat diet
group were sacrificed, and their livers were fixed in 4%
paraformaldehyde solution, embedded in paraffin, sectioned,
and stained with heatoxylin and eosin (HE) to observe the
lesions. After 6 weeks of feeding on a high-fat diet, the rats
in the high-fat diet group were randomly divided into four
groups: high-fat model control group and low-, medium-, and
high-dose groups with intraperitoneal injection of arecoline of
concentrations 0.5, 1, and 5 mg/kg, respectively, for 4 weeks. On
the day after drug withdrawal, blood was collected from all rats
in sterile centrifuge tubes, incubated at room temperature for
2 h, and then centrifuged at 3,000 rpm for 15 min at 4°C. The
supernatant was collected for determination of lipids (HDL-C,
TC, TG, and LDL). Feces were collected from all rats and stored
at −80°C for subsequent 16s rRNA sequencing and metabolomic
sequencing. Rats were sacrificed, and their livers were divided
into two groups: one group was fixed in 4% paraformaldehyde
solution and the other was stored at −80°C. Blood specimens
were collected from the rats and tested for HDL-C, TC, TG, and
LDL levels using a fully automated biochemical instrument. The
livers were sectioned and stained with HE.
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2.2 Fecal 16S rRNA sequencing analysis

DNA was quantified using a Nanodrop, and the quality of the
extracted DNA was checked using 1.2% agarose gel
electrophoresis. PCR amplification of the variable regions of
the rRNA gene (single or continuous) or specific gene
fragments was performed by adding sample-specific barcode
sequences to primers designed according to the conserved
regions of the sequence. Magnetic beads (Vazyme VAHTSTM
DNA clean beads) of × 0.8 volume of the PCR product were
added to 25 μL of the PCR product. The recovered PCR
amplification products were quantified by fluorescence using a
Quant-iT PicoGreen dsDNA assay kit and microplate reader
(BioTek, FLx800). Based on the fluorescence quantification
results, each sample was mixed in an appropriate ratio
according to the amount of sequencing required for each
sample. Sequencing libraries were prepared using an Illumina
TruSeq Nano DNA LT Library Prep Kit. The amplification
products were first repaired by removing the prominent base
at the 5ʹ end of the DNA sequence, adding a phosphate group to
complete the missing base at the 3ʹ end, adding an A base at the 3ʹ
end of the DNA sequence to prevent self-association of the DNA
fragment and to ensure that the target sequence could be attached
to the sequencing junction (a prominent T base at the 3ʹ end of
the sequencing junction), and adding a sequencing junction
containing a library-specific tag (i.e., index sequence) to the 5ʹ
end of the sequence to enable the DNA molecule to be
immobilized on the flow cell. BECKMAN AMPure XP beads
were used to purify the library system after the addition of the

junction by removing self-associated fragments through
magnetic bead screening. PCR amplification was performed on
the junctioned DNA fragments to enrich the sequencing library
template, and BECKMAN AMPure XP beads were used to purify
the library enrichment products. The final selection and
purification of the library were performed using 2% agarose
gel electrophoresis. Before sequencing, the libraries were
quality-checked on an Agilent Bioanalyzer using an Agilent
High-Sensitivity DNA kit. The qualified libraries had a single
peak and were free of junctions. The libraries were quantified on a
Promega QuantiFluor fluorescence quantification system using
the Quant-iT PicoGreen dsDNA assay kit. The qualified libraries
should have a concentration of 2 nM or more. Raw downstream
data from high-throughput sequencing were initially screened
according to sequence quality, and problematic samples were
retested and replated. The raw sequences that passed the initial
quality screening were divided into libraries and samples
according to index and barcode information, and the barcode
sequences were removed. Sequence denoising or OTU clustering
was performed according to the analysis process of the
QIIME2 dada2 or Vsearch software. The specific composition
of each sample (group) at different taxonomic levels is presented
as an overview. The alpha-diversity level of each sample was
assessed based on the distribution of ASV/OTU across different
samples, and the appropriateness of the sequencing depth was
reflected by the sparsity curve. At the ASV/OTU level, the
distance matrix of each sample was calculated, and the
difference in beta diversity between different samples (groups)
and the significance of the difference was measured using a

FIGURE 1
(A) Gross liver map of mice from each group; (B) Lipid levels, * and ** indicates significant (p < 0.05) and highly significant (p < 0.01) difference
compared with group C, respectively; # and ## indicates significant (p < 0.05) and highly significant (p < 0.01) difference compared with group M,
respectively; T1: mice injectedwith low concentration of arecoline, T2:mice injectedwithmedium concentration of arecoline, and T3:mice injectedwith
high concentration of arecoline.
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variety of unsupervised ranking and clustering means, combined
with the appropriate statistical tests. At the species taxonomic
composition level, differences in species abundance composition
between samples (groups) were further measured using various
unsupervised and supervised ranking, clustering, and modeling
instruments, combined with corresponding statistical tests, and
attempts were made to identify marker species. Based on the
distribution of the species composition across samples,
association networks were constructed, topological indices
were calculated, and attempts were made to identify key
species. Based on the 16S rRNA, 18S rRNA, and ITS gene
sequencing results, it was also possible to predict the
metabolic function of the sample flora, identify differential
pathways, and obtain the species composition of specific
pathways.

2.3 Analysis of gut LC-MS metabolites

The raw data were first converted to the mzXML format using
MSConvert in the ProteoWizard software package (v3.0.8789) (Yu
et al., 2006) and processed using XCMS (Manish et al., 2007) for
feature detection, retention time correction, and alignment. The
metabolites were identified using accuracy mass (<30 ppm) andMS/
MS data that were matched with HMDB (Abdelrazig et al., 2020)
(http://www.hmdb.ca), massbank (Gagnebin et al., 2017) (http://
www.massbank.jp/), LipidMaps (Thévenot et al., 2015) (http://www.
lipidmaps.org), mzcloud (Xia and Wishart, 2011) (https://www.
mzcloud.org), and KEGG (Dunn et al., 2011) (http://www.
genome.jp/kegg/). Robust LOESS signal correction (QC-RLSC)
(Want et al., 2013) was applied for data normalization to correct
for any systematic bias. After normalization, only ion peaks with

FIGURE 2
(A) Sequence length distribution of 16s RNA post-sequencing; (B) Sequencing abundance rank curve. The horizontal coordinate represents the
ordinal number of ASVs/OTUs in order of abundance; the vertical coordinate represents log2 log value of the abundance (mean) of each ASV/OTU in the
sample (group); each fold line represents a sample (group) and the length of the fold line on the horizontal axis reflects the abundance of that group in
terms of ASV/OTU number. (C) Specaccum species accumulation curve plot. The horizontal coordinate represents the sample size, the vertical
coordinate represents the number of species (ASV/OTU) observed, and the blue shaded region reflects the confidence interval of the curve. The results
reflect the rate of increase in the number of new species observed as the sample size expanded over the course of sampling. (D) Statistics of the number
of microbial taxonomic units observed at each level. The horizontal coordinates represent the sample names and the vertical coordinates represent the
number of taxonomic units contained at each of the six levels of phylum, order, family, genus and species. (E) Box plot of the groupings of α diversity. The
horizontal coordinates represent the grouping labels and the vertical coordinates represent the values of the corresponding α diversity indices. (F)
Principal Coordinates Analysis (PCoA); Two-dimensional ranking plot of the samples.
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relative standard deviations (RSDs) less than 30% in QC were
retained to ensure proper metabolite identification.

The Ropls (Anne-Laure and Korbinian, 2007) software was used
for all multivariate data analyses andmodelling. The data weremean-
centered using scaling. The models were built using principal
component analysis (PCA), orthogonal partial least squares
discriminant analysis (PLS-DA), and partial least squares
discriminant analysis (OPLS-DA). Metabolic profiles can be
visualized as a score plot, where each point represents a sample.
Corresponding loading plots and S-plots were generated to provide
information on the metabolites that influenced the clustering of the
samples. All evaluated models were tested for overfitting using
permutation tests. The descriptive performance of the models was
determined using R2X (cumulative) [perfect model: R2X (cum) = 1]
and R2Y (cumulative) [perfect model: R2Y (cum) = 1] values,

whereas their prediction performance was measured using Q2
(cumulative) [perfect model: Q2 (cum) = 1] and a permutation
test. The permuted model should not be able to predict classes;
R2 and Q2 values at the Y-axis intercept must be lower than those of
Q2 and R2 of the non-permuted model. OPLS-DA allowed the
determination of metabolites using variable importance on
projection (VIP). The p-value, VIP produced by OPLS-DA, and
fold change (FC) were applied to discover the variable contributing to
classification. Finally, p-values <0.05, and VIP values >1 were
considered significant. Differential metabolites were subjected to
pathway analysis using MetaboAnalyst (Trygg and Wold, 2010),
which combines results from powerful pathway enrichment analysis
with pathway topology analysis. The metabolites identified using
metabolomics were thenmapped to the KEGGpathway for biological
interpretation of higher-level systemic functions. Metabolites and

FIGURE 3
(A) Venn diagram of ASV/OTU of the groups. The overlapping areas between ellipses indicate the common ASV/OTU among the samples (groups)
and the number in each block indicates the number of ASV/OTU contained in that block; (B)Histogram of ASV/OTU abundance in different regions of the
Venn diagram. The horizontal coordinates represent the sets of ASV/OTU corresponding to different regions of the Venn diagram and the vertical
coordinates represent the ASV/OTU belonging to different clades. The top 10 phyla and genera with the highest average sequence abundance in the
sample are shown; (C) Histogram of the number of ASV/OTU in different regions of the Venn diagram. The horizontal coordinate represents the set of
ASV/OTU corresponding to different regions of the Venn diagram and the vertical coordinate represent the percentage of ASV/OTU belonging to
different phyla. The top 10 classes and genera with the highest average ASV/OTU frequency are also shown.
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their corresponding pathways were visualized using the KEGG
Mapper tool. Spearman’s correlation coefficients were used to
analyze the relationship between metabolomics and the gut
microbiota, and the ROC curve was used to explore potential
biomarkers.

2.4 Statistical analysis

GraphPad prism 5 (GraphPad Software, San Diego, CA) was
used for statistical analysis; p < 0.05 and p < 0.01 were used as
screening criteria for significant and highly significant differences,
respectively.

3 Results

1. Clinical and pathological information

Successful modeling was demonstrated using pathological
findings and serum lipid levels in the healthy (C group) and
the NAFLD model groups (M group). The results of lipid testing
showed that the levels of total cholesterol (TC), triglycerides
(TG), low-density lipoprotein cholesterol (LDL-C), and high-
density lipoprotein cholesterol (HDL-C) were increased in the M
group. TC, LDL-C, and TG levels were significantly increased
(p < 0.05, for TC and LDL-C; p < 0.01, for TG) (Supplementary
Figure S1). After arecoline treatment, significant differences were

FIGURE 4
(A) Taxonomic hierarchy tree of the between-group differences in the taxonomic units. The circles from inside to the outside of the branching
diagram represent the taxonomic levels from phylum to species, with the diameter of each circle proportionate to the relative abundance of the gut
microbiota. Node size corresponds to the average relative abundance of that taxon; hollow nodes represent taxa that do not differ significantly between
groups, while nodes in other colors indicate that these taxa show significant between-group differences and are more abundant in the subgroup
sample represented by that color. Letters represent the names of taxa with significant inter-group differences. (B) Relative abundance of Lachnospiraceae
in the three groups; the solid and dashed lines represent themean andmedian relative abundance of the taxon in each group, respectively. (C)Histogram
of Linear discriminant analysis (LDA) effect values for marker species. The vertical coordinates represent the taxa that differ significantly between groups,
while the horizontal coordinates represent the logarithmic LDA scores for each taxon. The categorical units are ranked according to their scores, which
describes their specificity within the sample group. The longer the length, the more significant the difference between the taxa, where the color of the
bars indicates the sample group with the highest abundance for that taxon.
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detected between the experimental groups. The levels of TC,
LDL-C, and HDL-C were significantly increased in the M group
(p < 0.01), and all three arecoline concentrations significantly
decreased the levels of TC, TG, LDL-C, and HDL-C (p < 0.01)
(Figure 1).

2. Sequencing depth and diversity analysis of intestinal microbiota

We used 16S rRNA sequencing to analyze the gut microbiota
profiles of rats in the C, M, and T groups (arecoline treatment
group). We observed the total gut microbiota with fragment
lengths above 400 bp (Figure 2A), and high abundance and
homogeneity (Figure 2B), indicating that we could obtain
sufficient sequencing information from samples from the three
groups. Specaccum species accumulation plots reflected a
progressively lower rate of the increase of new species
observed with continued sample size expansion, indicating
that we had a sufficient sample size. Figure 2D shows the

number of taxonomic units at each taxonomic level for the
different samples; the M group had significantly fewer
taxonomic units than the other two groups, indicating that the
taxonomic richness of the M group was less than that of the other
two groups. Chao1, observed species, Shannon, Simpson, Faith’s
phylogenetic diversity, and Pielou’s evenness indices decreased in
the M group, indicating that the M group was poorer than the
other two groups in terms of richness and diversity. Moreover,
the increase in the Good’s coverage index was most obvious in the
M group. On the other hand, all three groups had >99% sequence
coverage, which indicates that the sequence coverage was
adequate (Figure 2E). The PCA score analysis showed that the
three groups were well-distributed among the different groups
(Figure 2F), with some overlap between the M and T groups. The
composition of the top 20 species of different genera is presented
as a histogram (Supplementary Figure S2).

3. Analysis of the composition of intestinal microorganisms

FIGURE 5
(A) Predicted abundance of KEGG secondary functional pathways. The horizontal coordinates represent the abundance of functional pathways (per
million KOs), the vertical coordinates represent the functional pathways at the second KEGG classification level, and the rightmost column represent the
first level pathways to which these pathways belong. The average abundance of all the samples is shown. (B) Predicted abundance of MetaCyc secondary
functional pathways. The horizontal coordinate represents the abundance of the functional pathway (per million KO), the vertical coordinate
represents the functional pathway at the second KEGG classification level, and the rightmost column represents the first level pathways to which these
pathways belong. The average abundance of all the samples is shown.
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Community analysis was performed using a Venn diagram, in
which 6,102 OTUs were unique to the C group, 700 OTUs
overlapped in the C and M groups, 1,192 OTUs overlapped in
the C and T groups, and 921 OTUs overlapped in the T and M
groups, for a total of 548 OTUs in the three groups (Figure 3A).
Analysis of the relative abundance of each group in the Venn
diagram at the phylum level revealed that the relative abundances
of Firmicutes and Proteobacteria were significantly higher in the T
and M groups, respectively. At the genus level, the relative
abundances of Lactobacillus and Ruminococcus declined, whereas
those of Staphylococcus, Blautia, and Clostridium were increased in
the M group (Figure 3B). In contrast, the relative abundance of
Lactobacillus, Oscillospira, and Ruminococcus was higher in the T

group than in the C group. In terms of the frequency of OTU
occurrence, the proportion of Oscillospira, Bacteroides, and
Prevotella increased in each group at the genus level (Figure 3C).

4. Screening for differentially enriched gut flora caused by arecoline
treatment

Heat maps of single- and two-level species clustering were
used to demonstrate differences in species at the genus level
(Supplementary Figures S3 A, B). LEfSe (LDA effect size) analysis
combines non-parametric Kruskal–Wallis and Wilcoxon rank
sum tests with linear discriminant analysis (LDA) effect size. In
the branching plots and histograms in Figures 4A, C, the circles

FIGURE 6
(A) Z-score plot (T vs. M group), the vertical coordinate represents the name of the metabolite, the color of the dots represent the different groups,
the horizontal coordinate represents the relative content of the metabolite in the group obtained using the Z-score, the more it is towards the right, the
more is the metabolite in the group. (B). Hierarchical clustering of differential metabolites. The columns represent groups and the rows represent
metabolite names. The differential metabolite clustering tree is shown on the left side of the graph.
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from the inside to the outside of the branching plots represent the
taxonomic level from phylum to species, and the diameter of each
small circle is proportional to the relative abundance of the gut
microbiota. The letters “p,” “c,” “o,” “f,” “g,” and “s” represent the
phylum, order, family, genus, and species, respectively. At the
taxonomic level, from phylum to species, three significantly
different components of the gut flora were identified among
the three groups (LDA score ≥2.5): in group T, f_
Lachnospiraceae, f_Desulfovibrionales, o_Desulfovibrionaceae,
c_Deltaproteobacteria, and p_Actinobacteria; and in group M,
f_Veillonellaceae, o_Bacillales, and f_Stacillales. Bacillales, f_
Staphylococcaceae, f_Staphylococcaceae, g_Staphylococcus, g_
Bacteroides, and f_Bacteroidaceae from group M, and p_
Bacteroidetes, c_Bacteroidales, and o_Bacteroidales from C
group. Bacteroidales, o_Bacteroidia, f_Ruminococcaceae_g_
Ruminococcus, f_Clostridiaceae, and f_Clostridiaceae_g_
Clostridium, all of which had an LDA ≥4. In addition,
Lanchnospiraceae is shown in a bar chart (Figure 4B),
indicating that it was the most significantly different group
from the other two in the T group.

5. Pathways analysis of differentially abundant gut microbiota

We then predicted the pathways and metabolic processes using
the KEGG Pathway Database (http://www.genome.jp/kegg/
pathway.html) and MetaCyc pathways (https://metacyc.org/) for
significantly different gut flora. The main enrichment pathway of
KEGG was the metabolism of amino acids (Figure 5A), whereas the
main pathways enriched by the MetaCyc included amino acid
biosynthesis, nucleoside and nucleotide biosynthesis, cofactor,
prosthetic group, electron carrier, vitamin biosynthesis,
fermentation, and glycolysis (Figure 5B). A dominant species
seed network map with grouped abundance pie charts was used
to show the interconnections of the differential groups and the
proportion of each group in the differential group (Supplementary
Figure S4A). In addition, the KEGG pathway analysis showed
differences between groups with respect to metagenomeSeq,
polyketide sugar unit biosynthesis, and hypertrophic
cardiomyopathy (HCM) (Supplementary Figure S4B). PWY-6572
(chondroitin sulfate degradation I (bacterial)) was the MetaCyc
metabolic pathway with the most significant difference between

FIGURE 7
(A) Metabolic pathway impact factor bubble diagram 1; (B) Metabolic pathway impact factor bubble diagram 2. Small p-value represents more
significant effect of the detected differential metabolite on the pathway. The larger the impact value, the greater the contribution; (C) Metabolite and
metabolic pathway network diagram; (D)Metabolic pathway impact factor histogram. The vertical coordinates represent themetabolic pathways and the
horizontal coordinates represent the enrichment of different metabolic pathways Impact values.
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the groups (Supplementary Figure S4C). The LEU-DEG2-PWY
(L-leucine degradation I) of the differential species composition
was used to compare the MetaCyc pathway between groups
(Supplementary Figure S4D).

6. Multivariate analysis of fecal metabolite profiles

The orthogonal projection potential structure discriminant
analysis (OPLS-DA) model was obtained from UHPLC-MS, and
the profiles of the three groups of samples were separated using
positive ion mode (POS) and negative ion mode (NEG). The heat
maps of the three groups are shown in Supplementary Figure
S5C. The three groups can be more clearly distinguished, and the
heat map in Supplementary Figure S6A can also more clearly
distinguish the T and M groups. We then screened out the
differential metabolites between the T and M groups and
illustrated them using a volcano plot, as shown in
Supplementary Figure S6B, where the red dots indicate
upregulation of metabolite expression in the T group
compared to that in the M group, whereas the blue dots
indicate downregulation of metabolite expression in the T
group. This finding suggests that arecoline treatment in the
NAFLD group triggered substantial changes in metabolite
levels. To visually show the differences in metabolites between
the three groups, we used the PLS-DA-Score Plot for display
(Supplementary Figure S5A), along with a Venn diagram and bar
graphs to show the metabolites shared and grouped between the
three groups (Supplementary Figures S5B, D), along with a
Z-score (standard score) plot to show the difference in relative
content values between the two groups (Figure 6A), whereas the
MS/MS heat map enabled the clustering and identification of

metabolites in which significant differences were detected, with
indolepyruvate, 2-deoxystreptamine, sakuranetin, glycyl-leucine,
riboflavin, and citrinin showing the most significant differences
between the T and M groups (Figure 6B).

7. Pathway analysis of differentially enriched metabolites

The results from the Metabolic Analyst website (https://www.
metaboanalyst) are presented as bubble plots of metabolic pathway
impact factors, as shown in Figure 7A. Arachidonic acid
metabolism, serotonergic synapses, neuroactive ligand-receptor
interactions, tyrosine metabolism, vitamin digestion and
absorption, and regulation of lipolysis in adipocytes were the
metabolic pathways that distinguished the T and M groups
(Figures 7A, B). The first three pathways are the main metabolic
pathways. Delta-12-prostaglandin J2, 5(S)-HpETE, 8,9-DiHETrE,
prostaglandin E2, 11,12-DiHETrE, 8,9-DiHETrE, and prostaglandin
A2 were enriched in this metabolic pathway. Moreover, arachidonic
acid metabolism, 11,12-DiHETrE, normetanephrine, 8,9-DiHETrE,
prostaglandin A2, and 5(S)-HpETE were enriched in the metabolic
pathway. Serotonergic synapses, L-glutamic acid,
palmitoylethanolamide, p-octopamine, cortisol, and prostaglandin
E2 were enriched in the neuroactive ligand-receptor interaction
(Figure 7C). The present study indicates that prostaglandin E2 plays
a role in a variety of metabolic pathways. We also ranked the
contribution and p-values and found that the serotonergic
synapse had the highest contribution and lowest p-value,
indicating that it is an important pathway for the therapeutic
effects of arecoline (Figure 7D).

8. Correlation analysis of gut microbes and metabolites

FIGURE 8
Heat map of significantly different genus levels and significantly different metabolites in T vs. M groups.
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We found significant correlations between gut flora genera and
various metabolites in the M and T groups using Spearman’s
correlation analysis (Figure 8), where PGE2 was significantly
correlated (p < 0.05) with all 29 gut flora genera, including
Brachybacterium, Christensenella, Streptococcus, and
Butyricicoccus, which were significantly associated with the
production pathway of PGE2. The area under the curve for
metabolites (AUC = 0.889) and the area under the curve for gut
flora (AUC = 0.639) by subject-operating curve (ROC) analysis
(Supplementary Figure S7) indicated that intestinal metabolites had
a higher predictive value than gut flora in the M and T groups. We
also compared the flora with a significant difference in PGE2 levels
at the genus level in the T, M, and C groups. We found that
Vagococcus, Lawsonia, Christensenella, unidentified_
Erysipelotrichaceae, and unidentified_ Coriobacteriaceae were
duplicated in groups T and M, suggesting that these five species
may be unique to the PGE2metabolic pathway induced by arecoline.

4 Discussion

The prevalence of NAFLD has gradually increased from 5.5% in
the past to 11% in 2008, and the proportion of chronic liver disease
has also increased from 47% to 75% (Younossi et al., 2011).
Treatment strategies include lifestyle interventions (Houttu et al.,
2021), drugs (Sanyal et al., 2010) and bariatric surgery (Chavez-
Tapia et al., 2010). Vitamin E is the main drug used in patients with
NASH and non-comorbid diabetes (Joo et al., 2020). However, betel
nut alkaloids reverse NAFLD in rats at therapeutic doses. These
results were confirmed by hematological, 16S rRNA, and
metabolomic analyses. This may be due to the following reasons:
the composition of betel nut commodities is complex and includes
not only arecoline but also other components (Tilakaratne et al.,
2006); long-term chewing of betel nuts could be associated with
toxic side effects, whereas its short-term use may have therapeutic
effects without necessarily producing side effects, such as
carcinogenesis. Betel nuts have been used for the treatment of
parasitic infections and uterine bleeding and as antibacterial
agents (Aron-Wisnewsky et al., 2020), but the pharmacological
effects of betel nuts in other applications are not well
understood. The present study demonstrated its potential
therapeutic effect on NAFLD in rats.

An important mechanism in the pathogenesis of NAFLD is the
alteration of intestinal flora, including changes in the abundance and
diversity of the intestinal microbiota at different stages of the disease
(Chiu et al., 2017). In NAFLD, a decrease in the phylum Bacteroides
has been reported at the bacterial phylum level, whereas the levels of
the thick-walled phylum and the phylum Aspergillus increased.
Enterobacteriaceae has been reported to increase at the bacterial
phylum level, whereas Pronobacteriaceae and Rumenococcaceae
have decreased. At the bacterial genus level, Escherichia coli,
Doxorubia, and Gastroptera increased, whereas anaerobes, C.
faecalis, E. fungalis, E. faecalis, and Prevotella decreased (Chiu
et al., 2017). Furthermore, transferring the gut microbiota from
patients with NASH to germ-free mice while feeding the animals a
high-fat diet (HFD) resulted in a substantial increase in ALT, AST,
and inflammatory markers, along with hepatic steatosis and liver
inflammation, whereas the germ-free mice fed HFD had only lipid

accumulation and mild liver inflammation (Hoyles et al., 2018). In
contrast, transplantation of microorganisms from patients with
NAFLD into the gut of germ-free mice resulted in hepatic
steatosis and altered gut microbiota characteristics (Vacca et al.,
2020). However, we observed an increase in the abundance of flora
in the treated group compared to that in the model group after the
use of arecoline, indicating that arecoline partially restored flora
diversity in NAFLD. As we tested the results of the medium-
concentration group, we could not reflect the situation of the
high-concentration group, and whether their flora diversity was
positively correlated with arecoline concentration needs to be
further investigated. However, histopathology showed that the
effect was correlated with arecoline concentration.

This study showed that arecoline affects the intestinal flora.
Lachnospiraceae, Desulfovibrionaceae, Deltaproteobacteria, and
Actinobacteria changed after arecoline treatment, where the first
three were increased, whereas Actinobacteria decreased.
Lachnospiraceae belongs to the thick-walled bacteria and the core
intestinal flora, and has been shown to be a probiotic of the intestine
given its ability to produce butyrate, a beneficial metabolite of the
intestine (Elamin et al., 2013). The protective effect of butyrate was
achieved through the activation of AMP-activated protein kinase
(AMPK) in the monomolecular layer of Caco-2 cells. AMPK
regulates the synthesis of glucose, fatty acids, and proteins. The
assembly of tight junctions between epithelial cells is impaired when
AMPK activity is reduced. Butyric acid protects the intestinal
mucosal barrier by increasing AMPK activity and accelerating
tight junction assembly between epithelial cells (Sun et al., 2018)
and substantially reduces HFD-induced NAFLD in rats, where the
reduction in triacylglycerol content is associated with significant
activation of PPAR-α (Yun et al., 2019). The current study showed
that Desulfovibrionaceae was associated with NAFLD. The
reduction in Desulfovibrionaceae was associated with the lean
NAFLD group but not with obese NAFLD (Huang et al., 2016),
which is consistent with the results of this experiment. However,
there have been few studies on Deltaproteobacteria and NAFLD,
and future studies are required.

In this study, arecoline lowered blood lipid levels, with effects
on TG, TC, LDL-C, and HDL-C levels. The addition of betel nut
extract to the daily diet of rats can reduce triglyceride levels,
mainly by reducing triglyceride absorption (Marra and Svegliati-
Baroni, 2018). Arecoline can improve hepatic glucose
metabolism disorders in rats with type 2 diabetes through
“exogenous compound receptors, including sexual androstane
receptors (CAR) and pregnane X receptors (PXR).” G6Pase gene
expression decreases TNF-α and IL-6 expression and increases
hepatic insulin sensitivity in type 2 diabetic rats (Borglum et al.,
1999; Yang et al., 2019). The findings of this study are consistent
with those of previous studies, suggesting that arecoline is a
potential hypolipidemic agent. The present study showed that the
therapeutic effect are related to arecoline with different
concentrations, it seems the high dose group had best effects
than others, which still has not been proved by previous studies,
further studies are required in to verify these results.

The present study showed that prostaglandin E2 levels were
significantly different among the three groups; they were elevated in
the model group and decreased in healthy rats. Moreover,
PGE2 levels decreased after arecoline treatment, indicating that
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arecoline could reduce PGE2 levels in NAFLD rats. Combined with
the channel prediction analysis, it was found that PGE2 may act in a
serotonergic manner. The most effective pathways for NAFLD
treatment include arachidonic acid metabolism, synapses,
regulation of lipolysis in adipocytes, neuroactive ligand-receptor
interactions, and arachidonic acid metabolism. PGE2 has a strong
lipolytic effect in adipocytes, which is mediated by the EP3 receptor
(Yu et al., 2006). COX-2 expression is upregulated in NASH and can
act as a proinflammatory mediator of the metabolic form of
steatohepatitis. In MCD diet-induced steatohepatitis, the
induction of COX-2 is associated with NF-κB activation and
upregulation of TNF-α, IL-6, and ICAM-1. Pharmacological
inhibition of COX-2 activity attenuates experimental
steatohepatitis (Yu et al., 2006). Green tea protects against liver
injury during NASH by reducing COX-2-mediated
PGE2 production. Hepatic COX-2 activity and
PGE2 concentrations also correlate with serum ALT and hepatic
NF-κB (Eeckhaut et al., 2013), suggesting that COX-2/PGE2 is an
important pathway in the development of NAFLD and that
arecoline protects against hepatic injury through the PGE2/
arachidonic acid metabolism pathway to achieve therapeutic
effects in NAFLD.

Our study showed that the regulatory effects of PGE2 are
associated with Butyricicoccus, Christensenella, and
Coriobacteriaceae. Butyricicoccus is a butyric acid-producing
bacterium that is reduced in patients with inflammatory bowel
disease and is correlated with its severity. Oral administration of
Butyricicoccus pullicaecorum can reduce colitis and augment
epithelial barrier function (Cox et al., 2009). Butyricicoccus can
produce short-chain fatty acids (SCFA), and butyric acid can
induce PGE2 production by activating GPR43, alleviating the
inflammatory response caused by LPS (Pascal et al., 2017).
Christensenella belongs to the thick-walled phylum and has been
shown to be associated with a variety of diseases, including Crohn’s
disease (Pascal et al., 2017), ulcerative colitis (Pittayanon et al.,
2019), and irritable bowel syndrome (Alemán et al., 2018). In
addition, Christensenellaceae have been shown to substantially
increase during weight loss, suggesting a close relationship
between this bacterium and the regulation of energy metabolism
in the intestinal ecosystem (Yi et al., 2021). Coriobacteriaceae has
been shown to be associated with impairment of liver function
owing to air pollution in patients with schizophrenia, with the main
pathways being “NO2/Coriobacteriales/GGT” and “NO2/
Coriobacteriales/GPT” pathways (Liu et al., 2018).
Coriobacteriaceae has also been shown to partially improve
Roux-en-Y gastric bypass to alleviate the dysbiosis of type
2 diabetes, which is beneficial to intestinal flora (Horai et al.,
2010). In conclusion, arecoline may regulate the COX-2/
PGE2 pathway through multiple intestinal flora and exert
therapeutic effects in NAFLD.

Although we demonstrated that arecoline can modulate
intestinal flora and metabolites and has potential therapeutic
effects on NAFLD, we did not measure intestinal flora and
intestinal metabolites at low and high concentrations of arecoline
for the treatment of NAFLD. In addition, its specific pathway
through PGE2 for the treatment of NAFLD needs to be verified
at the cellular and histological levels. Its medicinal value can be
explored further through clinical observational and pilot studies.

5 Conclusion

Arecoline has a hypolipidemic effect and can regulate the
intestinal microflora, which can be used to treat NAFLD through
the Butyricicoccus/Christensenella/Coriobacteriaceae-COX 2/
PGE2 pathway. Although betel nut alkaloids are currently known
carcinogens, they still have some medicinal value, and fully
exploiting their potential medicinal value can provide new
potential drugs and targets for the treatment of NAFLD.
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SUPPLEMENTARY FIGURE S1
(A) Gross liver map of C vs. M group; (B) Lipid levels in C versus M group; (C)
Gross HE staining of livers in C versus M group.

SUPPLEMENTARY FIGURE S2
(A) Histogram of top20 species composition at the genus level; (B):
histogram of top20 species composition at the phylum level.

SUPPLEMENTARY FIGURE S3
(A): Genus-level species composition heat map for species clustering; (B)
genus-level species composition heat map for biclustering.

SUPPLEMENTARY FIGURE S4
(A) Seed network diagram of dominants with grouped abundance pie charts;
(B) KEGG metabolic pathway differing between groups; (C) MetaCyc
metabolic pathway differing between groups; (D) LEU-DEG2-PWY:L-
leucine degradation I differential species composition diagram.

SUPPLEMENTARY FIGURE S5
(A) PLS-DA score plot (T vs. M vs. C); (B)Hierarchical cluster analysis of overall
metabolite heat map (positive model); (C) Venn diagram of differential
metabolites (T vs. M vs. C); (D) Statistical histogram of differential
metabolites (positive model).

SUPPLEMENTARY FIGURE S6
(A) Heat map of differential metabolite hierarchical clustering (positive model) (T
vs. M); (B) Volcano plot of differential metabolites (positive model) (T vs. M).

SUPPLEMENTARY FIGURE S7
Metabolites combined with species (genus) ROC curves (T vs. M).
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Background: With the increasing prevalence of obesity and metabolic syndrome,
the incidence of non-alcoholic fatty liver disease (NAFLD) is also increasing. In the
next decade, NAFLD may become the main cause of liver transplantation.
Therefore, the choice of treatment plan is particularly important. The purpose
of this study was to compare several interventions in the treatment of NAFLD to
provide some reference for clinicians in selecting treatment methods.

Methods:Wesearched PublicMedicine (PubMed), Medline, ExcerptaMedicaDatabase
(Embase), and Cochrane Library from January 2013 to January 2023 to identify
randomized controlled trials (RCTs) published in English. The network meta-analysis
was performed according to the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines. Forty-three studies accounting for a total of
2,969 patients were included, and alanine aminotransferase (ALT), total cholesterol
(TC), and low-density lipoprotein cholesterol (LDL)were selected asoutcomemeasures
for analysis and comparison.

Results:We evaluated the results of drug, diet, and lifestyle interventions between
the intervention and control groups. Curcumin (CUN) and probiotics (PTC) were
selected for medication, the Mediterranean diet (MDED) was selected for special
diet (SPD), and various kinds of exercise and lifestyle advice were selected for
lifestyle interventions (LFT). The SUCRA was used to rank interventions according
to the effect on ALT indicators (SUCRA: PTC 80.3%, SPD 65.2%, LFT 61.4%, PLB
32.8%, CUN 10.2%), TC indicators (SUCRA: PTC 89.4%, SPD 64%, CUN 34%, LFT
36.6%, PLB 17%), and LDL indicators (SUCRA: PTC 84.2%, CUN 69.5%, LFT 51.7%,
PLB 30.1%, SPD 14.5%). The pairwise meta-analysis results showed that MDEDwas
significantly better than NT in improving ALT [SMD 1.99, 95% CI (0.38, 3.60)]. In
terms of improving TC and LDL, ATS was significantly better than NT [SMD 0.19,
95% CI (0.03, 0.36)] [SMD 0.18, 95% CI (0.01, 0.35)].

Conclusion: Our study showed that PTC is most likely to be the most effective
treatment for improving NAFLD indicators. Professional advice on diet or exercise
was more effective in treating NAFLD than no intervention.

KEYWORDS

non-alcoholic fatty liver disease, non-alcoholic fatty liver, treatment interventions,
systematic review, network meta-analysis
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1 Introduction

Non-alcoholic fatty liver disease (NAFLD) has become
increasingly common. It is defined as bullous fatty degeneration
in ≥5% of liver cells that is not related to alcohol or drug use (Li et al.,
2021). The incidence rate is high in patients with central obesity,
type 2 diabetes, dyslipidemia and metabolic syndrome, and it is also
the main cause of chronic liver disease worldwide (Su et al., 2021;
Chen et al., 2022; Wing-Sum Cheu et al., 2023). The progression of
NAFLD is mainly from non-alcoholic fatty liver disease (NAFL) to
non-alcoholic fatty hepatitis (NASH), fibrosis, and cirrhosis, but the
public’s understanding of the disease is still very limited (Blot et al.,
2023). Despite the obesity epidemic, public health education has not
focused on the complications of cirrhosis and even the development
of liver cancer.

The treatment principles of NAFLD include identifying high-
risk groups, improving metabolic risk factors, detecting the
progression of advanced liver disease, and preventing liver injury
caused by alcohol, obesity and other factors (Yamada et al., 2022).
One study have found that (Sakane et al., 2021) the autophagy ability
in white adipose tissue of mice fed with high-fat diet (HFD) was
enhanced, and the liver pathology of NAFLD can be improved
through autophagy inhibition. Metabolic changes caused by
impaired lipid transfer have been speculated to be involved in
the molecular pathogenesis of NAFLD (He et al., 2021), and
steatosis is a necessary condition for the development of non-
alcoholic steatosis. The oxidation of fatty acids in the damaged
liver leads to the imbalance of lipid accumulation and redox, and
promotes the development of fatty liver disease and insulin
resistance. Sun N et al. (Sun et al., 2021)found that the direct
KLF16-PPAR α pathway was closely related to liver lipid
homeostasis and redox balance, and its dysfunction promotes
insulin resistance and liver steatosis.

In addition, a higher body mass index is a risk factor for
steatosis, and excessive intake of high-calorie foods and obesity
contribute to the development of NAFLD (Gao et al., 2017).
Therefore, weight loss through diet and exercise is the mainstay
of treatment for NAFLD. Studies have shown that regular exercise,
such as aerobic exercise, resistance exercise and flexibility training,
can improve NAFLD, reduce risk factors inducing NAFLD, such as
diabetes, hypertension and cardiovascular disease, and improve liver
function and markers of intrahepatic fat in NAFLD (Novelle et al.,
2021). The substrates of leptin and adiponectin can regulate energy
balance and glucose metabolism through melanocortin activity (Liu
et al., 2022). A mouse model (Smn2B/mouse) of surviving motor
neuron (SMN) depletion developed severe liver steatosis within less
than 2 weeks after birth. The rapid onset of Smn2B/mouse fatty liver
provides an opportunity to identify molecular markers of NAFLD
(Deguise et al., 2021).

However, for some patients who are unable to achieve weight
loss through diet or exercise, drug intervention may be considered.
There are many conflicting findings on the efficacy and safety of
NASH drug therapy, and the recommendations of management
guidelines vary. Therefore, the individual characteristics of patients
should be considered to select appropriate drug therapies (Yang
et al., 2021; Meijnikman et al., 2022).

The role of the intestinal microbiota in metabolic diseases has
received increasing attention (Wang et al., 2021). The imbalance of

the microorganisms in the intestine is considered a contributing
factor of NAFLD (Qiu et al., 2022). The changes in peripheral and
intrahepatic immune responses caused by ecological imbalance
accelerate the development of NASH. Ecological imbalance
destroys the permeability of the intestinal epithelium, and
bacterial antigens enter the portal vein circulation and trigger a
downstream inflammatory cascade reaction involving Toll-like
receptor 4 (TLR-4) and coreceptors in the liver. In addition, it
may also change the intestinal short-chain fatty acids (SCFA),
resulting in fatty degeneration and NAFLD (Ramos et al., 2021).

Although research reports on intervention measures to treat
NAFLD have emerged continuously, no article has compared the
effects of various intervention measures to summarize the adaptive
population and characteristics of each measure. Therefore, we
selected several intervention methods to treat NAFLD for
network meta-analysis (NMA). In terms of medicines, we
searched for studies involving curcumin (CUN) and probiotics
(PTC). For diet, we chose the Mediterranean diet (MDED), and
various exercise or exercise recommendations were searched for.
Through the comparison of clinical indicators related to NAFLD, we
aim to provide some suggestions for clinicians in the process of
choosing intervention measures.

2 Materials and methods

2.1 Protocol and registration

The systematic review was conducted strictly in accordance with
the PRISMA Extension Statement for Reporting of Systematic
Reviews Incorporating Network Meta-analyses (Hutton et al.,
2015), and the study protocol was registered with the
PROSPERO database of systematic reviews (CRD42023401640).

2.2 Search strategy and data extraction

We searched Public Medicine (PubMed), Medline, Excerpta
Medica Database (Embase), and Cochrane Library from January
2013 to January 2023 to identify randomized controlled trials
(RCTs) published in English. We conducted the literature search
using the following MeSH terms: “Non-alcoholic Fatty Liver
Disease” or “NAFLD” or “Non-alcoholic Steatohepatitis” or
“Liver, Non-alcoholic Fatty” and “Curcumin Phytosome” or
“Curcumin” or “Phytosome, Curcumin” or “Curcumin
Phytosome” or “Probiotics” or “Diet” or “Mediterranean Diet” or
“Diets, Mediterranean” or “Mediterranean Diets” or “Lifestyle” or
“Exercise” or “Physical Activity” or “Exercise Training” or “motion”
or “movement” or “Guideline, Health Planning” or
“recommendation” or “Health Planning Recommendation”.

We reviewed the list of references for all eligible articles, study
reports and conference reports and searched unpublished
literature on the WHO’s International Clinical Research
Trials Registry (ICTRP) to obtain additional studies to avoid
omissions. After we used EndNote 20 to exclude duplicates, two
researchers (XC and XQ) independently screened the titles and
abstracts to identify all potentially relevant studies. Two
researchers assessed the articles to determine whether they
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met the inclusion criteria for the study. Differences were
resolved through discussion or negotiation with a third party
(CL), and experts were consulted if necessary.

2.3 Study selection

We determined the eligibility criteria based on PICOS
(population, interventions, comparisons outcomes, study designs).
The studies included in this review met the following criteria: 1) all
study designs were RCTS, 2) participants were diagnosed with
NAFLD based on clinical and laboratory data and liver biopsy,
which are routine evaluations of the Hepatology Service (de Oliveira
et al., 2019), 3) intervention measures included CUN or PTC, the
Mediterranean diet, or various types of exercise or exercise
recommendations, 4) the control group received no other drug
intervention, special diet, exercise, care, or advice, 5) the research
results included one of the following indicators: alanine
aminotransferase (ALT), total cholesterol (TC), or low-density
lipoprotein cholesterol (LDL), and 6) the study language was
English. The exclusion criteria were as follows: 1) non-RCTs,
2) review articles, 3) the control group was given special
treatment, 4) outcome measures were not correlated with
NAFLD, and 5) incomplete data.

2.4 Outcome measures

Different from traditional meta-analysis, our NMA does not extract
and analyze the relevant results of each study separately but rather
extracts, combines and analyzes the results across RCTs. Outcome
indicators included ALT to measure liver injury, TC to verify lipid
metabolism function, and LDL to detect lipid cholesterol transport.

2.5 Quality assessment

TheCochraneCollaboration (Higgins et al., 2011) guidelineswere used
to evaluate the bias of RCTs included in the analysis, which was mainly
evaluated in the following aspects: generation of random sequences,
blinding of the outcome data from the implementation, blinding of the
subjects and clinical investigators, completeness of outcome data, checking
for whether outcomes were present or had been selectively reported, other
sources of bias, and whether or not they existed.

2.6 Statistical analysis

Continuous variables of NMA were extracted using Stata
20.0 software, and standardized mean differences (SDs) with 95%

FIGURE 1
Recruitment flow chart and study design.

Frontiers in Pharmacology frontiersin.org03

Wang et al. 10.3389/fphar.2023.1180016

106

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1180016


TABLE 1 Definitions of terms in included studies.

Study, year Patients (no.
I/C)

Age years, range or
mean ± SD, I/C

Male
(No.I/C)

Type of
intervention

Intervention Control Treatment duration
(month) (M)

Ghaffari et al. (2019) 23/23 41.0 ± 8.61/40.3 ± 9.26 21/21 Medication CUN Placebo 3 M

Campanella et al. (2020) 57/61 59.07 ± 10.83/59.15 ± 12.76 37/38 Special Diet MDED General
nutritional
counseling and
were advised to
maintain their
lifestyle

6 M

Cicero et al. (2020) 40/40 54 ± 3/53 ± 5 18/19 Medication CUN Placebo 2 M

Khodami et al. (2022) 22/21 41.27 ± 11.11/45.81 ± 11.03 15/17 Special Diet MDED Usual diet 3 M

Katsagoni et al. (2018) 21/21 41.99 ± 5.56/41.99 ± 4.59 17/13 Special Diet MDED Usual diet 3 M

Pugh et al. (2013) 7/6 37.99 ± 2.04/38 ± 4.85 7/3 Lifestyle ETN Conventional care 4 M

Pugh et al. (2014) 34/20 33 ± 1.79/33 ± 2.04 22/8 Lifestyle ETN Not have any type
of treatment

3 M

Houghton et al. (2017) 12/12 54 ± 12/51 ± 16 N/A Lifestyle ETN Not have any type
of treatment

3 M

George et al. (2022) 19/23 52.6 ± 11.7/52.1 ± 13.6 8/9 Special Diet MDED Low-fat diet 3 M

Ghetti et al. (2019) 20/20 48.3 ± 2.3/50.6 ± 2.3 12/9 Special Diet MDED plus nutritional orientation Only nutritional
orientation

3 M

Dong et al. (2016) 141/139 56.68 ± 5.33/57.94 ± 5.71 N/A Lifestyle ATS Received only
counseling in
annual checkups
without regular
intervention

24 M

Alami et al. (2022) 36/36 47.39 ± 10.29/45.11 ± 9.28 16/16 Special Diet MDED Low-sugar diet 6

Yurtdaş et al. (2022) 22/22 13.0 ± 1.99/13.9 ± 2.34 13/13 Special Diet MDED Low-fat diet 3

Misciagna et al. (2017) 50/48 30–89 16/10 Special Diet MDED Not have any type
of treatment

6

Cai et al. (2019) 90/79 35.50 ± 4.42/34.54 ± 6.96 35/23 Lifestyle ADF Without any
restrictions

3 M

Zhang et al. (2016) 73/74 54.4 ± 7.4/54.0 ± 6.8 22/28 Lifestyle ETN Not have any type
of treatment

3 M

Hallsworth et al. (2015) 11/12 54 ± 10/52 ± 10 N/A Lifestyle ETN Standard care 3 M

Li et al. (2022) 96/98 42.03 ± 8.53/42.88 ± 8.77 84/82 Lifestyle ETN Routine health
guidance and
follow-up
intervention

12 M

(Continued on following page)
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TABLE 1 (Continued) Definitions of terms in included studies.

Study, year Patients (no.
I/C)

Age years, range or
mean ± SD, I/C

Male
(No.I/C)

Type of
intervention

Intervention Control Treatment duration
(month) (M)

Abenavoli et al. (2015) 10/10 46 ± 4.85/28 ± 4.08 6/7 Special Diet MDED Not have any type
of treatment

6 M

Abenavoli et al. (2017) 20/10 41.99 ± 5.1/24.99 ± 3.83 12/6 Special Diet MDED Not have any type
of treatment

6 M

Manzhalii et al. (2017) 38/37 44.3 ± 1.5/43.5 ± 1.3 11/16 Medication PTC Placebo 3 M

Ezpeleta et al. (2023) 20/20 44 ± 16/44 ± 12 4/4 Lifestyle ADF Without any
restrictions

3 M

Chiurazzi et al. (2022) 36/32 56.1 ± 9.9/59.8 ± 10.9 16/16 Special Diet MDED Not have any type
of treatment

3 M

Saberi-Karimian et al.
(2020)

27/28 18–70 N/A Medication CUN Placebo 2 M

Hariri et al. (2020) 23/22 40.95 ± 12.24/40.06 ± 13.69 14/12 Medication CUN Placebo 2 M

Mohamad Nor et al.
(2021)

17/22 54.70 ± 10.19/52.47 ± 16.73 11/17 Medication PTC Placebo 6 M

Nourian et al. (2020) 36/33 49.45 ± 1.46/48.23 ± 1.63 N/A Lifestyle ATS Standard care 2 M

Dinu et al. (2018) 20/20 56.4 ± 7.7/53.6 ± 12.2 6/6 Special Diet MDED Not have any type
of treatment

3 M

Mobasheri et al. (2022) 42/45 35.43 ± 7.881/36.44 ± 8.414 15/15 Lifestyle Received 8 training sessions based on theory of
planned behavior

Received
nutritional and
physical activity
recommendations
from their internal
specialist and
nutritionist

3 M

Navekar et al. (2017) 21/21 42.09 ± 7.23/40.38 ± 9.26 10/8 Medication CUN PLB 2 M

Chong et al. (2021) 19/16 57 ± 8/58 ± 7 15/13 Medication PTC PLB 2.5 M

Chashmniam et al.
(2019)

25/20 46.56 ± 2.25/37.75 ± 3.22 13/14 Medication CUN PLB 2 M

Saadati et al. (2019) 27/23 11.5 ± 46.19/10.9 ± 45.13 13/14 Medication CUN PLB 3 M

Ahn et al. (2019) 30/35 41.7 ± 12.49/44.71 ± 13.31 15/18 Medication PTC PLB 3 M

Rahmani et al. (2016) 37/40 46.37 ± 11.57/48.95 ± 9.78 19/19 Medication CUN PLB 2 M

Mirhafez et al. (2019) 33/32 44.8 ± 11.14/40.7 ± 11.83 18/19 Medication CUN PLB 2 M

Mirhafez et al. (2021) 35/37 45.0 ± 11.1/43.1 ± 11.6 12/22 Medication CUN PLB 2 M
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confidence intervals (CIs) or odds ratios (ORs) with 95% CIs were
generated. The statistical heterogeneity criteria for the
application of the fixed-effects model were I2 < 50% and p >
0.01. If these criteria were not met, the random-effects model
was used. Heterogeneity among the included studies was
quantified by the I2 statistic and assessed by Cochran’s Q
statistic. I2 = 0% indicated no heterogeneity, and I2 = 100%
indicated maximum heterogeneity. Publication bias and small
sample effects were evaluated using funnel plots. Each
intervention was ranked using a cumulative ranking curve
(SUCRA). Higher SUCRA values indicated a higher
likelihood of achieving better therapeutic effects. A matrix
was developed to compare all interventions and detect
significant SUCRA differences between each pair of
interventions. The consistency or inconsistency of these
relationships was assessed to enhance the stability of the
results. Subgroup analysis of treatment time was performed
using Review Manager 5.3 software.

3 Results

3.1 Literature search and included studies

A total of 33,012 studies were identified in the initial literature
search, and 296 studies were selected for a detailed review after the
titles and abstracts were screened. Among them, 253 studies were
excluded, including 51 studies in which the control group received
other drugs, 16 studies which were non-RCTs, 13 studies in which
no indicators were related to NAFLD, 79 studies in which the
control group had other liver diseases, 74 studies which were
reviews, and 20 studies which had incomplete data. In the end,
43 studies (Pugh et al., 2013; Pugh et al., 2014; Abenavoli et al.,
2015; Hallsworth et al., 2015; Dong et al., 2016; Panahi et al., 2016;
Rahmani et al., 2016; Zhang et al., 2016; Abenavoli et al., 2017;
Cheng et al., 2017; Houghton et al., 2017; Manzhalii et al., 2017;
Misciagna et al., 2017; Navekar et al., 2017; Panahi et al., 2017;
Dinu et al., 2018; Katsagoni et al., 2018; Wong et al., 2018; Ahn
et al., 2019; Cai et al., 2019; Chashmniam et al., 2019; Ghaffari
et al., 2019; Ghetti et al., 2019; Mirhafez et al., 2019; Saadati et al.,
2019; Campanella et al., 2020; Cicero et al., 2020; Hariri et al., 2020;
Nourian et al., 2020; Saberi-Karimian et al., 2020; Çevik Saldiran
et al., 2020; Chong et al., 2021; Mirhafez et al., 2021; Mohamad Nor
et al., 2021; Alami et al., 2022; Asghari et al., 2022; Chiurazzi et al.,
2022; George et al., 2022; Khodami et al., 2022; Li et al., 2022;
Mobasheri et al., 2022; Yurtdaş et al., 2022; Ezpeleta et al., 2023)
were included in the NMA. The selection process is shown in
Figure 1. A total of 2,969 patients with NAFLD were included in
our NMA, and the characteristics of the subjects are shown in
Table 1.

3.2 Results of risk of bias

The 43 studies included in the NMA were assessed for risk
of bias using methods recommended by the Cochrane
Collaboration, and they had varying degrees of bias (In
Figure 2).TA
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3.3 NMA

We indirectly compared the effects of drugs, diet and lifestyle
interventions on the NAFLD-related indicators ALT, TC and LDL.

The results showed that there were no significant differences in the
NAFLD-related indicators among the various interventions.

We used SUCRA to rank interventions according to the effect on
ALT indicators, as shown in Table 2(a). The SUCRA of PTC was

FIGURE 2
Quality assessment (Cochrane risk of bias tool) for included RCTs. RCT, randomized control study, (A) Risk of bias graph, (B) Risk of bias summary.
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80.3%, which represented the best intervention. The next best
intervention was the SPD, with a SUCRA of 65.2%. LFT interventions
were ranked third, with a SUCRAof 61.4%. PLB andCUN ranked fourth
and fifth, respectively, with SUCRA values of 32.8% and 10.2%. The effect
on TC indicators is shown in Table 2(b). The SUCRA of PTCwas 89.4%,
which represented the best intervention. The next highest was the SPD,
with a SUCRA of 64%. CUN ranked third, with a SUCRA of 34%; the
SUCRA of LFT and PLB were 36.6% and 17%, respectively. The effect on
LDL indicators is shown in Table 2(c). The SUCRA of PTC was 84.2%,
which represented the best intervention. The next best intervention was
CUN, with a SUCRA of 69.5%. LFT ranked third, with a SUCRA of
51.7%, and PLB and SPD ranked fourth and fifth, respectively, with
SUCRA values of 30.1% and 14.5%.

3.4 Pairwise meta-analysis

We subdivided medication, diet and lifestyle intervention
measures and then conducted a pairwise comparison of ALT, TC
and LDL. The medication subdivisions were CUN, PTC and PLB,

and there were no significant differences in improvements in ALT,
TC and LDL levels Figure 3A(a–c), and the network map were
shown in Figures 4A(a–c). The diet subdivisions were MDED, low-
fat diet (LFD), and no treatment (NT). As shown in Figure 3Ba,
MDED was significantly better than NT in improving ALT [SMD
1.99, 95% CI (0.38, 3.60)]. There was no significant difference in
improving TC and LDL Figure 3B(b, c), and the network map were
shown in Figure 4B(a–c). The lifestyle subdivisions were exercise
training (ETN), acceptance of theoretical suggestions (ATS),
alternate-day fasting (ADF) and NT. There was no significant
difference in improvements to ALT, as shown in Figure 3C(a). In
terms of improving TC and LDL, ATS was significantly better than
NT [SMD 0.19, 95% CI (0.03, 0.36)] [SMD 0.18, 95% CI (0.01, 0.35)]
Figure 3C(b, c), and the networkmap were shown in Figure 4C(a–c).

3.5 Sensitivity and publication bias

The sensitivity analysis showed that any single study or cluster
study with certain characteristics had little effect on the change in

TABLE 2 Matrix of pairwise comparison among intervention methods for NAFLD-related indicators.

(a). Matrix of pairwise comparison among intervention methods on ADL (shown as mean difference and 95% confidence intervals)

PTC SPD LFT PLB CUN

SUCRA(%) 80.3 65.2 61.4 32.8 10.2

PTC 0 0.64 (−2.00,3.27) 0.76 (−1.78,3.30) 1.32 (−0.90,3.55) 2.04 (−0.61,4.70)

SPD −0.64 (−3.27,2.00) 0 0.12 (−1.75,2.00) 0.68 (−0.73,2.10) 1.40 (−0.62,3.43)

LFT −0.76 (−3.30,1.78) −0.12 (−2.00,1.75) 0 0.56 (−0.67,1.79) 1.28 (−0.61,3.18)

PLB −1.32 (−3.55,0.90) −0.68 (−2.10,0.73) −0.56 (−1.79,0.67) 0 0.72 (−0.73,2.17)

CUN −2.04 (−4.70,0.61) −1.40 (−3.43,0.62) −1.28 (−3.18,0.61) −0.72 (−2.17,0.73) 0

(b). Matrix of pairwise comparison among intervention methods on TC (shown as mean difference and 95% confidence intervals)

PTC SPD CUN LFT PLB

SUCRA(%) 89.4 64 43 36.6 17

PTC 0 0.47 (−0.60,1.54) 0.68 (-1.79,0.43) 0.75 (−0.32,1.81) 0.88 (−0.03,1.80)

SPD −0.47 (−0.60,1.54) 0 0.21 (-1.06,0.63) 0.28 (-0.51,1.06) 0.41 (−0.15,0.98)

CUN −0.68 (-1.79,0.43) −0.21 (-1.06,0.63) 0 0.06 (-0.77,0.90) 0.20 (-0.43,0.83)

LFT −0.75 (−0.32,1.81) −0.28 (-0.51,1.06) −0.06 (-0.77,0.90) 0 0.14 (-0.41,0.68)

PLB −0.88 (−0.03,1.80) −0.41 (−0.15,0.98) −0.20 (-0.43,0.83) −0.14 (-0.41,0.68) 0

(c). Matrix of pairwise comparison among intervention methods on LDL (shown as mean difference and 95% confidence intervals)

PTC CUN LFT PLB SPD

SUCRA(%) 84.2 69.5 51.7 30.1 14.5

PTC 0 0.26 (−1.14, 0.62) 0.40 (−0.45,1.25) 0.52 (−0.26,1.30) 0.63 (−0.22,1.48)

CUN −0.26 (−1.14,0.62) 0 0.14 (−0.39, 0.67) 0.26 (−0.15, 0.66) 0.37 (−0.16,0.90)

LFT −0.40 (−0.45,1.25) −0.14 (−0.39,0.67) 0 0.12 (−0.22, 0.46) 0.23 (−0.71,0.25)

PLB −0.52 (−0.26,1.30) −0.26 (−0.15,0.66) −0.12 (−0.22,0.46) 0 0.12 (−0.45, 0.22)

SPD −0.63 (−0.22,1.48) −0.37 (−0.16,0.90) −0.23 (−0.71,0.25) −0.12 (−0.45,0.22) 0

NAFLD, non-alcoholic fatty liver disease; PTC, probiotics; CUN, curcumin; LFT, Lifestyle; PLB, Placebo; SPD, Special Diet; SUCRA, Surface under the cumulative ranking curve; ALT, Alanine

aminotransferase; TC, Total cholesterol; LDL, low-density lipoprotein cholesterol.
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FIGURE 3
(A) Forest plot effcacy of medication with placebo (PLB), (a)Forest plot effcacy of curcumin (CUN) and probiotics (PTC) with placebo in improving
alanine aminotransferase (ALT), (b)Forest plot effcacy of curcumin (CUN) and probiotics (PTC) with placebo (PLB) in improving total cholesterol (TC), (c)
Forest plot effcacy of curcumin (CUN) and probiotics (PTC) with placebo (PLB) in improving low-density lipoprotein cholesterol (LDL). (B) Forest plot
effcacy of diet with control, (a) Forest plot effcacy of mediterranean diet (MDED) and low-fat diet (LFD) with not have any type of treatment (NT) in
improving alanine aminotransferase (ALT), (b) Forest plot effcacy of mediterranean diet (MDED) and low-fat diet (LFD) with not have any type of treatment
(NT) in improving total cholesterol (TC), (c) Forest plot effcacy of mediterranean diet (MDED) and low-fat diet (LFD) with not have any type of treatment
(NT) in improving low-density lipoprotein cholesterol (LDL).(C) Forest plot effcacy of lifestyle with control, (a) Forest plot effcacy of exercise training (ETN),
accept theoretical suggestions (ATS) and alternate-day fasting (ADF) with not have any type of treatment (NT) in improving alanine aminotransferase
(ALT), (b) Forest plot effcacy of exercise training (ETN), accept theoretical suggestions (ATS) and alternate-day fasting (ADF) with not have any type of
treatment (NT) in improving total cholesterol (TC), (c) Forest plot effcacy of exercise training (ETN), accept theoretical suggestions (ATS) and alternate-day
fasting (ADF) with not have any type of treatment (NT) in improving low-density lipoprotein cholesterol (LDL).
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FIGURE 4
(A) Network map for effcacy of medication with placebo (PLB), (a) Forest plot effcacy of curcumin (CUN) and probiotics (PTC) with placebo in
improving alanine aminotransferase (ALT), (b) Forest plot effcacy of curcumin (CUN) and probiotics (PTC) with placebo (PLB) in improving total
cholesterol (TC), (c) Forest plot effcacy of curcumin (CUN) and probiotics (PTC) with placebo (PLB) in improving low-density lipoprotein cholesterol (LDL).
Lines connect the interventions that have been studied in head-to-head comparisons in eligible RCTs. The width of the lines represents the total
number of RCTs for each pairwise comparison. The size of each node is proportional to the number of randomized participants. (B) Network map for
effcacy of diet with control, (a) Forest plot effcacy of mediterranean diet (MDED) and low-fat diet (LFD) with not have any type of treatment (NT) in
improving alanine aminotransferase (ALT), (b) Forest plot effcacy of mediterranean diet (MDED) and low-fat diet (LFD) with not have any type of treatment
(NT) in improving total cholesterol (TC), (c) Forest plot effcacy of mediterranean diet (MDED) and low-fat diet (LFD) with not have any type of treatment
(NT) in improving low-density lipoprotein cholesterol (LDL). Lines connect the interventions that have been studied in head-to-head comparisons in
eligible RCTs. The width of the lines represents the total number of RCTs for each pairwise comparison. The size of each node is proportional to the
number of randomized participants. (C) Network map for effcacy of lifestyle with control, (a) Forest plot effcacy of exercise training (ETN), accept
theoretical suggestions (ATS) and alternate-day fasting (ADF) with not have any type of treatment (NT) in improving alanine aminotransferase (ALT), (b)
Forest plot effcacy of exercise training (ETN), accept theoretical suggestions (ATS) and alternate-day fasting (ADF) with not have any type of treatment
(NT) in improving total cholesterol (TC), (c) Forest plot effcacy of exercise training (ETN), accept theoretical suggestions (ATS) and alternate-day fasting
(ADF) with not have any type of treatment (NT) in improving low-density lipoprotein cholesterol (LDL). Lines connect the interventions that have been
studied in head-to-head comparisons in eligible RCTs. The width of the lines represents the total number of RCTs for each pairwise comparison. The size
of each node is proportional to the number of randomized participants.
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SMD and its corresponding 95% CI. Significant publication bias was
not reported by Egger’s regression test or Begg’s adjusted rank
correlation test.

4 Discussion

To the best of our knowledge, this study was the first to
evaluate various interventions for NAFLD using pairwise
comparisons and network meta-analyses to explore the
effects of different types of interventions on liver cell damage
in NAFLD, the impact on lipid metabolism and the relative
efficacy of reducing the content of blood lipids and cholesterol.
The most important finding of this study was that compared
with diet and lifestyle, the use of probiotics had the best effect
on improving NAFLD indicators, while MDED and ATS were
superior to no treatment.

CUN, a natural polyphenol compound extracted from
turmeric, exhibits oxidative activity by removing ROS, helps
to prevent and resolve liver damage, and has a protective effect
on the liver (Yarru et al., 2009). CUN inhibits adipocyte
differentiation by inhibiting PPAR-γ and increasing
adenosine monophosphate-activated protein kinase, thereby
reducing body fat mass and leading to increased lipolysis
(Bradford, 2013). In our NMA, there was no significant
difference in the impact of CUN on ALT, TC and LDL
compared with that of PLB and PTC. However, SUCRA
ranked CUN as performing better than the placebo group in
terms of improving TC and LDL. Several previous studies have
reported conflicting effects of CUN on body composition in
NAFLD patients (Song et al., 2022). One study reported (Chen
et al., 2021) that CUN had no significant effect on body mass
index (BMI), body weight, or waist circumference (WC).
Another study (Mousavi et al., 2020) showed that the use of
different doses of CUN and the long duration of the trial could
affect BMI and WC in patients with NAFLD. Therefore, we
found that due to the difference in sample sizes of the included
studies, different dosages and durations of medication resulted
in heterogeneity.

PTCs are acquired symbiotic microorganisms that are beneficial
to host health when consumed in sufficient quantities (Pan et al.,
2022). PTC can treat NAFLD by regulating the composition of the
intestinal flora and the production of antibacterial factors, changing
the permeability and function of intestinal epithelial cells, modifying
endotoxemia, inhibiting inflammation, and regulating the immune
system. (Hecht et al., 2016). At the time of our analysis of the
included studies, PTC was not significantly different from CUN and
PLB, but SUCRA indicated that PTC was the best intervention for
improving ALT, TC, and LDL. Adverse effects of probiotics are rare,
except for changes in flatulence or bowel habits, but one study
(Borriello et al., 2003) suggested that additional use should be
carefully evaluated in immunocompromised or critically ill
patients to limit the risk of endocarditis or sepsis. In addition,
Lactobacillus is considered an emerging pathogen due to its clinically
important resistance to the antibiotic vancomycin (Sponton et al.,
2020). The PTCs used to treat NAFLD mainly include Lactobacillus
acidophilus, Lactobacillus rhamnosus, Streptococcus paralactis,
Lactobacillus pentosus, Lactobacillus lactis and Lactobacillus

brevis. A new type of called “NGPs” has also been applied,
including the mucobacter Akkermansia A. muciniphila, faecalis
F. praussnitzii and Bacteroides B. fragilis (Sáez-Lara et al., 2016).

The mediterranean diet (MDED), a healthy eating pattern with a
diet low in saturated fats and animal protein, high in antioxidants,
adequate fiber, monounsaturated fatty acids, and a balance of
omega-3 and omega-6 fats, generally consists of a high
consumption of whole grains, fruits, legumes, vegetables, nuts,
moderate amounts of dairy products, and a moderate
consumption of red wine (Cheng et al., 2020). Studies have
shown that MDED can reduce the development risk of NAFLD
through the nutritional effects of its bioactive compounds and the
antioxidant and anti-inflammatory effects of the phytochemicals it
contains (Sato and Sassone-Corsi, 2022). MDED not only positively
improves inflammatory biomarkers but also improves clinical
parameters such as body weight, waist circumference, liver fat
accumulation, blood drug level transaminase, glutamyltransferase,
triglycerides, cholesterol, insulin, and insulin resistance (Hunter,
2019). Our NMA shows that MDED can significantly improve the
indicators of NAFLD compared with no intervention. MDED is
appropriate for individuals who are not fit for exercise and patients
who have gastrointestinal intolerance to drugs.

As first-line treatment measures, health education and
physical activity can reduce the level of liver enzymes,
improve fatty liver, and reduce the content of triglycerides in
the liver and markers of liver cell injury in patients with
NAFLD, with the benefits of low cost and high return
(Hackstein and Klenerman, 2020). High-intensity interval
training and aerobic exercise can significantly reduce ALT,
AST, triglycerides and other indicators in patients with
NAFLD (Wang et al., 2019). One study showed that patients
who receive dietary and exercise advice from a nutritionist and
exercise physiologist, respectively, and were encouraged to
follow the advice, including controlling total calorie intake,
changing sedentary lifestyles, and choosing appropriate
exercise for their preferences, could effectively improve their
symptoms and indicators of NAFLD (Umpierre et al., 2011). In
our study, patients who received health education had
significantly different results than those who received no
intervention, suggesting an important role for advice and
intervention in the lifestyle of NAFLD patients. However, the
difference in exercise mode and intensity may be a source of the
greater heterogeneity.

5 Limitations

First, there was substantial heterogeneity in this NMA due to the
large number of studies included in our study, patients with different
dosages and durations of medication, exercise methods, exercise
times and exercise. Although we conducted subgroup analyses,
the studies did not mention individual age, gender, exercise
intensity, exercise time, exercise facilities and other contents,
which severely limited the availability of data. Second, the drugs
we included were only natural extracts and probiotics, which cannot
represent the efficacy and safety of all drugs in terms of treatment.
Finally, only English articles were selected, which may limit the
comprehensiveness of the data.
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6 Conclusion

The network meta-analysis integrated the available evidence
from previous studies, summarized several measures to improve
NAFLD in terms of drugs, lifestyle and diet, and provided some
suggestions for clinicians to choose some treatment methods. Our
study shows that probiotics are most likely to be the most effective
treatment for improving NAFLD indicators. Professional advice on
diet or exercise is more effective in treating NAFLD than no
intervention. However, considering the possible limitations of our
meta-analysis, the results should be interpreted with caution. More
multigroup randomized controlled trials should be conducted in the
future to provide more direct evidence of the relative efficacy of
different interventions.
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Impact of glucagon-like peptide
1 receptor agonist liraglutide and
dipeptidyl peptidase-4 inhibitor
sitagliptin on bowel cleaning and
gastrointestinal symptoms in type
2 diabetes

Yan Tong†, Jian Qing Huang†, Yang Chen, Mei Tu* andWei Wang*

Longyan First Affiliated Hospital of Fujian Medical University, Longyan, Fujian, China

Objective: Glucagon-like peptide 1 receptor agonists (GLP-1 RAs) and dipeptidyl
peptidase-4 inhibitors (DPP-4i) profoundly affect the gastrointestinal motor
system, which may increase the incidence of inadequate bowel cleaning and
gastrointestinal symptoms. Hence, this observational studymainly aimed to assess
the influence of GLP-1 RAs liraglutide and DPP-4i sitagliptin on bowel preparation
in type 2 diabetes (T2DM).

Method: This observational study consecutively enrolled T2DM scheduled for a
colonoscopy. Participants were prospectively separated into the liraglutide group
(n = 120), sitagliptin group (n = 120), and control group (n = 120) based on the
current hypoglycemic regimen. 3L split-dose polyethylene glycol regimens were
used for bowel preparation. Experienced gastrointestinal endoscopists conducted
colonoscopies. Lawrance Bowel-Preparation Tolerability Questionnaire and
Boston Bowel Preparation Scale (BBPS) were conducted to assess bowel
cleaning quality, tolerability, and safety.

Results: The incidence of inadequate bowel cleaning was 17.5% in the liraglutide
group, 20.5% in the sitagliptin group, and 21.7% in the control group. The
difference among the three groups was not statistically significant (p = 0.927).
Meanwhile, there were no significant differences in the mean BBPS, cecal
intubation time, and polyp-detecting rates among the three groups (all p >
0.0.05). Nausea, vomiting, and bloating scores were increased in the liraglutide
group compared with the other two groups (p < 0.05), whereas most were mild or
very mild. Subgroup analyses showed that the incidence of inadequate bowel
cleaning in T2DM with diabetic peripheral neuropathy (DPN) was increased in the
liraglutide group compared with the sitagliptin group (61.3% vs. 32.1%, p = 0.022)
and control group (61.3% vs. 32.8%, p = 0.025).

Conclusion:GLP-1RA liraglutide or DPP-4i sitagliptin did not significantly increase
the incidence of inadequate bowel cleaning and gastrointestinal symptoms during
bowel preparation. Liraglutide may increase the incidence of inadequate bowel
preparation in patients with DPN. This study reveal that more attention and
aggressive bowel preparation regimens should be given to the T2DM with DPN.

Clinical Trial Registration: (https://www.chictr.org.cn/index.aspx), identifier
(ChiCTR2200056148).
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Introduction

Diabetes mellitus (DM) is a metabolic disease mainly
characterized by chronic hyperglycemia and a worldwide public
problem threatening human health. According to the International
Diabetes FederationDiabetes Atlas (10th edition) (Ogurtsova et al.,
2022), the prevalence of DM is 10.5% in adults (20–79 years old) at
present, and the majority may increase to 11.43% in 2030% and
12.2% in 2045. DM is closely related to the occurrence and
development of digestive tumors that have been reported to be
an independent risk factor for malignant colorectal tumors
(Aleksandrova et al., 2011). In addition, DM is prone to
gastrointestinal dysfunction. Nearly half suffer from
gastrointestinal symptoms, including vomiting, nausea,
constipation, diarrhea, fecal incontinence, or abdominal pain
(Selbuz and Buluş, 2020; Sang et al., 2022). Colonoscopy has
been widely used as a valuable tool for screening and treating
colorectal diseases in the last 2 decades. Due to the high
prevalence of digestive disease in a large number of diabetic
populations, colonoscopy has been widely performed in routine
clinical diagnosis and treatment of diabetes with gastrointestinal
symptoms. Emerging evidence highlighted that some hypoglycemic
agents could inhibit intestinal motility, which might affect the
quality of bowel preparation and increase gastrointestinal
symptoms (Chung et al., 2009; Gandhi et al., 2018).

Hypoglycemic agents such as sulfonylureas, thiazolidinediones,
and insulin have rarely been reported to affect gastrointestinal
motility. Few studies found that metformin and α-glucosidase
inhibitors might affect gastrointestinal motility, but these effects
are weak and easily affected by other intestinal hormones (Jalleh
et al., 2022). Glucagon-like peptide 1 (GLP-1) is a kind of hormone
secreted predominantly by the proximal small intestine that can
reduce blood glucose by stimulating insulin release, decreasing
gastric emptying, inhibiting food intake, glucagon secretion, and
modulating rodent β-cell proliferation (Drucker, 2018). GLP-1
receptor agonists (GLP-1 RAs) are analogs of human native
GLP-1 hormone that can increase plasma GLP-1 half-life and has
widely used as hypoglycemic agents in T2DM (Wang et al., 2023).
Besides the well-known hypoglycemic effect of GLP-1 RAs,
increasing evidence showed that GLP-1 RAs also profoundly
affect the gastrointestinal motor system (Marathe et al., 2011). In
contrast, the impact of GLP-1 RAs on gut motility may vary with the
change in intestinal segments (Nauck et al., 1997; Thazhath et al.,
2016; Wegeberg et al., 2020). Endogenous GLP-1 is rapidly degraded
by the dipeptidyl peptidase-4 (DPP-4), resulting in a short half-life.
DPP-4 inhibitors (DPP-4i) can also reduce blood glucose by
increasing endogenous GLP-1 concentrations that can also
influence gastrointestinal motility (Deacon, 2020). Good
diagnostic performance and fewer complication rates depend on
good bowel cleaning quality. More studies have focused on the

effects of GLP-1 RAs and DPP-4i on gastrointestinal motility at
pharmacological concentrations and the motor actions of incretin-
based therapies. In contrast, few studies have put insights into the
potential effects of these agents on bowel cleaning quality and
gastrointestinal discomfort during bowel preparation. Current
guidelines did not address the recommendations of GLP-1
receptor agonists and DPP-4 inhibitors on bowel preparation.
Hence, we established an observational study to assess the effects
of GLP-1 RAs liraglutide and DPP-4i sitagliptin on bowel cleaning
quality, tolerability, and safety.

Materials and methods

Patients and study design

This prospective observational study enrolled T2DM from the
Department of Endocrinology at the Longyan First Affiliated
Hospital of Fujian Medical University, who screened for polyp
requiring colonoscopy between January 2020 and December
2022. The study inclusion criteria were as follows: 1) poor
glycemic control (HbA1c>7.0%) requires the addition of
hypoglycemic drugs such as liraglutide or sitagliptin. 2) currently,
with the treatment of liraglutide or sitagliptin (within 4 weeks).
T2DM were excluded if they were as follows:1) Accompanied by
severe chronic renal failure (CKD 3–5), heart failure (New York
Heart Association Class II–IV), unstable angina, acute or chronic
pancreatitis, serum electrolyte disturbances, and pregnancy. 2)
History of gastrointestinal or other abdominal surgery. 3)
Suspected gastrointestinal perforation, obstruction, and bleeding.
4) Long-term use of the laxative or prokinetic drug. 5) Currently
using liraglutide or sitagliptin for more than 4 weeks. 6) Currently
using other kinds of GLP-1 RAs or DPP-4i. 7) With fasting blood
glucose≥ 11.1 mmol/L or acute diabetic complications like
hyperglycemia, hyperosmolar syndrome, or diabetic ketoacidosis
during bowel preparation. All procedures were conducted in
compliance with the Declaration of Helsinki. All procedures were
performed in compliance with the Declaration of Helsinki. This
study was approved by the Ethical Committee of Longyan First
Affiliated Hospital of Fujian Medical University (LY-2020–072). All
patients gave written informed consent. We assumed that the
incidence of adequate bowel cleaning in control group might
range from 80% to 85%, and the liraglutide group may have a
5%–10% reduction. Based on the statistical results of SASS software,
the study population consisted of the liraglutide group (n = 120),
sitagliptin group (n = 120), and control group (n = 120). The
flowchart describing the selection process of the study population
is summarized in Figure 1.

Anthropometric and laboratory assessments

The clinical data were collected by a trained interviewer
through a standard questionnaire that consisted of age, duration
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of diabetes, history of diseases that could interfere with bowel
cleaning quality, current or prior use of drugs, smoking,
drinking, and gastrointestinal symptoms. Information was
also obtained through a review of medical records and
laboratory data. Height and weight were measured to the
nearest 0.1 cm and 0.1 kg. Patients wear hospital gowns and
bare feet. BMI was calculated as the weight divided by the square
of height (kg/m2). The following laboratory assessments were
measured by standard methods using fasting venous blood
samples, which were taken between 8 and 9 a.m. after fasting
overnight. Creatinine, alanine aminotransferase, and electrolyte
were measured by an auto-biochemical analyzer (Roche
Diagnostics Corporation). Glycosylated hemoglobin (HbA1c)
was evaluated by high-performance liquid chromatography with
a D10 set (Bio-RAD). In addition, retinal photography,
electromyography, and urinary microalbumin to creatinine
ratio (ACR) were also performed to screen diabetes-related
complications.

Bowel preparation

All participants received the same bowel preparation
regimens and were instructed to eat a semi-fluid low-fiber diet
2 days before the colonoscopy. During bowel preparation and
colonoscopy, all participants were not allowed to take
hypoglycemic drugs until they were asked to have a meal after
the colonoscopy. The bowel preparation regimens were 3-L split-
dose sulfate-free polyethylene glycol (SF-PEG, Beijing
Pharmaceutical Co,164.4g/bag). Patients received three bags of
SF-PEG and mixed it with 3L normal-temperature mineral water
in graduated bottles. The drinking rate is 250 mL every
10–15 min. Patients were instructed to drink 1 L of SF-PEG
solutions at 22:00 before the day of the colonoscopy, and the
remaining 2 L of SF-PEG solutions were drunk at 4–6 h before the
colonoscopy.

Quality and tolerability assessment

Colonoscopy was conducted by experienced
gastrointestinal endoscopists blinded to the study grouping.
The experienced endoscopists assessed the bowel cleaning
quality according to Boston Bowel Preparation Scale (BBPS)
(Calderwood and Jacobson, 2010). Cleanliness was evaluated
for the right colon (cecum, ascending), transverse (hepatic and
splenic flexures), and left colon (descending colon, sigmoid,
and rectum) separately. Each colon score from 0 to 3 is defined
as follows: 0) Unprepared colon segment with mucosa not seen
because of solid stool that cannot be cleared; (1)Portion of the
mucosa of the colon segment seen, but other areas of the colon
segment not well seen because of staining, residual stool, or
opaque liquid; 2) Minor amount of residual staining, small
fragments of stool or opaque liquid, but mucosa of colon
segment seen well; 3) Entire mucosa of colon segment seen
well with no residual staining, small fragments of stool, or
opaque liquid. The total score was calculated by adding the
cleanliness scores of 3 segments. The total BBPS scores <6 or
any segment of colon scores <2 was considered
inadequate bowel cleaning. Total BBPS scores ranging from
6 to 7 were considered good bowel cleaning. Total BBPS
scores ranging from 8 to 9 were considered excellent bowel
cleaning.

A validated colonoscopy preparation tolerability scale
(Lawrance Bowel-Preparation Tolerability Questionnaire) was
used to evaluate the tolerability. All participants need complete
the Lawrance questionnaire, including 9 symptoms (unpleasant
taste, excessive thirst, nausea, vomiting, bloating, abdominal
pain, headache, dizziness, and sleep disturbance) during bowel
preparation in 5 grades. Grades for individual items are none 0),
very mild 1), mild 2), moderate 3), and severe 4). Total scores are
the sum of the individual item scores (Lawrance et al., 2013). In
addition,7-point self-measured blood glucose (SMBG) was also
conducted to assess the occurrence of hypoglycemia from

FIGURE 1
Flowchart describing the selection process of the study population in this study.
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administering PEG solutions to the end of the endoscopy
procedure. Hypoglycemia was defined as patients’ measured
blood glucose meter recording less than 3.9 mmol/L with or
without low sugar symptoms and classified into
3 grades. The first-grade blood glucose ranges from 3.0 to
3.9 mmol/L. Second grade is blood glucose less than
3.0 mmol/L. Third grade is severe hypoglycemia with changes
in mental status or the need for assistance to restore blood
glucose.

Statistical analysis

Data were analyzed using the SPSS 23.0 software (SPSS Inc.
IBM). Descriptive data are expressed as means ± standard
deviation (SD) or median (interquartile range). Discrete
variables were summarized in frequency tables (N, %).
Statistical differences among groups were performed with a
one-way analysis of variance (ANOVA) followed by the
Turkey test for multiple comparisons. The Wilcoxon rank-
sum test was used for ordinal data. The chi-squared (χ2) test
or Fisher exact test was used to compare categorical variables. A
two-tailed value ofP< 0.05 was considered statistically
significant.

Results

Baseline demographic and clinical
characteristics

The study population consisted of the liraglutide group (n = 120),
sitagliptin group (n = 120), and control group (n = 120). The baseline
demographic and clinical characteristics of participants were
summarized in Table 1. Overall, 221 (61.4%) of them were male.
The mean age and diabetic duration were 56.8 ± 8.1 years old and
7.4 ± 5.2 years, respectively. The baseline characteristics were similar
among the three groups. There were no significant differences in age,
gender, BMI, diabetic duration, HbA1c, hypertension, diabetes
complications, number of other OADs or insulin, and bad habits
like smoking and drinking among the three groups (all p > 0.05).

Effects of liraglutide or sitagliptin on bowel
preparation quality

The BBPS of the participants in the control, sitagliptin, and
liraglutide groups were summarized in Table 2. The mean BBPS was
7(6–7), 2(2–2), 2(2–2), and 2 (2–3) in total, left colon, transverse
colon, and right colon, respectively. There were no significant

TABLE 1 Baseline demographic and clinical characteristics.

Variables Total (n = 360) Control group (n = 120) Sitagliptin group (n = 120) Liraglutide group (n = 120) P

Age (year) 56.8 ± 8.1 57.1 ± 7.6 56.7 ± 7.7 56.6 ± 9.1 0.893

Male, n (%) 221 (61.4) 72 (60.0) 74 (61.7) 75 (62.5) 0.921

BMI (kg/m2) 24.1 ± 3.2 24.2 ± 3.3 24.4 ± 3.0 23.8 ± 3.2 0.371

Duration (year) 7.4 ± 5.2 6.7 ± 4.8 7.6 ± 6.2 7.8 ± 4.6 0.263

HbA1c (%) 8.2 ± 2.3 8.1 ± 2.2 8.3 ± 2.4 8.3 ± 2.4 0.626

Creatinine (umol/L) 67.8 ± 15.4 68.4 ± 14.7 67.6 ± 15.3 67.8 ± 16.2 0.683

ALT (U/L) 35.6 ± 11.2 35.4 ± 9.8 36.1 ± 10.3 35.7 ± 11.2 0.749

Hypertension, n (%) 146 (40.6) 49 (40.8) 47 (39.2) 50 (41.7) 0.923

Smoking, n (%) 96 (26.7) 28 (23.3) 33 (27.5) 35 (29.2) 0.575

Drinking, n (%) 88 (24.4) 27 (22.5) 29 (24.2) 32 (26.7) 0.751

DR, n (%) 61 (16.9) 19 (15.8) 22 (18.3) 20 (16.7) 0.871

DN, n (%) 42 (11.7) 13 (10.8) 15 (12.5) 14 (11.7) 0.922

DPN, n (%) 85 (23.6) 26 (21.7) 28 (23.3) 31 (25.8) 0.746

ASCVD, n (%) 31 (8.6) 9 (7.5) 12 (10.0) 10 (8.3) 0.847

Insulin, n (%) 33 (9.2) 15 (12.5) 12 (10.0) 6 (5.0) 0.122

Number of other OADs

0 26 (7.2) 7 (5.8) 9 (7.5) 10 (8.3) 0.748

1 159 (44.2) 49 (40.8) 52 (43.3) 58 (48.3) 0.492

2 126 (35.0) 47 (39.2) 40 (33.3) 39 (32.5) 0.499

3 32 (8.9) 12 (10.0) 10 (8.3) 10 (8.3) 0.872

BMI, body mass index; HbA1c, glycated hemoglobin; ALT, alanine aminotransferase; DN, diabetic nephropathy; DR, diabetic retinopathy; DPN, diabetic peripheral neuropathy; ASCD,

atherosclerosis cardiovascular disease.
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differences in any segments among the three groups (all p > 0.05).
Figures 2A–C shows the three groups’ bowel cleaning quality, polyp
detecting rate, and cecal intubation time. The incidence of adequate
bowel cleaning (good and excellent) were 82.5%, 79.5%, and 78.3%
in the control, sitagliptin, and liraglutide groups, respectively
(Figure 2A), and the difference among the three groups was not
statistically significant (p = 0.927). In addition, liraglutide or
sitagliptin did not significantly influence the polyp-detecting rates
(p = 0.860). The polyp-detecting rates were 38.3%,41.7%, and 39.2%
(Figure 2B). Meanwhile, as shown in Figure 2C, there was no
significant difference in cecal intubation time among the three
groups (p = 0.672).

Subgroup analyses for adequate bowel
preparation

We also performed subgroup analyses to evaluate the impacts
of liraglutide or sitagliptin on bowel preparation quality. As shown
in Table 3, liraglutide and sitagliptin did not significantly influence
the adequate bowel preparation rate in subgroups of sex, age,
diabetes duration, hypertension, DR, DN, and ASCVD (all P >
0.05). However, in participants with DPN, the incidence of
adequate bowel cleaning in the liraglutide group was
significantly decreased than in the other two groups
(Figure 3A). On the contrary, there were no significant
differences in the polyp-detecting rates (Figure 3B) and cecal
intubation time (Figure 3C). Furthermore, the mean BBPS in

the liraglutide group also significantly decreased than in the
other two groups (Figure 4).

Effects of liraglutide or sitagliptin on bowel
preparation tolerability and safety

Lawrance tolerability scores were conducted to assess
gastrointestinal symptoms during bowel preparation. All
participants completed the bowel preparation and colonoscopy.
Table 4 shows that no serious adverse events happened among
the three groups. Most adverse events were adjudicated as scores 1 or
2. In addition, no significant differences were observed in unpleasant
taste, excessive thirst, abdominal pain, headache, dizziness, and sleep
disturbance scores among the three groups (all p > 0.05). On the
contrary, nausea, vomiting, and bloating scores increased in the
liraglutide group compared with the other two groups (p < 0.05).
Furthermore, few hypoglycemic events occurred in the three groups,
and the differences among the three groups were not statistically
significant (p > 0.05).

Discussion

Colonoscopy has been widely used as a valuable tool for
screening and treating colorectal disease in T2DM, often
accompanied by gastrointestinal discomfort and an increased risk
of malignant colorectal tumors. Successful colonoscopy depends on

TABLE 2 The BBPS of the participants in the control, sitagliptin, and liraglutide groups.

Variables Total (n = 360) Control group (n = 120) Sitagliptin group (n = 120) Liraglutide group (n = 120) P

Total 7 (6–7) 7 (6–7) 7 (6–7) 6 (6–7) 0.678

Left colon 2 (2–2) 2 (2–3) 2 (2–2) 2 (2–2) 0.597

Transverse colon 2 (2–2) 2 (2–2) 2 (2–2) 2 (2–2) 0.632

Right colon 2 (2–3) 2 (2–2) 2 (2–3) 2 (2–3) 0.721

BBPS, boston bowel preparation scale.

FIGURE 2
The incidence of inadequate bowel cleaning (A), polyp-detecting rates (B), and cecal intubation time (C) among the three groups.
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good bowel preparation. Emerging evidence highlighted that GLP-1
RAs and DPP-4i profoundly affect the gastrointestinal motor
system, which may influence the bowel cleaning quality. Hence,

this observation study mainly assessed the effects of GLP-1RA
liraglutide and DPP-4i sitagliptin on bowel cleaning quality,
tolerability, and safety. The results revealed that the incidence of

TABLE 3 Subgroup analyses for adequate bowel preparation.

Variables Control group (n = 99) (n = 120) Sitagliptin group (n = 95) Liraglutide group (n = 94) P

Sex,n (%)

Male 59 (81.9) 58 (78.4) 58 (77.3) 0.772

Female 40 (83.3) 37 (80.4) 36 (80.0) 0.903

Age,n (%)

<60 63 (87.5) 62 (83.8) 60 (80.0) 0.469

≥60 36 (75.0) 33 (71.7) 34 (75.6) 0.903

Diabetes duration,n (%)

<10 64 (88.9) 62 (83.8) 63 (84.0) 0.613

≥10 35 (72.9) 33 (71.7) 31 (68.9) 0.908

Hypertension,n (%)

With 35 (71.4) 33 (70.2) 36 (72.0) 0.981

Without 64 (90.1) 62 (84.9) 58 (82.9) 0.438

DR,n (%)

With 12 (63.2) 15 (68.2) 13 (65.0) 0.943

Without 87 (86.1) 80 (81.6) 81 (81.0) 0.573

DN,n (%)

With 8 (61.5) 9 (60.0) 8 (57.1) 0.972

Without 91 (85.0) 86 (81.9) 86 (81.1) 0.726

DPN,n (%)

With 18 (67.2) 19 (67.9) 12 (38.7) 0.028

Without 81 (86.2) 76 (82.6) 82 (93.2) 0.097

ASCVD, n (%)

With 6 (66.7) 7 (58.3) 7 (70.0) 0.839

Without 93 (83.8) 88 (81.5) 87 (79.1) 0.668

DN, Diabetic nephropathy; DR, Diabetic retinopathy; DPN, Diabetic peripheral neuropathy; ASCD, atherosclerosis cardiovascular disease.

FIGURE 3
The incidence of inadequate bowel cleaning (A), polyp-detecting rates (B), and cecal intubation time (C) in T2DMwith DPN among the three groups.
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adequate bowel cleaning was similar among the three groups.
Subgroup analyses showed that the incidence of adequate bowel
cleaning in the liraglutide group was significantly decreased
compared with the other two groups. Furthermore, nausea,
vomiting, and bloating scores were increased in the liraglutide
group than in the other two groups.

Polyethylene glycol (PEG) is widely used for bowel cleaning
and is recommended as a first-line drug in Chinese bowel
preparation guidelines for colonoscopy (Cancer Endoscopy
Committee of China Anti-Cancer Association, 2019).
Although bowel preparation strategies are the subject of

many studies, the optimal PEG dose for diabetes remains
uncertain. Increasing studies reported that a higher volume of
solution could achieve better bowel cleansing efficacy.
Meanwhile, the increased volume of solution can also
influence bowel cleaning tolerability (Enestvedt et al., 2012).
T2DM is often accompanied by several diabetic-related
complications and poor basic status. In addition, 4-L Split-
dose PEG is usually not tolerated by diabetes in clinical
practice. Thus, we adopted a 3-L Split-dose PEG for bowel
preparation, which was reported to be superior to 2-L PEG in
bowel cleansing quality among the Chinese population in a
multi-center, randomized, controlled trial (Zhang et al.,
2015). T2DM was well-recognized as a risk factor for
inadequate bowel cleaning and a potential reason for a repeat
colonoscopy. The latest epidemiological data from a meta-
analysis showed that the odds ratio (95CI) of T2DM for
inadequate bowel cleaning is 1.79 (1.54–2.09). In our study,
the percentage of T2DM achieved inadequate bowel cleaning is
20.0%, which was approximately two times than the previous
study that used the same 3-L Split-dose PEG for bowel
preparation in the healthy population (Kim et al., 2017).
Among the potential mechanism of inadequate bowel
preparation in diabetes, decreased intestinal transit and
slowed gastric emptying may play crucial roles (Horváth
et al., 2015).

Liraglutide is an analog of the human native GLP-1 hormone
released from the proximal small intestinal L cells with an increased
plasma half-life compared with the natural hormone. The ADA and
CDS guidelines have recommended it as the first-line hypoglycemic
agent for T2DM with a high risk of ASCD, chronic kidney disease,
and obesity. It has been well established that GLP-1 RAs have an
additional glycemic control effect beyond the pancreas by
influencing gastrointestinal motility (Smits et al., 2016; Dong

FIGURE 4
The distribution of BBPS in T2DM with DPN among the three
groups.

TABLE 4 Lawrance Tolerability Scores and hypoglycemic.

Variables Control group (n = 120) Sitagliptin group (n = 120) Liraglutide group (n = 120) P

Unpleasant taste 0 (0–1) 0 (0–1) 1 (0–1) 0.587

Excessive thirst 0 (0–0) 0 (0–1) 0 (0–0) 0.769

Nausea 1 (0–1) 1 (0–1) 1 (1–2)ab 0.008

Vomiting 0 (0–1) 0 (0–1) 1 (1–1)ab 0.032

Bloating 1 (0–1) 1 (0–1) 1 (1–2)ab 0.019

Abdominal pain 0 (0–1) 0 (0–1) 0 (0–1) 0.692

Headache 0 (0–1) 0 (0–1) 0 (0–1) 0.799

Dizziness 0 (0–0) 0 (0–0) 0 (0–0) 0.782

Sleep disturbance 1 (0–1) 0 (0–1) 1 (0–1) 0.435

Hypoglycemia

Total, n (%) 9 (7.5) 8 (6.7) 8 (6.7) 0.958

Level 1, n (%) 6 (5.0) 5 (4.2) 6 (5.0) 0.940

Level 2, n (%) 3 (2.5) 3 (2.5) 2 (1.7) 0.880

Level 3, n (%) 0 0 0 N/A

Lawrance Tolerability Scores: 0 = none, 1 = very mild, 2 = mild, 3 = moderate and 4 = severe. Level 1 hypoglycemia: blood glucose rang from 3.0 to 3.9 mmol/L. Level 2 hypoglycemia: blood

glucose less than 3.0 mmol/L. Level 3 hypoglycemia: severe hypoglycemia with changes in mental status or the need for assistance to restore blood glucose. aP < 0.05: Control group vs.

Liraglutide group. bP<0.05: Sitagliptin vs. Liraglutide group.
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et al., 2021). Nakatani. Y et al. demonstrated by capsule endoscopy
that GLP-1 RAs liraglutide could delay gastric emptying in T2DM
and inhibit duodenal and small intestinal motility (Nakatani et al.,
2017). Furthermore, another GLP-1 RAs exenatide was also
reported to have a slowing effect on gastric emptying (DeFronzo
et al., 2008) and small intestine motility (Thazhath et al., 2016). In
contrast, the impact of GLP-1 on colonic motility was opposite
compared with other intestinal segments. A recent randomized and
placebo-controlled trial confirmed that liraglutide could accelerate
large bowel transit and decreases the motility index in type
1 diabetes and polyneuropathy, which may indicate better
coordination of propulsive motility (Wegeberg et al., 2020).
Endogenous GLP-1 has a modest effect on gastric emptying.
Sitagliptin is a hypoglycemic agent that can increase endogenous
GLP-1 concentrations. Since they only slightly increased
endogenous GLP-1 concentrations, evidence from clinical trials
confirmed that DPP-4i sitagliptin, vildagliptin, and anagliptin did
not influence gastric emptying (Vella et al., 2007; Rhee et al., 2014;
Nakagawa et al., 2019). It appeared that the effect of GLP-1 RAs on
gastric emptying decreased over time and diminished markedly over
the course of 3–4 weeks (Horowitz et al., 2012; Jelsing et al., 2012).
Therefore, we mainly enrolled T2DM who received liraglutide or
sitagliptin within 4 weeks. Gastrointestinal motility plays an
important role in bowel preparation. Decreased gastrointestinal
motility is often accompanied by poor bowel cleaning quality and
an increased incidence of uncomfortable abdominal symptoms. Our
study showed that the percentage of participants who achieved
adequate bowel cleaning was similar among the three groups.
These findings are consistent with a retrospective study, which
found that GLP-1 RAs likely do not contribute to the higher
incidence of inadequate bowel preparation in diabetes (Sharma
et al., 2017). At the same time, subgroup analyses showed that
the incidence of inadequate bowel cleaning in the liraglutide group
was significantly higher than in the other two groups in the DPN
population. Gastrointestinal autonomic nerve damage was
consistent with peripheral nerve damage in diabetes. As the
degree of peripheral neuropathy deepens, the gastrointestinal
electrical activity becomes more abnormal, resulting in slower
gastrointestinal transmission (Farmer et al., 2017). Thus, we can
speculate that the effect of liraglutide on gastrointestinal motility
may further delay gastrointestinal transmission in T2DMwith DPN,
leading to inadequate bowel cleaning quality. These findings
suggested that more attention and aggressive bowel preparation
regimens should be given to this population. Based on the principle
of individualized bowel preparation, a 3-L Split-dose PEG regimen
combined with prokinetic or laxative agents like magnesium sulfate
solution may increase the bowel preparation quality among these
populations. Vomiting, nausea, and bloating were common
gastrointestinal adverse reactions during liraglutide treatment
(Bettge et al., 2017). The present study also revealed that the
Lawrance Tolerability Scores like vomiting, nausea, and bloating
were increased in liraglutide than in the other 2 groups. In
comparison, most of them are mild and tolerable. Hypoglycemia
is another potential adverse event to be concerned about during
bowel preparation and colonoscopy. This study found that
liraglutide or sitagliptin did not increase the incidence of
hypoglycemia. Thus, liraglutide or sitagliptin did not influence
the safety during bowel preparation and colonoscopy.

Limitation

This study evaluated the potential effects of GLP-1 RAs
liraglutide and DPP-4i sitagliptin on bowel cleaning quality,
tolerability, and safety. Some limitations should be mentioned in
this. First, the influence on gastrointestinal motility among GLP-1
receptor agonists may differ, and the results may not apply to other
GLP-1 RAs or DPP-4i. Second, this study was designed as an
observational study. Although the baseline characteristics were
similar among the three groups, more randomized and placebo-
controlled trials were needed to confirm these findings further.

Conclusion

In conclusion, GLP-1RA liraglutide and DPP-4i sitagliptin did not
significantly increase the incidence of inadequate bowel cleaning.
Meanwhile, liraglutide and sitagliptin do not affect the tolerability and
safety during bowel preparation and colonoscopy. By contrast, liraglutide
increase the incidence of inadequate bowel preparation in T2DM with
DPN. This study reveal that more attention and aggressive bowel
preparation regimens should be given to the T2DM with DPN.
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Background:Oxidative stress is considered a major factor in the pathophysiology
of non-alcoholic liver disease (NAFLD). A growing body of evidence indicates that
oleoylethanolamide (OEA), a bioactive lipid mediator, has anti-inflammatory and
antioxidant properties. This trial investigated the effects of OEA administration on
inflammatorymarkers, oxidative stress and antioxidant parameters of patients with
NAFLD.

Methods: The present randomized controlled trial was conducted on 60 obese
patients with NAFLD. The patients were treated with OEA (250mg/day) or placebo
along with a low-calorie diet for 12weeks. Inflammatory markers and oxidative
stress and antioxidant parameters were evaluated pre-and post-intervention.

Results: At the end of the study, neither the between-group changes, nor the
within-group differences were significant for serum levels of high-sensitivity
C-reactive protein (hs-CRP), interleukin-1 beta (IL-1β), IL-6, IL-10, and tumor
necrosis-factor α (TNF-α). Serum levels of total antioxidant capacity (TAC) and
superoxide dismutase (SOD) significantly increased and serum concentrations of
malondialdehyde (MDA) and oxidized-low density lipoprotein (ox-LDL)
significantly decreased in the OEA group compared to placebo at study
endpoint (p = 0.039, 0.018, 0.003 and 0.001, respectively). Although, no
significant between-group alterations were found in glutathione peroxidase
and catalase. There were significant correlations between percent of changes
in serum oxidative stress and antioxidant parameters with percent of changes in
some anthropometric indices in the intervention group.

Conclusion: OEA supplementation could improve some oxidative stress/
antioxidant biomarkers without any significant effect on inflammation in
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NAFLD patients. Further clinical trials with longer follow-up periods are demanded
to verify profitable effects of OEA in these patients.

Clinical Trial Registration: www.irct.ir, Iranian Registry of Clinical Trials
IRCT20090609002017N32.

KEYWORDS

OEA, inflammation, and NAFLD inflammation, non-alcoholic fatty liver disease,
oleoylethanolamide, oxidative stress

Introduction

Non-alcoholic fatty liver disease (NAFLD) is recognized as the
most frequent chronic liver disease globally (Abd El-Kader and El-
Den Ashmawy, 2015). Various estimates of NAFLD prevalence have
been reported in the general population (Estes et al., 2020). In 2030,
the prevalence of NAFLD is estimated at 33.5% among the adult
population and 28.4% among all ages (Estes et al., 2018). The disease
spectrum ranges from simple steatosis to non-alcoholic
steatohepatitis (NASH), characterized by hepatocyte ballooning
and/or lobular inflammation, which may lead to advanced
fibrosis, cirrhosis and fatal liver failure (Benedict and Zhang,
2017). Patients with NAFLD, especially those with NASH, often
have one or more components of the metabolic syndrome: obesity,
dyslipidemia, hypertension, and elevated fasting plasma glucose
concentrations or overt type 2 diabetes mellitus (T2DM).
Recently, it has been proposed that to rename NAFLD as
metabolic dysfunction-associated fatty liver disease (MAFLD)
(Tutunchi et al., 2020a; Singh et al., 2021).

Oxidative stress is regarded as the leading cause of various liver
diseases (Rolo et al., 2012; Li et al., 2015a). According to the
multiple-hit hypothesis, the widely accepted theory in NAFLD
pathogenesis, oxidative stress is one of the major mechanisms
responsible for the development of liver disorders by stimulating
Kupffer cells, hepatic stellate cells, and hepatocytes (Takaki et al.,
2013; Ma et al., 2021; Wang et al., 2021). Moreover, accumulating
evidence indicates that inflammatory pathways play pivotal roles in
the pathogeneses of NAFLD, and continuous inflammation (e.g.,
pro-inflammatory markers and recruitment of inflammatory cells)
stimulates the progression of NASH (Stojsavljević et al., 2014; Kwon
et al., 2016). Evidence demonstrates that the severity of NAFLDmay
be related to increased serum concentrations of inflammatory
mediators as well as decreased levels of anti-inflammatory
cytokines (Braunersreuther et al., 2012; Paredes-Turrubiarte et al.,
2016).

To date, there is no Food and Drug Administration (FDA)-
approved pharmacological treatment for NAFLD. Adherence to a
calorie-restricted diet and regular physical activity are the backbone
of therapy for patients with NAFLD. However, these goals are
difficult to implement due to poor adherence. Therefore,
adjuvant therapy is proposed as a potential treatment strategy in
these patients (Mahjoubin-Tehran et al., 2021). As peroxisome
proliferator-activated receptor (PPAR) agonists can improve
metabolic dysfunctions, inflammation, and oxidative stress related
to liver dysfunctions, agonists of PPARs have gained much attention
from the NAFLD and NASH research community (Gross et al.,
2017; Fougerat et al., 2020). Oleoylethanolamide (OEA), a potent
endogenous PPAR-α agonist, is a bioactive lipid mediator that

belongs to the family of endogenous acylethanolamides. OEA
acts via PPAR-α and has been proposed to exert multiple
biological activities such as anti-obesity, anti-inflammatory, and
antioxidant effects (Tutunchi et al., 2019; Akbari et al., 2022).
OEA administration has been demonstrated to reduce food
intake (Fu et al., 2003; Oveisi et al., 2004) and increase across-
meal satiety (Fu et al., 2008) through gut-brain communication.
Furthermore, OEA induces fatty acid uptake and lipolysis in the
adipose tissue and liver and reduces body weight gain in mice and
rats (Guzmán et al., 2004; Tutunchi et al., 2019).

The therapeutic effects of OEA in themodulation of various liver
disorders have also been reported in several studies. For instance, it
has been demonstrated that OEA can decrease lipid synthesis and
lipoprotein secretion in the liver (Pan et al., 2018) and improve liver
steatosis in rats (Li et al., 2015b) and humans (Tutunchi et al., 2020b;
Tutunchi et al., 2020c; Tutunchi et al., 2021). OEA attenuated liver
fibrosis through a PPAR-α dependent mechanism (Chen et al.,
2015). Misto et al. (2019) have found that OEA enhances fasting-
induced liver ketogenesis by activating PPAR-α. Moreover,
treatment with OEA significantly alleviated acute liver injury in
mice by decreasing plasma alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) concentrations, and reducing the
histopathological changes. Furthermore, administration of OEA
attenuated hepatic apoptosis, inhibited the expression of
oxidative stress biomarkers, and elevated the activity of
antioxidant enzymes. On the other hand, OEA significantly
prevented the expression of pro-inflammatory mediators and
suppressed NLRP3 inflammasome in mice (Hu et al., 2020).
Therefore, due to the profitable effects of OEA on liver diseases
on the one hand and the limitation of clinical trials on antioxidant
and anti-inflammatory effects of OEA in NAFLD patients on the
other hand, the present trial, for the fist time, assessed the effects of
OEA on inflammatory markers, oxidative stress and antioxidant
parameters of patients with NAFLD on a calorie-restricted diet.

Methods

Trial design and subjects

The methods have been published previously (Tutunchi et al.,
2020c; Tutunchi et al., 2021). The present investigation was a
randomized, triple-blind, parallel-controlled trial conducted
between 2019-February and 2019-July. The design was approved
by the ethics committee of Tabriz University of Medical Sciences
(IR.TBZMED.REC.1401.425). This trial was registered in the
Iranian Registry of Clinical Trials (IRCT20090609002017N32).
All of the participants provided written informed consent.
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By posting advertisements, subjects willing to participate were
recruited from hospitals and clinics in the north-west of Iran. The
participants of the current study were obese men and women with
NAFLD, who met the following inclusion criteria: age of
20–50 years, body mass index (BMI) of 30–40 kg/m2, with a
diagnosis of NAFLD (grade I or II) based on ultrasonographic
findings.

To assess the severity of fatty liver, ultrasonographic scoring
system developed by Hamaguchi et al (Hamaguchi et al., 2007) was
applied. Hepatorenal echo contrast, bright liver, deep attenuation,
and vessel blurring were applied to classify steatosis into three grades
including Mild (grade I), Moderate (grade II) and Severe (grade III).
As the most severe form of NAFLD patients (grade III) took specific
medications for live damage, they were not eligible to enroll to the
study (according to defined inclusion criteria) as well as ethical
problems.

Exclusion criteria included the use of weight-lowering diets or
agents in the last 6 months, pregnancy, lactation, menopause,
smoking, being professional athlete, addiction to alcohol (>10 g/d
for women and >20 g/d for men), any evidence of chronic infections,
diabetes, or autoimmune diseases, high blood pressure, kidney or
thyroid dysfunction, polycystic ovary syndrome, cardiovascular,
gastrointestinal, cancer, or hepatocellular diseases, the use of
anti-diabetic, antioxidant, or multivitamin-mineral supplements
in the last 3 months, the use of any medication or dietary
supplements that affect glucose and lipids metabolism during the
last 3 months or attending another clinical trial. In addition, the
individual characteristics and medical history of each patient were
collected.

Sample size

The sample size was determined according to mean and
standard deviation (SD) of TNF-α on the basis of previous trial
by Payahoo et al. (Payahoo et al., 2018). We calculated that a sample
size of 30 subjects was required for each group of the trial
considering a power of 80% and 95% significance level and an
drop-out rate of 20%.

Randomization and intervention

Using the block randomization method in blocks stratified by sex
and grading of NAFLD, the participants were randomly allocated to
either the intervention group (n = 30) or the control group (n = 30) for
12 weeks. Until the end of the analysis, patients and researchers as well
as statistical consultant were blind to the group assignments of the
trial. Synthesis of OEAwas conducted at Nutrition Research Center of
Tabriz University ofMedical Sciences and has been described in detail
in previous clinical trial (Laleh et al., 2018; Tutunchi et al., 2020c). The
daily OEA dose received by each patient was considered at 250 mg
based on the previous study on obese patients (Laleh et al., 2018). The
intervention group was treated with OEA (125 mg), twice a day, half
an hour before lunch and dinnermeal, and the placebo group received
two capsules of 125 mg starch for 12 weeks. The capsules of both
groups (in the same shape, size, and color) were delivered to patients
monthly.

Individual calorie-restricted diet (−500 kcal of total energy
expenditure) was designed for participants of each
group. Macronutrient distribution range for fat, protein, and
carbohydrates was respectively set at 30%, 15%, and 55% of daily
total energy intake.

To increase compliance, all patients received brief daily cell
phone reminders to take the supplements and emphasis physical
activity and weight-loss dietary plans given to them. Besides, every
2 weeks, participants were returned to clinic to assess diet based on
data obtained from 3- day food records. Participants were also
directly asked for adverse events. Assessment of supplement
adherence was conducted using unused capsule counts of each
patient (patients consuming >90% of the capsules delivered
during the study were considered as high adherence to the study
intervention). Data on calorie intake, obtained from the 3-day food
record, was applied for assessing adherence to the dietary plans
given to the participants.

Dietary intake and physical activity
assessment

Dietary intake information was collected based on 3-day food
record (two non-consecutive days and one weekend day per
individual) and analyzed by the Nutritionist IV software (First
Databank, San Bruno, CA, United States) at the onset and end of
the study. International Physical Activity Questionnaire-Short Form
(IPAQ-SF) was also applied to evaluate physical activity, based on
metabolic equivalent task minutes per week (MET, min/week)
(Craig et al., 2003).

Anthropometric and biochemical
measurements

Fasting body weight (kilograms) and height were assessed on a
calibrated Seca balance beam scale with height rod while patients
were barefoot and wearing light clothe. Other anthropometric
indices, including waist circumference (WC) and hip
circumference (HC) were evaluated using the standard methods.
BMI, waist-to-hip ratio (WHR) and waist-to-height ratio (WHtR)
were also computed.

All the biochemical measurements were performed at pre-and
post-intervention. A 5 ml venous blood sample was collected from
each patient after a 12-h overnight fasting and frozen at −80°C
immediately after collection. Serum concentration of high-
sensitivity C-reactive protein (hs-CRP) was assessed using the
immunoturbidimetry method (Pars Azmoon Co., Tehran, Iran).
Serum levels of interleukin-1 beta (IL-1β), IL-6, IL-10, tumor
necrosis-factor α (TNF-α) were measured by commercial
enzyme-linked immunosorbent assay (ELISA) kits (Bioassay
Technology Laboratory, Shanghai City, China). Total antioxidant
capacity (TAC) was assessed through the colorimetric method by
Randox total antioxidant status kit (Randox Laboratories,
United Kingdom). The levels of glutathione peroxidase (GSH-Px)
and superoxide dismutase (SOD) were evaluated by
spectrophotometric method using Ransel and Ransod kits,
respectively (Randox Laboratories, United Kingdom). The
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spectrophotometric thiobarbituric acid reactive substances (TBARS)
method was used to determine serum level of malondialdehyde
(MDA). The Aebi’s method was used for measuring catalase activity.
Serum oxidized-low density lipoprotein (ox-LDL) was detected by
ELISA (Mercodia AB, Uppsala, Sweden), according to
manufacturers’ specifications. Serum concentrations of total
cholesterol (TC), high-density lipoprotein cholesterol (HDL-C),
low-density lipoprotein cholesterol (LDL-C) and triglyceride were
determined by commercial kits (Pars-Azmoon Co., Tehran, Iran).

Statistical analysis

An intention-to-treat approach was used in all analyses. The
Shapiro-Wilk test and histograms were applied to check the
normality of variables. Continuous variables with normal
distribution were reported as mean (SD) and non-normal
variables were presented as median (25th and 75th
percentiles). The qualitative variables were represented with
frequency (percentage). Comparison of baseline
characteristics of patients between study groups was

performed using the independent samples t-test or
Mann–Whitney U test. To test within-group differences,
Paired samples t-test or Wilcoxon signed-rank test were
applied. Fisher’s exact test run for analyzing between-group
changes of qualitative data. To compare the two groups at the
end of the trial adjusting for baseline values and potential
confounders (i.e., age, alterations in physical activity, energy
intake, and BMI), analysis of covariance (ANCOVA) was run.
The correlation of serum oxidative stress and antioxidant
parameters with anthropometric indices and metabolic
parameters was analyzed using Pearson’s correlation
coefficient test. Two-tailed p-value <0.05 was regarded to be
statistically significant. All statistical analyses were done using
SPSS, version 23.0 (SPSS Inc., Chicago, IL, United States).

Results

The CONSORT flowchart of the trial is exhibited in Figure 1. A
total of 58 participants completed the trial; one patient in each arm
was lost to follow-up due to non-adherence to dietary

FIGURE 1
Study flow diagram (ITT, Intention to treat).
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recommendations. No side effects were reported by those who ended
the trial. There were no significant alterations between the study
groups in the baseline characteristics of patients including
demographic characteristics, physical activity levels and the
severity of fatty liver (Table 1).

At baseline, there were no significant differences between the
two groups, for anthropometric indices, dietary intakes and physical
activity (Table 2). Physical activity of the participants did not change
significantly throughout the trial (p = 0.206; data not shown).

As presented in Table 3, there were no significant differences in
inflammatory biomarkers as well as oxidative stress/antioxidant
parameters between study groups at baseline. In terms of
inflammatory markers, hs-CRP decreased significantly in both
study groups, no significant between-group alteration was
observed for this parameter at the end of the study, though.
Neither the between-group changes, nor the within-group
differences reached statistical significance for other markers of
inflammation including IL-1β, IL-6, IL-10, and TNF-α. Serum

levels of TAC and SOD significantly increased in both groups.
Greater increase in TAC and SOD levels was found in the OEA
group compared to the control at endpoint of the study (p =
0.039 and 0.018, respectively) after adjusting for potential
confounders including baseline values, age, changes in physical
activity, energy intake, and BMI. Moreover, serum MDA and ox-
LDL concentrations decreased in the OEA group compared to the
control at study endpoint (p = 0.003 and 0.001, respectively).
However, between-group alterations adjusted for above-
mentioned confounding variables revealed no meaningful
differences between the study groups in terms of GSH-Px and
catalase.

Correlation coefficients of serum oxidative stress and
antioxidant parameters with anthropometric indices and
metabolic parameters are presented in Table 4. A significant
inverse relationship was detected between percent of changes in
TAC with percentage of changes in BMI (p = 0.016) and WHR (p =
0.027) as well as an inverse relationship between percent of changes

TABLE 1 Baseline characteristics of the study participants.

OEA (n = 30) Placebo (n = 30) p

Age (years) 41.78 (9.77) 42.39 (11.77) 0.839a

Gender, n (%) 1.00b

Males 14 (46.66) 14 (46.66)

Females 16 (53.34) 16 (53.34)

Education, n (%) 0.403b

Illiterate 0 (0) 1 (3.33)

Diploma and lower 23 (76.66) 22 (73.33)

Bachelors and higher 7 (23.34) 7 (23.34)

Employment, n (%)

Employed 19 (63.34) 17 (56.67) 0.207b

Unemployed 11 (36.66) 13 (43.33)

Marital status, n (%) 0.369b

Single 3 (10.00) 5 (16.67)

Married 27 (90.00) 25 (83.33)

Physical activity level, n (%)

Very low 12 (40.00) 13 (43.33) 0.419b

Low 11 (36.66) 9 (30.00)

Moderate and high 7 (23.34) 8 (26.67)

Severity of fatty liver, n (%) 1.00b

Mild 19 (63.33) 19 (63.33)

Moderate 11 (36.67) 11 (36.67)

Severe 0 (0) 0 (0)

BMI, body mass index.; OEA, oleoylethanolamide.

Age is presented as mean (SD); other variables are presented as number (%).
aIndependent samples t-test.
bFisher’s exact test.
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in serum SOD level with percent of changes in BMI (p = 0.018) and
WC (p = 0.001) in the intervention group. However, we found a
positive correlation between percent of changes in MDA with
percent of changes in BMI (p = 0.022) and WHR (p = 0.041) as
well as a positive relationship between percent of changes in serum
ox-LDL level with percent of changes in BMI (p = 0.012) and WC
(p = 0.001) in the intervention group. No meaningful relationships
were detected between serum oxidative stress and antioxidant
parameters with other anthropometric indices as well as
metabolic parameters in the study groups.

Discussion

Little has been investigated about the effects of OEA on
inflammation and oxidative stress, main pathological factors
contributing to the initiation and progression of various liver
diseases, in patients with NAFLD. To our knowledge, the present
clinical trial is the first study to assess the effects of OEA
supplementation on inflammatory indices, oxidative stress and
antioxidant parameters in patients with NAFLD. Based on the
obtained results, after adjusting for possible confounders, OEA
supplementation caused a remarkable increase in TAC and SOD
levels in obese patients with NAFLD on a calorie-restricted diet.
However, treatment with OEA did not have a significant effect on
inflammatory biomarkers including hs-CRP, IL-1β, IL-6, IL-10, and
TNF-α. Furthermore, a significant decrease in serum MDA and ox-
LDL concentrations were found by OEA supplementation. We also
found significant correlations between percentage of changes in
serum oxidative stress and antioxidant parameters with percentage
of changes in some anthropometric indices in the intervention
group.

In contrast with aforementioned results, Payahoo et al
(Payahoo et al., 2018) concluded that OEA supplementation
(250 mg for 8 weeks) could significantly reduce serum
concentrations of IL-6 and TNF-α in healthy obese people.
Moreover, a significant reduction in the expression levels of
nuclear factor-kappa B (NF-kB) and IL-6 was observed in
obese patients with NAFLD after OEA supplementation
(Tutunchi et al., 2021). On the other hand, in the recent
investigation by Sabahi et al. (2022), OEA treatment (300 mg/
day) could improve the short-term inflammatory and oxidative
stress status in patients with acute ischemic stroke. A significant
reduction in serum levels of IL-1β, monocyte chemoattractant
protein-1 (MCP-1), and TNF-α were also found by
OEA supplementation (5 mg/kg) in alcohol intoxicated rats
(Antón et al., 2017). In addition, an animal study conducted
by Sun et al. (2007) demonstrated that administration of
10 mg/kg OEA could significantly prevent the expression of
cyclooxygenase-2 (COX-2) in wild-type mice. Anti-
inflammatory characteristics of OEA have been attributed to
the PPAR-α activation (Yang et al., 2016). OEA as a potent
endogenous PPAR-α agonist exerts anti-inflammatory effects
through increasing the expression of IkB as NF-kB inhibitory
protein, inhibiting lipopolysaccharide (LPS)-induced NF-kB
activation, suppressing the expression of COX-2 as a NF-kB
regulated protein, reducing the expression of vascular cell
adhesion molecule-1 (VCAM-1) and intracellular
adhesion molecule 1 (ICAM-1) as molecules involved in the
inflammatory response, interfering with the extracellular-
signal-regulated kinase (ERK)1/2-dependent signaling cascade,
and attenuating the expression of genes coding for inflammatory
biomarkers including IL-6, IL-1β, and TNF-α (Yang et al., 2016;
Payahoo et al., 2018; Tutunchi et al., 2021). On the other hand, as

TABLE 2 Anthropometric indices, dietary intake and physical activity of the patients at baseline.

OEA (n = 30) Placebo (n = 30) p

Weight (kg) 87.32 (13.79) 85.93 (14.77) 0.720a

BMI (kg/m2) 33.79 (6.69) 35.53 (7.12) 0.335a

Energy (kcal) 2351.17 (514.61) 2287.39 (429.11) 0.614a

Carbohydrate (g) 313.58 (98.75) 327.12 (111.51) 0.632a

Protein (g) 72.14 (28.17) 69.91 (24.57) 0.756a

Total fat (g) 91.28 (36.79) 87.33 (34.12) 0.680a

Cholesterol (mg) 153.77 (97.14, 391.67) 139.67 (94.33, 318.77) 0.501b

SFA (g) 13.46 (7.79, 19.65) 14.70 (9.65, 18.49) 0.389b

MUFA (g) 14.95 (6.13) 16.11 (7.03) 0.505a

PUFA (g) 27.66 (16.95, 39.55) 23.91 (10.16, 31.33) 0.485b

Dietary fiber (g) 15.15 (7.41, 19.74) 17.79 (5.51, 21.66) 0.335b

Physical activity (METs) 887.78 (456.50, 1953.33) 845.11 (234.19, 1789.11) 0.715b

BMI, body mass index; MD, METs, metabolic equivalents (MET-minutes/week); MUFA, monounsaturated fatty acids; OEA, oleoylethanolamide; PUFA, poly unsaturated fatty acids; SFA,

saturated fatty acids. Mean (standard deviation) are presented for normally distributed data. Median (25th and 75th percentiles) are presented for data not normally distributed.
ap-value based on Independent sample t-test.
bp-value based on Mann-Whitney U test.

p < 0.05 is statistically significant.
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TABLE 3 Inflammatory biomarkers and oxidative stress/antioxidant parameters of the patients throughout study.

OEA (n = 30) Placebo (n = 30) MD 95% CI p

IL-6 (pg/mL)

Baseline 18.67 (6.76) 21.68 (8.78) −3.01 −7.11, 1.10 0.138c

End 16.98 (5.56) 20.17 (6.56) −5.19 −11.97, 1.53 0.125d

MD −1.69 −1.50

95% CI - 4.49, 1.11 −4.49, 1.48

pa 0.236 0.324

IL-10 (ng/ml)

Baseline 118.33 (74.37, 165.23) 129.78 (90.51, 173.98) −11.45 −39.84, 16.93 0.429e

End 124.59 (89.44, 173.89) 134.48 (84.39, 177.78) −13.57 −55.71, 29.89 0.529d

MD 6.26 4.70

pb 0.193 0.234

IL-1β (pg/mL)

Baeline 13.23 (4.49) 15.11 (6.67) −1.88 −4.88, 1.11 0.205c

End 11.78 (3.39) 14.82 (5.59) −4.78 −14.69, 6.09 0.101d

MD −1.45 −0.29

95% CI −3.76, 0.86 −1.78, 1.18

pa 0.218 0.701

TNF-α (ng/L)

Baseline 53.71 (40.37, 157.23) 50.12 (38.22, 111.56) 3.59 −23.93, 31.10 0.798e

End 51.97 (36.37, 145.23) 49.36 (40.23, 127.87) 4.55 −12.81, 20.38 0.591d

MD −1.74 −0.76

pb 0.409 0.609

hs-CRP (mg/L)

Baseline 7.14 (4.08, 17.33) 5.78 (3.39, 12.98) 1.36 −1.00, 3.72 0.256e

End 4.56 (3.22, 21.11) 3.33 (2.13, 19.67) 2.49 −3.11, 7.96 0.311d

MD −2.58 −2.45

pb 0.038 0.013

TAC (mmol/L)

Baseline 0.81 (0.07) 0.75 (0.17) 0.06 −0.008, 0.129 0.075c

End 1.33 (0.15) 1.11 (0.19) 0.22 0.02, 0.59 0.039 d

MD 0.52 0.36

95% CI 0.16, 0.88 0.03, 0.70

pa 0.005 0.032

GSH-Px (U/g Hb)

Baseline 29.86 (6.89) 31.07 (3.87) −1.21 −4.15, 1.72 0.411c

End 34.48 (9.16) 33.59 (7.71) 1.59 −0.87, 3.94 0.173d

MD 4.62 1.89

95% CI 1.68, 7.56 −0.24, 4.01

(Continued on following page)
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OEA is an endogenous ligand for hypoxia-inducible factor 1
(HIF-α), it might alleviate inflammation (Diao et al., 2022). HIF-
1α inhibition could be a potential strategy for limiting
exacerbated inflammatory responses because it caused
sustained inflammation by activating NF-kB pathway (Palazon
et al., 2014). It is important to note that discrepancies between
our conclusions and above-mentioned findings might be
explained by different nature and design of the investigations
as well as supplementation with various dosages of OEA for
dissimilar periods of time. In addition, different methods and

various ELISA kits to measure serum concentrations of
inflammatory biomarkers may account for the apparent
discordant results and conclusions. Moreover, follow-up
period may not be sufficient enough to affect serum
inflammatory biomarkers in the present study.

In line with our results, a recent animal study by Giudetti et al.
(2021) revealed a meaningful reduction in the amounts of MDA and
carbonylated proteins after OEA treatment. In the same study, OEA
significantly increased the activity of antioxidant enzymes including
SOD, catalase, and GSH-Px (Giudetti et al., 2021). Additionally, oral

TABLE 3 (Continued) Inflammatory biomarkers and oxidative stress/antioxidant parameters of the patients throughout study.

OEA (n = 30) Placebo (n = 30) MD 95% CI p

pa <0.001 0.081

Catalase (U/g Hb)

Baseline 58.78 (11.77) 61.55 (19.11) −2.77 −11.05, 5.50 0.511c

End 60.05 (19.22) 61.12 (21.09) −2.89 −7.63, 3.83 0.412d

MD 1.27 −0.43

95% CI −1.62, 4.16 −2.13, 1.26

pa 0.387 0.621

SOD (U/mg Hb)

Baseline 1693.12 (105.77) 1733.11 (129.53) −39.99 −87.84, 7.87 0.095c

End 1933.13 (121.55) 1823.97 (152.31) 112.16 29.76, 207.09 0.018 d

MD 240.02 90.86

95% CI 87.80, 392.3 20.83, 160.90

pa <0.001 0.011

MDA (nmol/mL)

Baseline 4.08 (0.55) 3.88 (0.33) 0.20 −0.03, 0.43 0.088c

End 2.33 (0.97) 3.33 (0.98) −1.78 −0.73, −2.87 0.003d

MD −1.75 −0.55

95% CI −2.79, −0.71 −1.22, 0.12

pa 0.001 0.109

Ox-LDL (U/L)

Baseline 76.21 (14.28) 74.88 (21.87) 1.33 −8.29, 10.95 0.795c

End 71.55 (17.77) 72.51 (24.61) - 2.39 −6.12, −1.77 0.001d

MD −4.66 −2.37

95% CI −8.52, −0.81 −6.28, 1.53

pa 0.018 0.234

GSH-Px, glutathione peroxidase; hs-CRP, high-sensitivity C-reactive protein; IL, interleukin; MD, Mean/Median of difference; MDA, malondialdehyde; OEA, oleoylethanolamide; ox-LDL,

oxidized-low density lipoprotein; SOD, superoxide dismutase; TAC; total antioxidant capacity; TNF-α, tumor necrosis factor-α. Mean (standard deviation) are presented for normally

distributed data. Median (25th and 75th percentiles) are presented for data not normally distributed.
ap-value based on Paired sample t-test.
bp-value based on Wilcoxon signed-rank test.
cp-value based on Independent sample t-test.
dp-value based on ANCOVA, adjusted for baseline values, age, changes in physical activity, energy intake, and BMI.
ep-value based on Mann-Whitney U test.

p < 0.05 is statistically significant.

Bold values indicates statistically significant differences (p < 0.05).
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administration of 10 mg/kg/day OEA for 8 weeks attenuated
oxidative stress, endothelial cell damage, and early atherosclerotic
plaque formation in atherosclerotic mice (Ma et al., 2015).
Moreover, in plasma samples of healthy subjects, copper-induced
lipid peroxidation was reduced by OEA incubation (1 µM for 7 h)
(Zolese et al., 2008). The suspected mechanisms responsible for the
effects of OEA on oxidative stress and antioxidant parameters are
not yet fully understood. OEA acts as a potent antioxidant through
enhancing PPAR-α signaling, inhibiting LPS-induced oxidative/
nitrosative stress, decreasing the expression of apoptosis-related
proteins, preventing lipid peroxidation, attenuating the
expression of nuclear factor erythroid 2-related factor 2 (Nrf-2)
as a key transcription factor involved in inflammation and
antioxidant responses, and reducing the production of reactive
oxygen species (ROS) (Fan et al., 2014; Sayd et al., 2014;
Payahoo et al., 2018; Giudetti et al., 2021). We found significant
correlation between the percentage of changes in serum oxidative
stress and antioxidant parameters and the percentage of changes in
some anthropometric indices in the OEA group. In the
interpretation of these findings, it should be considered that
improvement in oxidative stress and antioxidant factors by OEA
supplementation might be attributed to improvement in
anthropometric parameters. It is documented that obesity can
induce systemic oxidative stress (Manna and Jain, 2015). OEA
could improve obesity by regulating energy hemostasis,
modulating lipid and glucose metabolism, stimulating the
expression of genes associated with fatty acid oxidation and

lipolysis, and controlling appetite and food intake through
induction of satiety-related genes expression (Laleh et al., 2018).
Therefore, improvement in anthropometric parameters by OEA
supplementation may contribute to the reduction of oxidative stress
through lowering tissue lipid levels and inflammation, alleviating
endothelial dysfunction and impaired mitochondrial function,
decreasing hyperglycemia, and improving hyperleptinemia
(Manna and Jain, 2015).

Strengths and limitations

The inclusion of patients newly diagnosed with NAFLD,
perfect adherence to the intervention, using a specified weight-
loss diet for all participants, frequent contact with the patients
through visit sessions and telephone, robust statistical analysis
and consideration of probable confounders were some of the
strength points of present trial. However, there are some
weaknesses to be considered for data interpretation. First,
serum concentration of OEA, the most appropriate method
for evaluating the adherence of participants to the
intervention, was not measured due to funding restrictions.
Second, self-reporting of dietary intake and physical activity
may lead to the low or high reporting bias. Third, although
ultrasonography is the preferred initial non-invasive and
relatively low-cost test for diagnosing NAFLD, it has been
shown to be less accurate in diagnosis of mild steatosis. Thus,

TABLE 4 Correlation coefficients among serum oxidative stress and antioxidant parameters and anthropometric indices and metabolic parameters.

Percnt of
changes

OEA (n = 30) Placebo (n = 30)

Percent of changes Percent of changes

TAC GSH-Px Catalase SOD MDA Ox-LDL TAC GSH-Px Catalase SOD MDA Ox-LDL

BMI −0.461*
(0.016)

−0.667
(0.301)

−0.207
(0.419)

−0.470 *
(0.018)

0.409 *
(0.022)

0.509 *
(0.012)

−0.238
(0.173)

−0.207
(0.601)

0.051
(0.859)

−0.289
(0.136)

0.416
(0.495)

0.116
(0.087)

WC −0.361
(0.259)

−0.055
(0.487)

−0.177
(0.591)

−0.365*
(0.001)

0.154
(0.355)

0.440 *
(0.001)

−0.641
(0.559)

−0.104
(0.314)

−0.105
(0.750)

−0.440
(0.316)

0.091
(0.852)

0.204
(0.227)

HC −0.062
(0.800)

−0.078
(0.706)

−0.598
(0.789)

−0.131
(0.801)

0.339
(0.840)

0.009
(0.678)

−0.026
(0.771)

−0.015
(0.837)

0.027
(0.881)

−0.405
(0.809)

0.038
(0.825)

0.049
(0.621)

WHR −0.377*
(0.027)

−0.315
(0.153)

−0.308
(0.079)

−0.409
(0.088)

0.431*
(0.041)

0.119
(0.227)

−0.379
(0.163)

−0.155
(0.801)

−0.101
(0.851)

−0.407
(0.097)

0.639
(0.208)

0.029
(0.101)

WHtR −0.131
(0.725)

−0.139
(0.222)

−0.087
(0.709)

−0.158
(0.443)

0.633
(0.199)

0.117
(0.403)

−0.405
(0.613)

−0.253
(0.852)

0.133
(0.391)

−0.088
(0.629)

0.077
(0.733)

0.331
(0.737)

TC −0.101
(0.469)

−0.421
(0.651)

−0.071
(0.843)

−0.293
(0.669)

0.177
(0.809)

−0.131
(0.725)

−0.097
(0.234)

−0.022
(0.605)

0.130
(0.933)

−0.081
(0.409)

0.182
(0.429)

0.431
(0.109)

TG −0.014
(0.133)

−0.310
(0.411)

−0.051
(0.401)

−0.404
(0.087)

0.038
(0.123)

−0.131
(0.725)

−0.335
(0.093)

−0.333
(0.120)

−0.444
(0.601)

−0.199
(0.173)

0.051
(0.733)

0.531
(0.144)

LDL-C −0.279
(0.320)

−0.033
(0.197)

−0.126
(0.805

−0.555
(0.879)

0.731
(0.877)

−0.131
(0.725)

−0.468
(0.701)

−0.403
(0.626)

−0.539
(0.727)

−0.011
(0.311)

0.008
(0.221)

0.491
(0.085)

HDL-C 0.045
(0.103)

0.159
(0.091)

0.009
(0.558)

0.058
(0.135)

0.108
(0.933)

−0.131
(0.725)

0.188
(0.249)

−0.039
(0.885)

0.008
(0.885)

0.181
(0.093)

−0.338
(0.097)

−0.229
(0.168)

BMI, body mass index; GSH-Px; glutathione peroxidase; HC, hip circumference; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MDA,

malondialdehyde; OEA, oleoylethanolamide; ox-LDL, oxidized-low density lipoprotein; SOD, superoxide dismutase; TAC, total antioxidant capacity; TC, total cholesterol; TG, triglyceride;

WC, waist circumference; WHR, waist to hip ratio; WHtR, waist to height ratio. *r(p) based on the Pearson’s correlation coefficient test.

p < 0.05 is statistically significant.
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some cases of mild steatosis might have been missed in this
clinical trial. Finally, as it is documented that the biological
effects of OEA are mainly mediated through PPAR-α signaling
pathway, it was better to measure serum level of PPAR-α.
However, funding constraints did not allow for measuring
serum concentration of PPAR-α in our patients.

Conclusion

In summary, OEA supplementation (250 mg for 12 weeks)
significantly improved oxidative stress and antioxidant
parameters of obese patients with NAFLD on a calorie-
restricted diet, while no signicant changes were found in terms
of inflammatory biomarkers. Although obtained results indicate
that OEA might be a promising therapy option for obese patients
with NAFLD, further high-quality randomized clinical trials with
longer follow-up periods are demanded to verify profitable effects
of OEA in these patients.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Ethics statement

All procedures performed in this study were in accordance
with the ethical standards of the Ethics Committee of Tabriz
University of Medical Science. In this study all subjects signed a
consent form and the study protocol was approved by the ethical
committee of Tabriz University of Medical Sciences (Ethics code:
TBZMED. REC.1401.425). The patients/participants provided
their written informed consent to participate in this study.

Author contributions

The authors’ responsibilities were as follows: HT wrote the
original paper; MN-S, FN, and RS help in data collection; FZ
contributed in patient selection; HT did statistical analysis; FN,
SN, and AO contributed to the conception of the article as well as to
the final revision of the manuscript. All authors read and approved
the final version of the manuscript.

Funding

This research was funded by the Endocrine Research Center of
Tabriz University of Medical Sciences [Grant No.70088].

Acknowledgments

We sincerely thank the patients who participated in the present
study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Abd El-Kader, S. M., and El-Den Ashmawy, E. M. (2015). Non-alcoholic fatty liver
disease: The diagnosis and management.World J. Hepatol. 7 (6), 846–858. doi:10.4254/
wjh.v7.i6.846

Akbari, N., Ostadrahimi, A., Tutunchi, H., Pourmoradian, S., Farrin, N., Najafipour,
F., et al. (2022). Possible therapeutic effects of boron citrate and oleoylethanolamide
supplementation in patients with COVID-19: A pilot randomized, double-blind, clinical
trial. J. trace Elem. Med. Biol. organ Soc. Minerals Trace Elem. (GMS) 71, 126945. doi:10.
1016/j.jtemb.2022.126945

Antón, M., Alén, F., Gómez de Heras, R., Serrano, A., Pavón, F. J., Leza, J. C., et al.
(2017). Oleoylethanolamide prevents neuroimmune HMGB1/TLR4/NF-kB danger
signaling in rat frontal cortex and depressive-like behavior induced by ethanol binge
administration. Addict. Biol. 22 (3), 724–741. doi:10.1111/adb.12365

Benedict, M., and Zhang, X. (2017). Non-alcoholic fatty liver disease: An expanded
review. World J. Hepatol. 9 (16), 715–732. doi:10.4254/wjh.v9.i16.715

Braunersreuther, V., Viviani, G. L., Mach, F., and Montecucco, F. (2012). Role of
cytokines and chemokines in non-alcoholic fatty liver disease.World J. gastroenterology
18 (8), 727–735. doi:10.3748/wjg.v18.i8.727

Chen, L., Li, L., Chen, J., Li, L., Zheng, Z., Ren, J., et al. (2015). Oleoylethanolamide, an
endogenous PPAR-α ligand, attenuates liver fibrosis targeting hepatic stellate cells.
Oncotarget 6 (40), 42530–42540. doi:10.18632/oncotarget.6466

Craig, C. L., Marshall, A. L., Sjöström, M., Bauman, A. E., Booth, M. L., Ainsworth, B.
E., et al. (2003). International physical activity questionnaire: 12-country reliability and
validity. Med. Sci. sports Exerc. 35 (8), 1381–1395. doi:10.1249/01.MSS.0000078924.
61453.FB

Diao, X., Ye, F., Zhang, M., Ren, X., Tian, X., Lu, J., et al. (2022). Identification of
oleoylethanolamide as an endogenous ligand for HIF-3α. Nat. Commun. 13 (1), 2529.
doi:10.1038/s41467-022-30338-z

Estes, C., Chan, H. L. Y., Chien, R. N., Chuang,W. L., Fung, J., Goh, G. B., et al. (2020).
Modelling NAFLD disease burden in four Asian regions-2019-2030. Aliment.
Pharmacol. Ther. 51 (8), 801–811. doi:10.1111/apt.15673

Estes, C., Razavi, H., Loomba, R., Younossi, Z., and Sanyal, A. J. (2018). Modeling
the epidemic of nonalcoholic fatty liver disease demonstrates an exponential
increase in burden of disease. Hepatol. Baltim. Md) 67 (1), 123–133. doi:10.
1002/hep.29466

Fan, A., Wu, X., Wu, H., Li, L., Huang, R., Zhu, Y., et al. (2014). Atheroprotective
effect of oleoylethanolamide (OEA) targeting oxidized LDL. PLoS One 9 (1), e85337.
doi:10.1371/journal.pone.0085337

Fougerat, A., Montagner, A., Loiseau, N., Guillou, H., and Wahli, W. (2020).
Peroxisome proliferator-activated receptors and their novel ligands as candidates for
the treatment of non-alcoholic fatty liver disease. Cells 9 (7), 1638. doi:10.3390/
cells9071638

Fu, J., Gaetani, S., Oveisi, F., Lo Verme, J., Serrano, A., Rodríguez De Fonseca, F., et al.
(2003). Oleylethanolamide regulates feeding and body weight through activation of the
nuclear receptor PPAR-alpha. Nature 425 (6953), 90–93. doi:10.1038/nature01921

Fu, J., Kim, J., Oveisi, F., Astarita, G., and Piomelli, D. (2008). Targeted enhancement
of oleoylethanolamide production in proximal small intestine induces across-meal
satiety in rats. Am. J. physiology Regul. Integr. Comp. physiology 295 (1), R45–R50.
doi:10.1152/ajpregu.00126.2008

Frontiers in Pharmacology frontiersin.org10

Tutunchi et al. 10.3389/fphar.2023.1144550

136

https://doi.org/10.4254/wjh.v7.i6.846
https://doi.org/10.4254/wjh.v7.i6.846
https://doi.org/10.1016/j.jtemb.2022.126945
https://doi.org/10.1016/j.jtemb.2022.126945
https://doi.org/10.1111/adb.12365
https://doi.org/10.4254/wjh.v9.i16.715
https://doi.org/10.3748/wjg.v18.i8.727
https://doi.org/10.18632/oncotarget.6466
https://doi.org/10.1249/01.MSS.0000078924.61453.FB
https://doi.org/10.1249/01.MSS.0000078924.61453.FB
https://doi.org/10.1038/s41467-022-30338-z
https://doi.org/10.1111/apt.15673
https://doi.org/10.1002/hep.29466
https://doi.org/10.1002/hep.29466
https://doi.org/10.1371/journal.pone.0085337
https://doi.org/10.3390/cells9071638
https://doi.org/10.3390/cells9071638
https://doi.org/10.1038/nature01921
https://doi.org/10.1152/ajpregu.00126.2008
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1144550


Giudetti, A. M., Vergara, D., Longo, S., Friuli, M., Eramo, B., Tacconi, S., et al. (2021).
Oleoylethanolamide reduces hepatic oxidative stress and endoplasmic reticulum stress
in high-fat diet-fed rats. Antioxidants (Basel, Switz. 10 (8), 1289. doi:10.3390/
antiox10081289

Gross, B., Pawlak, M., Lefebvre, P., and Staels, B. (2017). PPARs in obesity-induced
T2DM, dyslipidaemia and NAFLD. Nat. Rev. Endocrinol. 13 (1), 36–49. doi:10.1038/
nrendo.2016.135

Guzmán, M., Lo Verme, J., Fu, J., Oveisi, F., Blázquez, C., and Piomelli, D. (2004).
Oleoylethanolamide stimulates lipolysis by activating the nuclear receptor peroxisome
proliferator-activated receptor alpha (PPAR-alpha). J. Biol. Chem. 279 (27),
27849–27854. doi:10.1074/jbc.M404087200

Hamaguchi, M., Kojima, T., Itoh, Y., Harano, Y., Fujii, K., Nakajima, T., et al. (2007).
The severity of ultrasonographic findings in nonalcoholic fatty liver disease reflects the
metabolic syndrome and visceral fat accumulation. Am. J. Gastroenterol. 102 (12),
2708–2715. doi:10.1111/j.1572-0241.2007.01526.x

Hu, J., Zhu, Z., Ying, H., Yao, J., Ma, H., Li, L., et al. (2020). Oleoylethanolamide
protects against acute liver injury by regulating nrf-2/HO-1 and NLRP3 pathways in
mice. Front. Pharmacol. 11, 605065. doi:10.3389/fphar.2020.605065

Kwon, H., Song, K., Han, C., Chen, W., Wang, Y., Dash, S., et al. (2016). Inhibition of
hedgehog signaling ameliorates hepatic inflammation in mice with nonalcoholic fatty
liver disease. Hepatol. Baltim. Md) 63 (4), 1155–1169. doi:10.1002/hep.28289

Laleh, P., Yaser, K., Abolfazl, B., Shahriar, A., Mohammad, A. J., Nazila, F., et al.
(2018). Oleoylethanolamide increases the expression of PPAR-A and reduces appetite
and body weight in obese people: A clinical trial. Appetite 128, 44–49. doi:10.1016/j.
appet.2018.05.129

Li, L., Li, L., Chen, L., Lin, X., Xu, Y., Ren, J., et al. (2015). Effect of oleoylethanolamide
on diet-induced nonalcoholic fatty liver in rats. J. Pharmacol. Sci. 127 (3), 244–250.
doi:10.1016/j.jphs.2014.12.001

Li, S., Tan, H. Y., Wang, N., Zhang, Z. J., Lao, L., Wong, C.W., et al. (2015). The role of
oxidative stress and antioxidants in liver diseases. Int. J. Mol. Sci. 16 (11), 26087–26124.
doi:10.3390/ijms161125942

Ma, L., Guo, X., and Chen,W. (2015). Inhibitory effects of oleoylethanolamide (OEA)
on H-O-induced human umbilical vein endothelial cell (HUVEC) injury and
apolipoprotein E knockout (ApoE-/-) atherosclerotic mice. Int. J. Clin.
Exp. pathology 8 (6), 6301–6311.

Ma, Y., Lee, G., Heo, S. Y., and Roh, Y. S. (2021). Oxidative stress is a key modulator in
the development of nonalcoholic fatty liver disease. Antioxidants (Basel, Switz. 11 (1),
91. doi:10.3390/antiox11010091

Mahjoubin-Tehran, M., De Vincentis, A., Mikhailidis, D. P., Atkin, S. L., Mantzoros,
C. S., Jamialahmadi, T., et al. (2021). Non-alcoholic fatty liver disease and
steatohepatitis: State of the art on effective therapeutics based on the gold standard
method for diagnosis. Mol. Metab. 50, 101049. doi:10.1016/j.molmet.2020.101049

Manna, P., and Jain, S. K. (2015). Obesity, oxidative stress, adipose tissue dysfunction,
and the associated health risks: Causes and therapeutic strategies. Metab. Syndr. Relat.
Disord. 13 (10), 423–444. doi:10.1089/met.2015.0095

Misto, A., Provensi, G., Vozella, V., Passani, M. B., and Piomelli, D. (2019). Mast cell-
derived histamine regulates liver ketogenesis via oleoylethanolamide signaling. Cell
Metab. 29 (1), 91–102.e5. doi:10.1016/j.cmet.2018.09.014

Oveisi, F., Gaetani, S., Eng, K. T., and Piomelli, D. (2004). Oleoylethanolamide
inhibits food intake in free-feeding rats after oral administration. Pharmacol. Res. 49 (5),
461–466. doi:10.1016/j.phrs.2003.12.006

Palazon, A., Goldrath, A. W., Nizet, V., and Johnson, R. S. (2014). HIF transcription
factors, inflammation, and immunity. Immunity 41 (4), 518–528. doi:10.1016/j.immuni.
2014.09.008

Pan, X., Schwartz, G. J., and Hussain, M. M. (2018). Oleoylethanolamide differentially
regulates glycerolipid synthesis and lipoprotein secretion in intestine and liver. J. lipid
Res. 59 (12), 2349–2359. doi:10.1194/jlr.M089250

Paredes-Turrubiarte, G., González-Chávez, A., Pérez-Tamayo, R., Salazar-Vázquez,
B. Y., Hernández, V. S., Garibay-Nieto, N., et al. (2016). Severity of non-alcoholic fatty
liver disease is associated with high systemic levels of tumor necrosis factor alpha and
low serum interleukin 10 in morbidly obese patients. Clin. Exp. Med. 16 (2), 193–202.
doi:10.1007/s10238-015-0347-4

Payahoo, L., Khajebishak, Y., Asghari Jafarabadi, M., and Ostadrahimi, A. (2018).
Oleoylethanolamide supplementation reduces inflammation and oxidative stress in
obese people: A clinical trial. Adv. Pharm. Bull. 8 (3), 479–487. doi:10.15171/apb.
2018.056

Rolo, A. P., Teodoro, J. S., and Palmeira, C. M. (2012). Role of oxidative stress in the
pathogenesis of nonalcoholic steatohepatitis. Free Radic. Biol. Med. 52 (1), 59–69.
doi:10.1016/j.freeradbiomed.2011.10.003

Sabahi, M., Ahmadi, S. A., Kazemi, A., Mehrpooya, M., Khazaei, M., Ranjbar, A., et al.
(2022). The effect of oleoylethanolamide (OEA) add-on treatment on inflammatory,
oxidative stress, lipid, and biochemical parameters in the acute ischemic stroke patients:
Randomized double-blind placebo-controlled study. Oxid. Med. Cell Longev. 2022,
5721167. doi:10.1155/2022/5721167

Sayd, A., Antón, M., Alén, F., Caso, J. R., Pavón, J., Leza, J. C., et al. (2014). Systemic
administration of oleoylethanolamide protects from neuroinflammation and anhedonia
induced by LPS in rats. Int. J. Neuropsychopharmacol. 18 (6), pyu111. doi:10.1093/ijnp/
pyu111

Singh, S. P., Anirvan, P., Khandelwal, R., and Satapathy, S. K. (2021). Nonalcoholic
fatty liver disease (NAFLD) name change: Requiem or reveille? J. Clin. Transl.
hepatology 9 (6), 931–938. doi:10.14218/JCTH.2021.00174

Stojsavljević, S., Gomerčić Palčić, M., Virović Jukić, L., Smirčić Duvnjak, L., and
Duvnjak, M. (2014). Adipokines and proinflammatory cytokines, the key mediators in
the pathogenesis of nonalcoholic fatty liver disease. World J. gastroenterology 20 (48),
18070–18091. doi:10.3748/wjg.v20.i48.18070

Sun, Y., Alexander, S. P., Garle, M. J., Gibson, C. L., Hewitt, K., Murphy, S. P., et al.
(2007). Cannabinoid activation of PPAR alpha; a novel neuroprotective mechanism. Br.
J. Pharmacol. 152 (5), 734–743. doi:10.1038/sj.bjp.0707478

Takaki, A., Kawai, D., and Yamamoto, K. (2013). Multiple hits, including oxidative
stress, as pathogenesis and treatment target in non-alcoholic steatohepatitis (NASH).
Int. J. Mol. Sci. 14 (10), 20704–20728. doi:10.3390/ijms141020704

Tutunchi, H., Naeini, F., Saghafi-Asl, M., Farrin, N., Monshikarimi, A., and
Ostadrahimi, A. (2020). Effects of oleoylethanolamide supplementation on
atherogenic indices and hematological parameters in patients with nonalcoholic
fatty liver disease: A clinical trial. Health Promot Perspect. 10, 373–382. doi:10.
34172/hpp.2020.56

Tutunchi, H., Ostadrahimi, A., Saghafi-Asl, M., Hosseinzadeh-Attar, M-J., Shakeri,
A., Asghari-Jafarabadi, M., et al. (2020). Oleoylethanolamide supplementation in obese
patients newly diagnosed with non-alcoholic fatty liver disease: Effects on metabolic
parameters, anthropometric indices, and expression of PPAR-α, UCP1, and
UCP2 genes. Pharmacol. Res. 156, 104770. doi:10.1016/j.phrs.2020.104770

Tutunchi, H., Ostadrahimi, A., Saghafi-Asl, M., and Maleki, V. (2019). The effects of
oleoylethanolamide, an endogenous PPAR-α agonist, on risk factors for NAFLD: A
systematic review. Obes. Rev. official J. Int. Assoc. Study Obes. 20 (7), 1057–1069. doi:10.
1111/obr.12853

Tutunchi, H., Ostadrahimi, A., Saghafi-Asl, M., Roshanravan, N., Shakeri-Bavil,
A., Asghari-Jafarabadi, M., et al. (2021). Expression of NF-κB, IL-6, and IL-10
genes, body composition, and hepatic fibrosis in obese patients with NAFLD-
combined effects of oleoylethanolamide supplementation and calorie restriction: A
triple-blind randomized controlled clinical trial. J. Cell Physiol. 236 (1), 417–426.
doi:10.1002/jcp.29870

Tutunchi, H., Saghafi-Asl, M., Asghari Jafarabadi, M., and Ostadrahimi, A.
(2020). The relationship between severity of liver steatosis and metabolic
parameters in a sample of Iranian adults. BMC Res. Notes 13, 218. doi:10.1186/
s13104-020-05059-5

Wang, H., Mehal, W., Nagy, L. E., and Rotman, Y. (2021). Immunological
mechanisms and therapeutic targets of fatty liver diseases. Cell Mol. Immunol. 18
(1), 73–91. doi:10.1038/s41423-020-00579-3

Yang, L., Guo, H., Li, Y., Meng, X., Yan, L., Dan, Z., et al. (2016). Oleoylethanolamide
exerts anti-inflammatory effects on LPS-induced THP-1 cells by enhancing PPARα
signaling and inhibiting the NF-κB and ERK1/2/AP-1/STAT3 pathways. Sci. Rep. 6,
34611. doi:10.1038/srep34611

Zolese, G., Bacchetti, T., Masciangelo, S., Ragni, L., Ambrosi, S., Ambrosini, A., et al.
(2008). Effect of acylethanolamides on lipid peroxidation and paraoxonase activity.
BioFactors Oxf. Engl. 33 (3), 201–209. doi:10.1002/biof.5520330306

Frontiers in Pharmacology frontiersin.org11

Tutunchi et al. 10.3389/fphar.2023.1144550

137

https://doi.org/10.3390/antiox10081289
https://doi.org/10.3390/antiox10081289
https://doi.org/10.1038/nrendo.2016.135
https://doi.org/10.1038/nrendo.2016.135
https://doi.org/10.1074/jbc.M404087200
https://doi.org/10.1111/j.1572-0241.2007.01526.x
https://doi.org/10.3389/fphar.2020.605065
https://doi.org/10.1002/hep.28289
https://doi.org/10.1016/j.appet.2018.05.129
https://doi.org/10.1016/j.appet.2018.05.129
https://doi.org/10.1016/j.jphs.2014.12.001
https://doi.org/10.3390/ijms161125942
https://doi.org/10.3390/antiox11010091
https://doi.org/10.1016/j.molmet.2020.101049
https://doi.org/10.1089/met.2015.0095
https://doi.org/10.1016/j.cmet.2018.09.014
https://doi.org/10.1016/j.phrs.2003.12.006
https://doi.org/10.1016/j.immuni.2014.09.008
https://doi.org/10.1016/j.immuni.2014.09.008
https://doi.org/10.1194/jlr.M089250
https://doi.org/10.1007/s10238-015-0347-4
https://doi.org/10.15171/apb.2018.056
https://doi.org/10.15171/apb.2018.056
https://doi.org/10.1016/j.freeradbiomed.2011.10.003
https://doi.org/10.1155/2022/5721167
https://doi.org/10.1093/ijnp/pyu111
https://doi.org/10.1093/ijnp/pyu111
https://doi.org/10.14218/JCTH.2021.00174
https://doi.org/10.3748/wjg.v20.i48.18070
https://doi.org/10.1038/sj.bjp.0707478
https://doi.org/10.3390/ijms141020704
https://doi.org/10.34172/hpp.2020.56
https://doi.org/10.34172/hpp.2020.56
https://doi.org/10.1016/j.phrs.2020.104770
https://doi.org/10.1111/obr.12853
https://doi.org/10.1111/obr.12853
https://doi.org/10.1002/jcp.29870
https://doi.org/10.1186/s13104-020-05059-5
https://doi.org/10.1186/s13104-020-05059-5
https://doi.org/10.1038/s41423-020-00579-3
https://doi.org/10.1038/srep34611
https://doi.org/10.1002/biof.5520330306
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1144550


Potential prognostic and
immunotherapeutic value of
calponin 1: A pan-cancer analysis

Hengli Zhou1†, Junyu Ke2,3†, Changhua Liu1†, Menglu Zhu1,
Bijuan Xiao1, Qi Wang1, Rui Hou4, Yueer Zheng5, Yongqiang Wu3,
Xingting Zhou6, Xinlin Chen2* and Huafeng Pan1,7*
1Science and Technology Innovation Center, Guangzhou University of Chinese Medicine, Guangzhou,
China, 2School of Basic Medical Science, Guangzhou University of Chinese Medicine, Guangzhou, China,
3Gaozhou Hospital of Traditional Chinese Medicine, Gaozhou, China, 4Namyue Natural Medicine Co.,
Ltd., Macau, Macau SAR, China, 5Yu Fai Co., Ltd., Macau, Macau SAR, China, 6Namyue Group Co., Ltd.,
Macau, Macau SAR, China, 7Jiangsu Collaborative Innovation Center of Traditional Chinese Medicine in
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Background: Emerging evidence has suggested a pro-oncogenic role of calponin
1 (CNN1) in the initiation of a variety of cancers. Despite this, CNN1 remains
unknown in terms of its effects and mechanisms on angiogenesis, prognosis, and
immunology in cancer.

Materials and Methods: The expression of CNN1 was extracted and analyzed using
the TIMER, UALCAN, and GEPIA databases. Meanwhile, we analyzed the diagnostic
valueofCNN1by using PrognoScan andKaplan–Meier plots. To elucidate the valueof
CNN1 in immunotherapy, we used the TIMER 2.0 database, TISIDB database, and
Sangerbox database. Gene set enrichment analysis (GSEA) was used to analyze the
expression pattern and bio-progression of CNN1 and the vascular endothelium
growth factor (VEGF) in cancer. The expressions of CNN1 and VEGF in gastric
cancer were confirmed using immunohistochemistry. We used Cox regression
analysis to investigate the association between pathological characteristics, clinical
prognosis, and CNN1 and VEGF expressions in patients with gastric cancer.

Results: CNN1 expressionwas higher in normal tissues than it was in tumor tissues of
most types of cancers. However, the expression level rebounds during the
development of tumors. High levels of CNN1 indicate a poor prognosis for
11 tumors, which include stomach adenocarcinoma (STAD). There is a relationship
between CNN1 and tumor-infiltrating lymphocytes (TILs), and the marker genes
NRP1 and TNFRSF14 of TILs are significantly related to CNN1 expression in gastric
cancers. The GSEA results confirmed the lower expression of CNN1 in tumors when
compared to normal tissues. However, CNN1 again showed an increasing trend
during tumor development. In addition, the results also suggest that CNN1 is involved
in angiogenesis. The immunohistochemistry results validated the GSEA result (take
gastric cancer as an example). Cox analysis suggested that high CNN1 expression and
high VEGF expression are closely associated with poor clinical prognosis.

Conclusion: Our study has shown that CNN1 expression is aberrantly elevated in
various cancers and positively correlateswith angiogenesis and the immune checkpoint,
contributing to cancer progression and poor prognosis. These results suggest that
CNN1 could serve as a promising candidate for pan-cancer immunotherapy.
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GRAPHICAL ABSTRACT

1 Introduction

The overall uptrend in the incidence and mortality of cancers
remains a serious challenge globally that threatens human health
and declines life quality. Over the decades, global joint projects, such
as the Human Genome Project, Human Pathology Atlas, and
Human Cell Atlas, have aimed to construct a series of online
databases to uncover the pathogenesis of diseases and promote
targeted drug developments and precision interventions. These
progressions would be further promoted by the emergence of
single-cell sequencing, spatial transcriptomics sequencing, and
CAR-T immunotherapy. Recently, pan-cancer analysis has served
as a novel hot spot to integrate multiple online databases to screen

and investigate the key points and common molecular events linked
to the occurrence and advancement of cancer (Cocco et al., 2018;
Solomon et al., 2019). Therefore, the potential value of pan-cancer
analyses is enormous. Gastric cancer (GC) is well-known as one
of the most lethal cancers. Global Cancer Statistics 2020 has
indicated that GC is the fifth most commonly diagnosed cancer
(5.6%) and fourth leading cause of cancer-related mortality
(7.7%) (Sung et al., 2021). The search for biomarkers that can
be used for early diagnosis and treatment of cancer is necessary.
Tumor immunotherapy, which is different from conventional
chemotherapy and radiotherapy, focuses on regulating the
immunogenicity of cancer or activating T cells to identify
specific immune checkpoints of tumor cells and eliminate
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cancer cells. This is a method with great potential for high efficacy
in cancer treatment (Yang, 2015).

CNN1 is a filament-associated protein located in the
cytoskeleton, which is implicated in the maintenance of blood
vessel integrity and regulation of smooth muscle contraction
(Miano and Olson, 1996; Samaha et al., 1996). CNN1 was found
to trigger the growth of “leaky” tumor vessels. CNN1 is also required
for the maturation of tumor vessels, and its loss in host mural cells
would inhibit this process (Yamamura et al., 2007). Moreover,
CNN1 displays tumor-suppressive properties in human uterine
leiomyosarcoma (Horiuchi et al., 1999). CNN1 deficiency causes
structural fragility of blood vessels and the peritoneum and
promotes hematogenous metastasis and peritoneal dissemination
of malignant tumor cells (Taniguchi et al., 2001). Some studies have
shown that CNN1 has an inhibitory effect on the malignant
biological behavior of lung squamous cell carcinomas, such as
invasion and migration, and also affects their
epithelial–mesenchymal transition (Li et al., 2017). These findings
have suggested that CNN1 would act as a double-edged sword in a
complex context, which might depend on its expression level and
tissue specificity.

In this study, we conducted a comprehensive pan-cancer
analysis to summarize the prognostic significance of CNN1 in
various types of cancer. Additionally, we explored the impact of
CNN1 on mediating angiogenesis, immune checkpoint modulation,
and prognostic value to assess its potential applications in targeted
cancer intervention.

2 Materials and methods

2.1 CNN1 expression in pan-cancerous
tissues and tumor staging

With the TCGA tumor data collected from the TIMER database
(Li et al., 2017), a free web server built on R’s Shiny web framework
(version 3.6.1), we used the exploration module of the website to
investigate the expression of CNN1 in the TCGA pan-cancer cohort
and presented it through the visualization function of the website.

The UALCAN database (Chandrashekar et al., 2022), a website
that allows online exploration, analysis, and visualization of tumor
data, contains the comprehensive tumor database TCGA and the
tumor proteome database CPTAC. We used the website to analyze
the differences in CNN1 expression across tumor groups in the
CPTAC data set. We selected the CPTAC data set, entered “CNN1”,
and analyzed the expression of CNN1 in breast cancer (BRCA),
ovarian cancer (OV), colorectal adenocarcinoma (COAD), kidney
renal clear cell carcinoma (KIRC), uterine corpus endometrial
carcinoma (UCEC), lung adenocarcinoma (LUAD), head and
neck squamous carcinoma (HNSC), pancreatic ductal
adenocarcinoma (PAAD), and hepatocellular carcinoma (HCC).

We analyzed the relationship between CNN1 expression and
tumor pathological stages (stages I–IV) based on the TCGA and
GTEx data through the online GEPIA database (Tang et al., 2017).
This was done by selecting the website and entering “CNN1” and
selecting the StagePlot module, which transforms the expression
data using the log2 (TPM + 1) log scale, and the results were
visualized as violin plots.

2.2 Prognostic analysis of CNN1 based on
different databases

To identify the effects of CNN1 expression on prognosis for
various tumor types, we performed a prognostic analysis in the
PrognoScan and Kaplan–Meier plotter databases (Mizuno et al.,
2009; Nagy et al., 2018). By searching the databases for “CNN1”, we
obtained the prognostic relationship between CNN1 expression
levels and various tumor types, which included three different
types of survival: overall survival (OS), disease-free survival
(DFS), and disease-specific survival (DSS). Furthermore, based on
the online survival analysis function provided by the Kaplan–Meier
plotter database, we evaluated how CNN1 expression affects the
prognosis of the different tumors. We entered “CNN1” in the
abovementioned website, selected OS as a survival index,
analyzed 21 types of tumors such as bladder carcinoma, and
selected results with p < 0.05 for uniform presentation.

2.3 Relationship between CNN1 and
immune cell infiltration and immune loci

The TISIDB platform explores tumor–immune interactions
with data sets primarily derived from TCGA (Ru et al., 2019).
Through the TISIDB website, we performed correlation analysis
of the immune or molecular subtypes of CNN1 in different tumors.
Meanwhile, we analyzed the relationship between CNN1 and
immune loci in the Sangerbox database, which included a total of
47 common immune checkpoint genes, and presented the analysis
results as heat maps through the website visualization function (Hu
et al., 2021). TIMER 2.0 was used to analyze immune cell infiltration
in tumor tissues to determine the relationship between CNN1 and
immune cell infiltration (Li et al., 2020).

2.4 Functional enrichment analysis

The TCGA database was used to extract transcriptional
expression profiles of 407 GC samples, and the C2 gene
collection from the Molecular Signatures Database v 5.2 was used
for the main analysis. Based on a gene set enrichment analysis
(GSEA), we determined the function of the gene sets. When p <
0.05 and the false discovery rate (FDR) <0.25, the gene set was
considered significantly enriched.

2.5 HE staining and immunohistochemical
study of CNN1 in tumor tissues and
paracancerous tissues

To make these findings more convincing, we included a total of
50 clinical GC samples for HE staining and immunohistochemical
studies for CNN1 and VEGF expressions in clinical GC tissues. The
human GC tumor specimens were obtained from the Department of
Surgery II, Gaozhou Hospital of Traditional Chinese Medicine,
Guangdong Province, and the Declaration of Helsinki was
followed in all experimental contents of this study involving
human tissues. This study was also approved by the Ethics
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Review Committee of Gaocheng City Hospital of Traditional
Chinese Medicine (No. Y(2021)18). Before performing
immunohistochemical studies, we embedded the tumor tissues in
paraffin and performed HE staining. After rehydrating the tissue
sections with xylene and alcohol, hematoxylin and eosin were used
to label the nucleus and cytoplasm, and the pathological features of
the tumor and paracancerous tissues were observed under the
microscope (Lonardi et al., 2021). In the immunohistochemical
study, the primary antibodies were anti-calponin 1 (Ab46794;
Abcam) and anti-VEGF (Ab1316; Abcam), and each section was
photographed at ×200 magnification with three fields of view
selected to control the photographic conditions: shooting
magnification, shooting brightness, white balance, and exposure
time. Statistical analysis was performed using the ImageJ software to
quantify the average optical density (AOD) value, i.e., Integrated
Optical Density sum/area sum. Finally, the average optical density of
the three fields of view in each slice was used as the optical density
value of this sample.

2.6 Statistical and prognostic analyses of
clinical information

The Fisher’s exact test and Wilcoxon rank-sum test were used
for categorical and continuous type variables, respectively, to
assess the relationship between the expression levels of CNN1,
VEGF, and each clinical feature. The univariate Cox risk ratio
regression was used to assess the discrete hazard ratio (HR) of
CNN1 expression and other pathological features, and

independent variables were sought. A p < 0.05 was considered
to be a significant difference.

3 Results

3.1 Expression of CNN1 in pan-cancerous
tissues

We first extracted and analyzed the expression of CNN1 in pan-
cancerous tissues from the TIMER, CPTAC, and GEPIA databases.
The expression of CNN1 in bladder carcinoma (BLCA), BRCA,
cervical squamous cell carcinoma (CESC), COAD, esophageal
adenocarcinoma (ESCA), KICH, kidney renal papillary cell
carcinoma (KIRP), LUAD, lung squamous cell carcinoma
(LUSC), rectum adenocarcinoma (READ), PRAD, STAD, thyroid
carcinoma (THCA), and UCEC tumor tissues was significantly
lower than that in para-carcinoma tissues, while the protein
expression level of CNN1 in CHOL and LIHC tumor tissues was
higher than that in para-carcinoma tissues (Figure 1A). Figure 1B
shows the results of the CPTAC database analysis, which found that
the expression levels of CNN1 were significantly lower in BRCA,
OV, COAD, KIRC, UCEC, LUAD, HNSC, and HCC tissues (p <
0.01), while in PAAD tissues, the CNN1 expression level was
significantly higher than that in normal tissues that were
adjacent to the cancer tissues (p < 0.01). In addition, to further
evaluate the expression of CNN1 in different tumor stages, the
CNN1 expression levels were closely associated with the
clinicopathological stages of patients with ACC, BLCA, BRCA,

FIGURE 1
Analysis of CNN1 expression levels in human pan-cancer samples. (A) Expression levels of CNN1 in different cancer types in the TCGA database
analyzed using the TIMER database (*p < 0.05, **p < 0.01, and ***p < 0.001). (B) Differences in CNN1 expression between tumor and paracancerous
tissues in the CPTAC database.

Frontiers in Pharmacology frontiersin.org04

Zhou et al. 10.3389/fphar.2023.1184250

141

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1184250


COAD, ESCA, KIRC, KIRP, OV, and STAD using the GEPIA
database analysis (p < 0.05, Figure 2).

3.2 Correlation between CNN1 protein
expression levels and survival prognosis of
cancer patients

To analyze the effect of high versus low expression of CNN1 on
tumor prognosis, we performed a pan-cancer survival analysis
using the PrognoScan, Kaplan–Meier plotter, and GEPIA
databases. In general, low CNN1 expression had a good
prognosis in most of the tumors; high CNN1 expression also
had a good prognosis in a small number of tumors. As shown

in Figure 2, patients in the CNN1 low-expression group in BLCA,
LUSC, READ, THCA, and STAD had better OS than patients in
the CNN1 high-expression group (p < 0.05). In the case of CESC,
ESCA, ESCC, and PAAD, patients in the CNN1 low-expression
group had better RFS than those in the CNN1 high-expression
group (p < 0.05). Moreover, the RFS and OS of patients in the
CNN1 low-expression group in KIRP were better than those of
patients in the CNN1 high-expression group (p < 0.05). It is
noteworthy that in BRCA, pheochromocytoma and
paraganglioma (PCPG), and SARC, patients in the CNN1 high-
expression group had better OS than those in the CNN1 low-
expression group (p < 0.05). Patients in the CNN1 high-expression
group of uterine corpus endometrial carcinoma had better RFS
than those in the CNN1 low-expression group (p < 0.05, Figure 3).

FIGURE 2
Analysis of CNN1 expression in different tumor stages based on the GEPIA database. (A) ACC, (B) BLCA, (C) BRCA, (D) COAD, (E) ESCA, (F) KIRC, (G)
KIRP, (H) OV, and (I) STAD.
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3.4 CNN1 expression correlates with tumor
immune and molecular subtypes

To explore the potential immunotherapeutic effects of CNN1,
we first utilized the TISIDB website to validate the association
between CNN1 expression and the immune and molecular
subtypes in 37 tumors. The results showed that the
CNN1 expression correlated with the immune subtypes of ACC,

BLCA, BRCA, CESC, HNSC, KICH, KIRC, LGG, LIHC, LUAD,
LUSC, MESO, OV, PCPG, PRAD, SARC, STAD, and TGCT (p <
0.05), as detailed in Figures 4A–R. In addition, the expression of
CNN1 correlated with the tumor molecular subtypes of BRCA,
ESCA, KIRP, HNSC, LGG, LIHC, LUSC, OV, PCPG, SKCM, STAD,
and UCEC (p < 0.05), as shown in Figure 5. The aforementioned
results revealed that the CNN1 expression was associated with both
tumor immune and molecular subtypes.

3.5 Correlation of CNN1 protein expression
levels with immune checkpoint gene
expression levels and immune cell
infiltration

Next, we evaluated the relationship between the expression of
CNN1 and 47 immune checkpoint genes through the Sangerbox
online platform and found that the expression of
CNN1 correlated with GBM, OV, LUAD, LUSC, PRAD,
BLCA, KIRP, LIHC, BRCA, COAD, SKCM, KIRC, THCA,
HNSC, LAML, READ, LGG, KICH, ACC, PCPG, UVM,
SARC, STAD, and DLBC; 47 immune checkpoint genes in
tumors were strongly correlated. Among these checkpoint
genes, the expression of CNN1 correlated positively with
immune checkpoint genes in GBM, OV, LUAD, LUSC, PRAD,
BLCA, KIRP, LIHC, BRCA, COAD, SKCM, KIRC, THCA,
HNSC, LAML, READ, LGG, KICH, ACC, PCPG, and UVM.
This positive correlation was particularly prominent in LIHC and
PCGC, where 30 and 23 immune checkpoint genes were
positively correlated with the expression of CNN1,
respectively. Notably, the expression of CNN1 in SARC and
DLBC was negatively correlated with the immune checkpoint
genes. This suggests that high CNN1 expression, in most cases,
indicates a better prognosis for immunotherapy, but in the
immunotherapy of SARC and DLBC, CNN1 inhibitors might
achieve a better prognosis (Figure 6A).

Based on this, we used the TIMER database to link
CNN1 expression to the immune cell infiltration of STAD. The
analysis displayed that the expression of CNN1 was significantly
correlated with CD4+ T and CD8+ T and dendritic cells, which
include macrophages and neutrophils in STAD (p < 0.01)
(Figure 6B).

3.6 GSEA enrichment analysis of CNN1

To further investigate the functional enrichment of CNN1 in GC,
we used the ggplot2 package (version 3.3.3) to perform a single gene
differential analysis and visualize the results for the following four gene
sets: VECCHI_GASTRIC_CANCER_EARLY_DN, VECCHI_
GASTRIC_CANCER_ADVANCED_VS_EARLY_UP, WP_
ANGIOGENESIS, and VEGF_A_UP.V1_UP, which are the normal
tissue and early GC expression downregulated gene set, expression
upregulated gene set in early GC versus advanced gastric cancer,
angiogenesis-related gene set, and upregulated gene set in HUVEC
cells (endothelium) treated with VEGFA, respectively. The outcomes
revealed positively correlatedCNN1with all of the aforementioned gene
sets: VECCHI_GASTRIC_CANCER_EARLY_DN (NES = 3.004;

FIGURE 3
Prognostic analysis of CNN1 in pan-cancer. (A) Prognostic
analysis of CNN1 in pan-cancer based on the PrognoScan database.
(B) Prognostic analysis of CNN1 in pan-cancer based on the
Kaplan–Meier plotter database.
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p. adjust = 0.013; FDR = 0.008) (Figure 7A), VECCHI_GASTRIC_
CANCER_ADVANCED_VS_EARLY_UP (NES = 3.053;
p. adjust = 0.013; FDR = 0.008) (Figure 7B), VEGF_A_

UP.V1_UP (NES = 2.090; p. adjust = 0.004; FDR = 0.001)
(Figure 7C), and WP_ANGIOGENESIS (NES = 1.814;
p. adjust = 0.036; FDR = 0.022) (Figure 7D).

FIGURE 4
Relationship between CNN1 expression and immune subtypes. (A) ACC, (B) BLCA, (C) BRCA, (D) CESC, (E) HNSC, (F) KICH, (G) KIRC, (H) LGG, (I)
LIHC, (J) LUAD, (K) LUSC, (L) MESO, (M) OV, (N) PCPG, (O) PRAD, (P) SARC, (Q) STAD, and (R) TGCT.
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3.7 HE staining and immunohistochemical
study of CNN1 in tumor and paraneoplastic
tissues

The HE staining results showed that the paraneoplastic
tissues were lined with the nuclei. The nuclei were small,
round, and located at the base. The cells were full and
uniform in size, and a large number of cup-shaped cells were
observed. The tumor tissue was filled with tumor cells in the
submucosal lymphatic vessels, and the adenoma cells were
extending and growing from the surface to the normal cells;
inflammatory infiltration was present. The tumor cells were
morphologically diverse, with concentrated deep-stained and

crowded nuclei, severely disturbed nuclear arrangement, and an
obvious degree of heterogeneity (Figure 8A). According to the
immunohistochemical results, CNN1 expression in
paraneoplastic tissues was significantly higher than in tissues
from early tumors. When comparing unpaired samples, we
found that CNN1 expression in early GC tissues was
significantly lower than its expression in advanced GC
tissues. Furthermore, the expression of VEGF in
paraneoplastic tissues was significantly lower than that in
tumor tissues, while when comparing with unpaired samples
of early GC tissues and advanced GC tissues, VEGF was
significantly highly expressed in advanced GC samples
(Figures 8B, C).

FIGURE 5
Relationship between CNN1 expression and molecular subtypes. (A) BRCA, (B) ESCA, (C) KIRP, (D) HNSC, (E) LGG, (F) LIHC, (G) LUSC, (H) OV, (I)
PCPG, (J) SKCM, (K) STAD, and (L) UCEC.
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3.8 Expression of CNN1 correlates with the
clinical prognosis of GC

Based on the median values of CNN1 and VEGF
expressions, we separated patients into high- and

low-expression groups and evaluated the correlation between
CNN1 and VEGF expressions in tumor and para-cancer tissues
from clinical gastric cancer patients and also various clinical
characteristics. According to the results, there were no
significant differences between the two groups in terms of

FIGURE 6
Correlation of CNN1 expression levels with immune checkpoint gene expression levels and immune cell infiltration. (A) Correlation of
CNN1 expression with 47 immune checkpoint genes in pan-cancer using the Sangerbox online platform. (B) Correlation of CNN1 expression with
immune cell infiltration in STAD using the TIMER database.
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age, sex, histological type, differentiation, tumor size, and CEA
and CA 19-9 levels, except for the depth of tumor invasion,
TNM stage, and lymph node metastasis. (Tables 1, 2). In the
subsequent Kaplan–Meier survival analysis, we found that high
expression of CNN1 was associated with a poorer survival
prognosis (p < 0.001, HR = 13.580, 95% CI [5.806–31.740]),
and high expression of VEGF was also associated with a poorer
survival prognosis (p < 0.001, HR = 10.320, 95% CI:
[4.586–23.240], Figure 9). We performed a univariate analysis
of the clinicopathological factors affecting prognosis using Cox
regression models, which showed that the TNM staging (p =
0.009, HR = 2.867, 95% CI [1.299–6.324]), lymph node
metastasis (p = 0.046, HR = 2.198, 95% CI [1.015–4.758]), a
CNN1 expression level (p < 0.001, HR = 23.541, 95% CI
[5.438–101.901]), and the VEGF expression level (p < 0.001,
HR = 19.688, 95% CI [4.607–84.131]) were associated with a
poorer prognosis (Table 3).

4 Discussion

CNN1 plays an important role in the differentiation and
contraction of smooth muscle cells, and it is also a marker of
smooth muscle cells during differentiation and maturation.
CNN1 is mainly located in the cytoskeleton and focal adhesion.
In most tumors, CNN1 promotes further malignancy. In bladder
cancer, it promotes tumor development and metabolic
reprogramming through the HIF-1α pathway (Zhang et al.,
2022). Also, it was recently found that high CNN1 expression
mediated the development of chemoresistance by inducing
cancer-associated fibroblasts-mediated matrix stiffness in gastric
cancer (Lu et al., 2023). However, by suppressing CNN1,
metastasis in breast cancer is promoted (Wang et al., 2020).
CNN1 inhibits tumor cell proliferation and migration probably
by stabilizing the cytoskeleton and making intercellular junctions
tighter. However, a high level of CNN1 promotes anoxia and

FIGURE 7
Single gene enrichment analysis of CNN1. (A) VECCHI_GASTRIC_CANCER_EARLY_DN. (B) VECCHI_GASTRIC_CANCER_ADVANCED_VS_EARLY_
UP. (C) VEGF_A_UP.V1_UP. (D) WP_ANGIOGENESIS.
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angiogenesis in the tumor microenvironment, which increase the
degree of tumor malignancy. CNN1 serves as a pivotal regulator for
smooth muscle contraction under the physiological condition, while
it is presented as a double-edged sword in a complex context under
cancerous conditions, which might depend on its expression level
and tissue specificity (Miano and Olson, 1996; Samaha et al., 1996;
Horiuchi et al., 1999; Yamamura et al., 2007). Nevertheless, the effect
of CNN1 involving the initiation and progression of cancers remains
largely unknown. In this study, we found that the expression of
CNN1 was higher in normal tissue than in pan-cancer tissues, yet
this expression would rebound during the progression of cancers.
This rebounding expression of CNN1 would regulate angiogenesis
and the immune checkpoint to contribute to cancer progression and
poor prognosis.

In this pan-cancer research on CNN1, first, we investigated the
expression of CNN1 in various tumors by utilizing databases such as
TIMER, CPTAC, and GEPIA. Our results showed that the
expression of CNN1 was reduced in the pan-cancer tissues, but it
was inversed in the CHOL or LIHC. However, previous studies have
suggested that CNN1 was found to be elevated in tumor tissues, at

least those such as LUSC, OV, LIHC, and BLCA; thus, it might be
considered a potential oncogene to be involved in cancer
progression (Sasaki et al., 2002; Yamane et al., 2015; Liu et al.,
2019; Liu et al., 2021). Furthermore, in using the GEPIA database,
we revealed that CNN1 expression levels were closely correlated
with the clinicopathological stages of patients with ACC, BLCA,
BRCA, COAD, ESCA, KIRC, KIRP, OV, and STAD. It is noteworthy
that CNN1 decreased only in BRCA from the early to advanced
tumor stages, while in the remaining eight tumor types, the
expression of CNN1 in advanced tumor tissues was higher than
it was in early tumor tissues, which coincides with the findings of a
study correlating MYL9 and CNN1 with the recurrence of colorectal
cancer. These findings suggest that CNN1, an oncogene in normal
human tissues, is transformed into a pro-oncogenic factor with
tumor progression or due to changes in the tumor
microenvironment (Qiu et al., 2020). The specific mechanisms
involved have to be further investigated, but CNN1 certainly
plays a role in the development of most tumors, and this role
may be played throughout the stages of tumor development,
including through the pre, early, and advanced cancer stages.

FIGURE 8
HE staining and immunohistochemistry results. (A) HE staining results in tumor and paraneoplastic tissues in GC. (B) Statistical results of
immunohistochemical experiments (*p < 0.05, **p < 0.01, and ***p < 0.001). (C) Immunohistochemical results of CNN1 and VEGF between tumor and
paraneoplastic tissues in GC.

Frontiers in Pharmacology frontiersin.org11

Zhou et al. 10.3389/fphar.2023.1184250

148

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1184250


In addition, the expression of CNN1 in the advanced stage of
pan-cancer tissues was higher than that in the early stage, though it
was reversed in BRCA cancer. Furthermore, our results showed that
the expression of CNN1 positively correlated with poor prognosis in
all 10 types of cancer, including bladder carcinoma. Indeed, a high
CNN1 expression was related to poor prognosis in colorectal cancer
(Lee et al., 2020; Zhou et al., 2020). On the contrary, the
overexpression of CNN1 showed a significant decrease in
motility and proliferation of human fibrosarcoma HT1080 cells
(Takeoka et al., 2002). CNN1 overexpression also inhibited BRCA
carcinogenesis (Wang et al., 2020). These findings are consistent
with our results and together suggest that CNN1 is a promising
prognostic marker for pan-cancer screening.

Accumulating evidence has highlighted that immunotherapy
alone or combined with chemotherapy, radiotherapy, and targeted
therapy can largely and significantly improve cancer treatment
(Galluzzi et al., 2015; Yu et al., 2019; Padmanabhan et al., 2020).
Immune checkpoint blockade, as one of the most promising
therapeutic strategies, is also being evaluated in clinical
application (Tray et al., 2018). Therefore, we first surveyed the
relevance of CNN1 expression to the immune and molecular
subtypes of 37 tumors, which included 47 immune checkpoint
genes. Our results showed that the expression of CNN1 was

correlated with the immune subtypes of 18 tumors (including
ACC) and molecular subtypes of 14 tumors (including BRCA).
Moreover, CNN1 was strongly correlated with 47 immune
checkpoint genes in most tumors. In particular, our results
further showed that the expression of CNN1 was significantly
correlated with CD4+ T cells, CD8+ T cells, and dendritic cells
and macrophages and neutrophils in STAD (p < 0.01). Collectively,
our findings indicate a potential and promising immunotherapeutic
target for CNN1.

During this research, we noted a significant increase in
CNN1 expression in paraneoplastic tissue of gastric
adenocarcinoma. Furthermore, in the comparison of tumor
stages of gastric adenocarcinoma, CNN1 expression was higher
in advanced gastric adenocarcinoma than in early-stage gastric
adenocarcinoma. In the prognostic analysis, we also found that
in gastric adenocarcinoma, the prognosis of the CNN1 low-
expression group was better than that of the high-expression
group. This non-linear expression of CNN1 in precancerous
tissues or early tumor tissue is particularly evident in gastric
adenocarcinoma. In order to understand the molecular
mechanism involved in this phenomenon, we performed a single-
gene differential analysis of four related gene sets using the R
software. We found that CNN1 was indeed positively correlated

TABLE 1 Correlation between CNN1 and clinicopathologic characteristics.

Clinicopathologic characteristics n CNN1 expression p-value

Low High

Sex Male 34 19 15 0.423

Female 16 7 9

Age (years) <60 9 5 4 0.814

≥60 41 21 20

Histological type Adenocarcinoma 34 17 17 0.680

Mucoid adenocarcinoma 16 9 7

Depth of tumor invasion T1 and T2 12 10 2 0.013

T3 and T4 38 16 22

Degree of differentiation High and moderately differentiated 20 12 8 0.355

Poorly differentiated 30 14 16

Tumor size <5 cm 27 16 11 0.266

≥5 cm 23 10 13

TNM staging Ⅰ and Ⅱ stage 30 28 8 <0.001

Ⅲ and Ⅳ stage 20 4 16

Lymph node metastasis Without 32 22 10 0.002

With 18 4 14

CEA <5 ng/ml 35 20 15 0.266

≥5 ng/ml 15 6 9

CA 19-9 <37 U/ml 44 29 19 0.065

≥37 U/ml 6 1 5
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with normal tissue, early GC expression downregulated gene sets,
and the early GC and advanced GC expression upregulated gene
sets, which is consistent with our description of its non-linear
expression throughout tumor progression. Furthermore, in the
angiogenesis-related GSEA analysis, we found that CNN1 was
positively correlated with the angiogenesis-related genome and
the upregulated gene composition of HUVEC cells (endothelial
cells) treated with VEGFA, which might imply that the
synergistic effect of CNN1 and VEGFA drives tumor progression.
Angiogenesis is an important part of maintaining the tumor
microenvironment and creating conditions for tumor cell escape
and distal lesion formation (Hanahan and Weinberg, 2011). CNN1,
as the earliest actin-related protein isolated from the vascular
smooth muscle, is an important factor affecting vascular smooth
muscle generation (Takahashi et al., 1988; Matthew et al., 2000;
Takahashi and Yamamura, 2003; Babu et al., 2006). Both positive
and negative expressions of CNN1 in tumor vascular smooth muscle
have been reported (Verone et al., 2013), where CNN1 expression is
reduced in the early stages of hepatocellular carcinoma, which is in
agreement with the observations in this research. The results suggest
that CNN1 has a crucial role in angiogenesis and maturation, and
CNN1 expression is correlated with the stability of the tumor

cytoskeleton (Emens, 2012), which also influences the migration
of tumor cells and the formation of distal lesions together with
VEGFA. We speculate that the synergistic effect of CNN1 and
VEGF accelerates the formation of the tumor microenvironment,
which in turn influences their expressions. To further enhance
the credibility of the GESA results, we included 50 clinical GC
samples in our immunohistochemical analyses to detect the
expression of CNN1 and VEGF in clinical GC tissues. The
experimental results are also compatible with the
abovementioned findings. Moreover, in the analysis of the
clinical data of these 50 patients, we found that TNM staging,
lymph node metastasis, and CNN1 and VEGF expressions were
all prognostic risk factors, which also indicates that the high
expressions of CNN1 and VEGF may promote the metastasis and
progression of tumor cells. Therefore, CNN1 and VEGF are
potential prognostic risk factors for survival.

Based on the TIMER database, we further investigated the
relevance of CNN1 to immune cell infiltration in STAD. The
results showed that CNN1 expression was significantly correlated
with CD4+ T, CD8+ T, and dendritic cells and macrophages and
neutrophils in STAD (p < 0.01), which not only allowed us to see
CNN1 as a relevant prognostic factor in a variety of tumors, such as

TABLE 2 Correlation between VEGF and clinicopathologic characteristics.

Clinicopathologic characteristics n VEGF expression p-value

Low High

Sex Male 34 18 16 0.544

Female 16 7 9

Age (years) <60 9 5 4 0.713

≥60 41 20 21

Histological type Adenocarcinoma 34 16 18 0.544

Mucoid adenocarcinoma 16 9 7

Depth of tumor invasion T1 and T2 12 10 2 0.008

T3 and T4 38 15 23

Degree of differentiation High and moderately differentiated 20 12 8 0.248

Poorly differentiated 30 13 17

Tumor size <5 cm 27 16 11 0.156

≥5 cm 23 9 14

TNM staging Ⅰ and Ⅱ stage 30 21 9 0.001

Ⅲ and Ⅳ stage 20 4 16

Lymph node metastasis Without 32 21 11 0.003

With 18 4 14

CEA <5 ng/ml 35 19 16 0.355

≥5 ng/ml 15 6 9

CA 19-9 <37 U/ml 44 24 20 0.082

≥37 U/ml 6 1 5
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GC, but also showcases the promise of CNN1 as a target for
immunotherapy.

In conclusion, our results show that CNN1 plays multiple roles
in tumor angiogenesis and the immune checkpoint by contributing
to the progression of and poor prognosis in various cancers, thus
providing a promising candidate for pan-cancer prognosis and
immunotherapy. Our results also suggest that CNN1 serves as a
double-edged sword between the physiological and pathological
conditions, or between cancer initiation and progression, and it
might also vary on the type of cancer, which might provide
precautions and evidence for CNN1-targeted drug development
and its clinical application.

5 Limitations

Although we made some exploration of the prognostic role,
immunotherapeutic potential, and possible mechanisms of action

of CNN1 from a pan-cancer perspective using multiple databases
and multiple analytical tools, there were still some limitations.
First, due to the information collected from the various databases,
the present study had some systematic biases, and we aim to
overcome this in future studies by collecting clinical tumor
samples and performing single-cell sequencing to obtain
higher-resolution data. Second, although in vitro studies clearly
show that phosphorylation regulates the function of CNN1 (Liu
and Jin, 2016), this study did not address the effect of
phosphorylation on CNN1 function, and perhaps the alteration
of CNN1 function during tumor development may be investigated
by looking at the relationship between the phosphorylation status
and degradation of CNN1. Third, this study was focused on
CNN1 bioinformatics analysis and clinical sample detection,
but it was slightly weak in strength, and we may add in vitro
cellular experiments or in vivo animal experiments to investigate
the molecular mechanisms of CNN1 in cancer development in
more detail. Fourth, although we have confirmed the great

TABLE 3 Single-factor Cox regression analysis.

Clinicopathologic characteristics Hazard ratio 95.0% CI for exp. (B) p-value

Lower Upper

Sex Male 1 0.51 2.742 0.696

Female 1.182

Age (years) <60 1 0.332 2.345 0.882

≥60 0.801

Histological type Adenocarcinoma 1 0.443 2.361 0.958

Mucoid adenocarcinoma 1.023

Depth of tumor invasion T1 and T2 1 0.595 10.803 0.208

T3 and T4 2.536

Degree of differentiation High and moderately differentiated 1 0.673 3.843 0.29

Poorly differentiated 1.608

Tumor size <5 cm 1 0.832 3.984 0.13

≥5 cm 1.82

TNM staging Ⅰ and Ⅱ stages 1 1.299 6.324 0.009

Ⅲ and Ⅳ stages 2.867

Lymph node metastasis Without 1 1.015 4.758 0.046

With 2.198

CEA <5 ng/mL 1 0.458 2.333 0.937

≥5 ng/mL 1.034

CA 19-9 <37 U/mL 1 0.581 4.142 0.381

≥37 U/mL 1.551

CNN1 Low expression 1 5.438 101.901 0.000

High expression 23.541

VEGF Low expression 1 4.607 84.131 0.000

High expression 19.688
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potential of CNN1 in pan-cancer immunotherapy, both inhibition
and overexpression of CNN1 were found to be relevant in
different tumors; therefore, more research has to be done to
implement the use or targeting of CNN1 in tumor
immunotherapy.
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Artemisitene Alters LPS-Induced
Oxidative stress, inflammation and
Ferroptosis in Liver Through Nrf2/
HO-1 and NF-kB Pathway

Changzhi Zhao1,2†, Congshu Xiao1†, Songqiao Feng1* and
Jianxin Bai1*
1Second Affiliated Hospital of Dalian Medical University, Dalian, China, 2Dalian Municipal Friendship
Hospital, Dalian, China

The liver plays a critical role in sepsis, which is a serious worldwide public health
problem. A novel mechanism of controlled cell death called ferroptosis has
recently been described. Disrupted redox equilibrium, excessive iron, and
enhanced lipid peroxidation are key features of ferroptosis. It is unknown how
ferroptosis affects liver damage caused by sepsis. In the present study, we aimed to
elucidate the pathways and explore the impact of artemisitene (ATT) on ferroptosis
in sepsis-induced liver injury. Our findings demonstrated that ATT significantly
decreased liver damage and ferroptotic characteristics. Additionally, ATT
significantly reduced the expression of the nuclear factor-κB (NF-κB) subunit
to reduce LPS-induced hepatic oxidative stress and inflammation and upregulated
the expression of nuclear factor-erythroid 2 (NF-E2)-related factor 2 (Nrf2) and its
downstream protein heme oxygenase 1 (HO-1). This may offer a new strategy for
preventing LPS-induced hepatic injury.

KEYWORDS

liver sepsis, ferroptosis, Nrf2, artemisitene, NF-κB

Introduction

In the critical care unit, sepsis is one of the most frequent causes of death for
hospitalized patients. This condition results in potentially fatal organ failure caused by
an unbalanced host response to infection and represents a significant global public health
concern (Rello et al., 2017). Through mechanisms such as bacterial clearance, the synthesis
of acute-phase proteins or cytokines, and metabolic adaptation to inflammation, the liver
plays a crucial role in sepsis and is crucial to controlling immune defense during systemic
infections (Li et al., 2021). Determining the mechanism of liver cell death would be helpful
for treating sepsis.

Stockwell originally described ferroptosis in 2012: a novel, intentional method of cell
death that is iron-dependent and distinct from necrosis, apoptosis, and autophagy (Li et al.,
2022). Because lipid peroxides cannot be metabolized by the GPX4-catalyzed reduction
reaction and Fe2+ oxidizes lipids in a Fenton-like manner, a significant amount of reactive
oxygen species (ROS) is produced, which induces ferroptosis (Su et al., 2019). Intracellular
glutathione (GSH) depletion and decreased glutathione peroxidase 4 (GPX4) activity are the
main biochemical causes of ferroptosis (Dixon et al., 2012; Lachaier et al., 2014; Stockwell
et al., 2017). Many studies have demonstrated the tight connection between ferroptosis and
the pathophysiological mechanisms behind an increasing number of diseases, such as
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tumors, neurological disorders, ischemia and reperfusion injury,
hematological disorders, and renal damage (Martin-Sanchez et al.,
2017; Adedoyin et al., 2018; Li et al., 2019; Fang et al., 2020). Iron is
mostly stored in the liver, and liver disease is directly associated with
iron overload (Yang et al., 2022). Recent research showed that the
upstream factor in the acceleration of ferroptosis in liver fibrosis was
the suppression of the tumor suppressor P53 (Wang et al., 2019).
Few studies, however, have highlighted the importance of ferroptosis
in sepsis-induced liver damage. However, inhibiting ferroptosis
could represent a cutting-edge therapeutic strategy for liver
damage caused by sepsis.

The redox-sensitive transcription factor nuclear factor-
erythroid 2 (NF-E2)-related factor 2 (Nrf2) stimulates the
transcription of antioxidant, cytoprotective, and anti-
inflammatory genes (Wang X. et al., 2022). During normal
conditions, Nrf2 is bound to its antagonistic regulator Kelch-
like ECH-associated protein 1 (Keap1), which ubiquitylates
Nrf2 and causes its degradation (Gu et al., 2017). In response
to result of oxidative stress, Nrf2 dissociates from Keap1 and
enters the nucleus. When Nrf2 and the small Maf proteins
heterodimerize, antioxidant response elements (AREs) in the
promoter regions of the target genes of Nrf2 are activated in
the nucleus (He et al., 2020). Recent research has revealed that
Nrf2 activation may inhibit the ferritinophagy pathway,
inhibiting the ferroptotic response caused by lipid
peroxidation in chronic obstructive pulmonary illness caused
by PM2.5 (Guo et al., 2022). Nuclear factor-κB subunit (NF-κB)
expression can be decreased by Nrf2 overexpression to reduce
inflammatory responses. Artemisitene (ATT) is a byproduct of
the antimalarial medication artemisinin and is also present in the
herb sweet wormwood (Chen et al., 2018). ATT is an antioxidant
and anticancer agent that activates Nrf2. ATT stimulates Nrf2 by
decreasing Nrf2 ubiquitination and increasing its stability (Chen
et al., 2016). Few studies have examined how ATT influences
ferroptosis in LPS-induced liver injury. In the current study, we
investigated the effects of ATT on the ferroptotic response in vivo
and in vitro to develop a novel preventive approach for liver
damage caused by sepsis.

Methods

Animals and treatment

Eight-to ten-week-old (~24 g) male C57BL/6mice were kept in a
12 h light–dark cycle setting with free access to food and water. We
purchased ATT from Med Chem Express (HY-122550). Four
groups of mice were created: control, ATT, LPS, and LPS + ATT
(n = 25 in each group). LPS (20 mg/kg) was injected
intraperitoneally to create a sepsis model for 24 h (Zhang et al.,
2022). In the control group, sterile saline was injected. Two hours
prior to the injection of LPS, the LPS + ATT groups received
intraperitoneal injections of ATT (10 mg/kg) every 4 h (Chen
et al., 2016). Blood and liver tissues from five anesthetized mice
were collected. To ascertain the survival rate and changes in body
weight, the other 20 mice were fed for 5 days. The Dalian Medical
University Institutional Animal Care and Use Committee approved
each step involved in the animal study.

Histologic analysis

Formalin was used to fix liver tissue before paraffin embedding
or the use of optimal cutting temperature compound (OCT).
Prussian blue staining and hematoxylin and eosin (H&E)
staining were performed. The evaluation of the liver histological
score involved the quantitative measurement of tissue damage under
a light microscope by a blinded observer. The total of the individual
scores for each of the following six items—cytoplasmic color fading,
vacuolization, nuclear condensation, nuclear fragmentation, nuclear
fading, and erythrocyte stasis—ranged from 0 to 18 and was used to
calculate the liver histological score (Bi et al., 2019).

Liver function and damage quantification

To determine liver function, serum samples were collected. By
measuring the levels of aspartate aminotransferase (AST, Cat#
C010-1-1, Nanjing Jiancheng Bioengineering Institute) and
alanine aminotransferase (ALT, Cat# C009-1-1, Nanjing
Jiancheng Bioengineering Institute), liver function was calculated.
The Second Affiliated Hospital of DalianMedical University used an
automated approach to assess the levels of AST and ALT.

Measurements of GSH, SOD, and MDA levels

According to the manufacturer’s instructions, MDA, SOD, and
GSH kits (Beyotime Biotechnology) were used to measure the levels
of MDA, SOD, and GSH in liver tissues and cells.

Iron assay

According to the product protocol, the amount of iron in serum
and cell culture plates was determined using an iron assay kit
(#ab83366, Abcam).

Cell culture and experiments

The L-02 cell line was made available by Dalian Medical
University. Cells were grown in 1,640 supplemented with 10%
fetal bovine serum and antibiotics (100 U/mL penicillin and
100 μg/mL streptomycin, Sigma). The cells were cultured at 37°C
in a humidified environment with 5% CO2. Cells were pretreated
with ATT (2 μM), ferrostatin-1 (Fer-1, 10 μM) or Nrf2 inhibitor -
Ml385 (1 μM) for 1 h and then LPS (1 μg/mL) was added (Chen W
et al., 2016; Wang Z. et al., 2022; Yang W et al., 2022).

Cell viability assay

Cell viability was evaluated using theMTT assay. First, 1 × 103 L-
02 cells in the logarithmic growth phase were plated in 96-well
plates. After 24 h, the drugs were administered. At specific times,
MTT reagent (10 μL/well) was added to the wells. After 4 h,
dimethyl sulfoxide (DMSO) was added, and the plate was
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agitated for 20 min at 37°C. The absorbance at 570 nm was then
measured using a microplate reader.

Dihydroethidium

To measure the amount of ROS in livers and L-02 cells,
dihydroethidium (DHE) was used. DHE (10 μM) was applied to
OCT liver slices (8 μm) at 37°C for 30 min. L-02 cells were first
plated in 6-well culture plates for 24 h, followed by 8 h of ATT
treatment at a concentration of 2 μM and 24 h of LPS treatment
(Chen et al., 2016). Cells in the LPS group were cultured without
ATT pretreatment, while cells in the control group were cultured
normally in RPMI 1640 without serum. DHE (10 μM) was added to
the cells. Images were then obtained using fluorescence microscopy
(Nikon, Japan) with a ×200 overall magnification after the cells had
been rinsed three times with serum-free 1,640.

Western blot assay

Total proteins were extracted from snap-frozen liver tissues or
cells with a protein extraction kit (Keygenbio, KGP250) and
centrifuge tube (Guangzhou Jet Bio-Filtration Co., Ltd.). The
protein lysates (25 μg) were electrophoretically separated on a
10%–12% SDS‒PAGE gel before being transferred to
polyvinylidene difluoride (PVDF) membranes. The blots were
treated with the proper antibodies at 4°C overnight, followed by
incubation with a goat anti-rabbit or mouse secondary antibody
(Sino Biological Inc.). The blots were processed with an ECL Plus
chemiluminescence system. Anti-Nrf2 (WL02135, Wanleibio), anti-
Lamin B (WL01775, Wanleibio), anti-heme oxygenase 1 (HO-1,
ab68477, Abcam), anti-P65 (#HA500402, HUABIO), anti-phospho-
P65 (p-P65, #3039, Cell Signaling Technologies), and anti-GPX4
(#ER 1803-15, HUABIO) antibodies were used. Densitometry was
performed using ImageJ software, and GAPDH (#ER1706-83,
HUABIO) was used as an internal control.

Real-time PCR

We purified total RNA from fresh livers and cells
using TRIzol reagent (Invitrogen, New York) in

accordance with the manufacturer’s instructions. Using a
Superscript II kit, first-strand cDNA (2 μg) was created
(TAKARA, Japan). Sangon Biotech Corporation synthesized
the primers (Shanghai, China). Table 1 contains the primer
sequences.

Statistical analysis

Categorical data are shown as the number (%) in the group,
and all findings are presented as the mean ± SD. One-way
analysis of variance was used to compare differences between
multiple groups, and the Student-Newman‒Keuls post hoc test
was used to evaluate whether the differences were statistically
significant. The survival rates of multiple groups were estimated
using Kaplan‒Meier survival curves and the log-rank test.
Repeated measures MANOVA was conducted on Day 5 for
the three groups to assess whether Nrf2 activation reduced
weight changes in septic mice. Bonferroni post hoc
comparisons were used to identify significant differences. A
p-value of 0.05 was used to determine statistical significance
for all two-tailed tests. The figures were created, and statistical
analysis was performed using the GraphPad Prism 9.0 program
(United States).

Results

ATT enhanced liver dysfunction and survival
in LPS-induced septic mice

We administered ATT (10 mg/kg) to mice 2 h before LPS
injection to determine how it affected LPS-induced liver damage
(Figure 1A). According to the findings, LPS-induced mice had a 5-
day survival rate of approximately 55%, whereas mice that were
given LPS plus ATT had a survival rate of approximately 85%
(Figure 1B). The mice’s body weight decreased by 20 percent in the
LPS group and by 10 percent in the LPS + ATT group (Figure 1C).
The next step was to measure the AST and ALT levels to evaluate
liver function. The levels of AST and ALT were considerably higher
in the LPS group than in the control group, although the
administration of ATT reduced liver dysfunction caused by LPS
(Figure 1D).

TABLE 1 Primers used for qPCR.

Gene Forward primer (5′-3′) Reverse primer (5′-3′)

IL-1β TGCCACCTTTTGACAGTGATG TGATGTGCTGCTGCGAGATT

TNF-α CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG

IL-6 TGATGGATGCTACCAAACTGGA TGTGACTCCAGCTTATCTCTTGG

NOX1 TTGTTTGGTTAGGGCTGAATGT GCCAATGTTGACCCAAGGATTTT

NOX2 TTGTTTGGTTAGGGCTGAATGT GCCAATGTTGACCCAAGGATTTT

NOX4 CTTGGTGAATGCCCTCAACT TTCTGGGATCCTCATTCTGG

GAPDH GGTTGTCTCCTGCGACTTCA GGTGGTCCAGGGTTTCTTACTC
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ATT reduces oxidative stress in LPS-induced
septic animals by activating Nrf2

Compared to the control group, DHE staining revealed that the
level of DHE in the LPS group was increased, and compared to the LPS
group, treatment with ATT reduced the level of DHE (Figure 2A). The
levels of SOD, GSH, and MDA in mice treated with LPS were then
measured. SOD and GSH levels were both lower in the LPS group than
in the control group, whereas MDA levels were higher. Compared to
the LPS group, treatment with ATT dramatically increased the levels of
SOD and GSH and decreased the level of MDA (Figure 2B). The levels
of nox1, nox2 and nox4 mRNA were elevated in the LPS group, as
shown in Figure 2C, and ATT could lower these levels. To determine
how ATT affects Nrf2 and its downstream protein HO-1, Western blot
analysis was used. The results revealed that LPS decreased the
expression of Nrf2 and HO-1 and that ATT could stimulate the
expression of Nrf2 and HO-1 in comparison to the LPS group
(Figure 2D). We next detected the expression of nuclear Nrf2, the
result showed that in Figure 2E, LPS decreased the expression of nuclear
Nrf2, and ATT treatment increased the expression of nuclear Nrf2.

ATT reduces liver inflammatory responses in
mice with LPS-Induced sepsis

Inflammatory responses are another major cause of
LPS-induced harm. LPS significantly increased liver
congestion, inflammatory cell infiltration, necrosis,
and degeneration, according to H&E staining. ATT
might reduce liver inflammation induced by LPS
(Figure 3A). In LPS-induced animals, the histological
scores revealed significant damage, although ATT reduced
this damage compared to the LPS group (Figure 3B). The
levels of IL-1β, IL-6, and TNF-α mRNA were then
determined. Figure 3C shows that LPS substantially increased
the levels of IL-1β, IL-6, and TNF-α mRNA compared to the
control group, whereas ATT reduced IL-1β, IL-6, and TNF-α
mRNA levels. Similarly, western blotting demonstrated that ATT
suppressed the expression of p-P65, whereas LPS enhanced its
expression (Figure 3D). According to the findings, the
inflammatory reactions of LPS-induced septic mice might be
reduced by activating Nrf2.

FIGURE 1
Treatment with Artemisitene improved the survival rate and liver dysfunction in LPS-induced septic mice. (A)We treated C57BL/6 with Artemisitene
(ATT, 10 mg/kg) 2 h before to the LPS injection, and the injectedwith LPS (20 mg/kg) intraperitoneally to create a sepsismodel for 24 h; (B) Survival rate of
the control group, ATT, LPS, and LPS + ATT group (n = 10); (C) The weight changes of mice 5 days after LPS; (D) The levels of AST and ALT in each group.
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FIGURE 2
ATT reduces oxidative damage in LPS-induced septicmice. (A)DHE staining of representative liver sections (scale bar: 50 μm, n= 5); (B) The levels of
SOD (left), MDA (middle), and GSH in each group (n = 5 per group); (C) qPCR analyses of nox1, nox2, and nox4 in each group (n = 5); (D) Western blot
analyses of the expression of Nrf2 and HO-1 protein in liver sections (n = 4); (E) Western blot analyses of the expression of nuclear Nrf2 in liver sections
(n = 4).
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ATT reduces ferroptosis in septic mice
caused by LPS

Prussian blue staining was used to determine the amount of iron
deposited in the liver. The results demonstrated that ATT substantially
decreased iron deposition in mice treated with LPS and that LPS
increased iron deposition in the liver relative to the control group
(Figure 4A). The mice in the LPS group had considerably more serum
iron in comparison to the control group, but less serum iron was
present after ATT administration (Figure 4B). In addition, we
measured the protein expression of GPX4. As shown in Figure 4C,
the LPS group had lower GPX4 expression levels, but ATT increased
GPX4 expression levels in comparison to the LPS group.

ATT suppressed LPS-induced ferroptosis
in vitro

We examined the ways through which ATT inhibits
ferroptosis in vitro. At 6, 12, and 24 h, the MTT assay revealed
that ATT (2 μM) prevented LPS (1 μg/mL)-induced L-02 cell
death (Figure 5A). We treated cells with LPS and Fer-1
(10 μM) to further demonstrate that LPS causes ferroptosis.
The findings revealed that Fer-1 decreased LPS-induced cell
death, demonstrating that LPS induced ferroptosis (Figure 5B).
ATT rescued the LPS-induced decrease in GPX4 protein
expression in L-02 cells, as shown by Western blotting
(Figure 5C).

FIGURE 3
ATT reduces LPS-induced Liver inflammatory injury. (A) H&E staining of representative liver sections (scale bar: 50 μm, n = 5); (B) Histological score
(n = 5); (C) qPCR analyses of IL-1β, IL-6, and TNF-α in each group (n = 5); (D) Western blot analyses of the expression of p-P65 and P65 protein in liver
sections (n = 4).
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Activation of Nrf2 by ATT reduces
inflammation and oxidative stress responses
in vitro

We first treated L-02 cells with ATT for 8 h, followed by
24 h of treatment with LPS (1 μg/mL). DHE staining
demonstrated that ATT reduced the amount of DHE in
cells that were subjected to LPS (Figure 6A). We
measured the levels of SOD, GSH, and MDA. As shown
in Figure 6B, LPS decreased in the levels of SOD and GSH
and increased the level of MDA. ATT could
counteract this effect by increasing the levels of SOD
and GSH and decreasing the level of MDA. Western
blotting demonstrated that LPS increased p-P65
expression, while LPS reduced Nrf2 expression, and ATT had
the opposite effect (Figure 6C). We detected the expression of
nuclear Nrf2, the result showed in Figure 6D, ATT treatment
increased LPS-induced reduction of nuclear Nrf2 level. To
further confirmed the effects of ATT, we treated the cells
with Nrf2 inhibitor—Ml385. The result showed
treatment with LPS and Ml385 could significantly reduce
the cell viability compared with control group, and in ATT +
Ml385+ LPS group, the cell viability was increased
compared with LPS + MI385 group (Figure 6E). We next
detected the expression of nuclear Nrf2, GPX4 and HO-1, the
result showed in Figures 6F,G, the treatment of LPS and
Ml385 could decrease the expression of nuclear Nrf2,
GPX4 and HO-1 compared with control group, and in ATT +
Ml385+ LPS group, the expression of nuclear Nrf2, GPX4 and
HO-1 were increased.

Discussion

Sepsis is a severe infection-related response that has a high
fatality rate and requires immediate measures to improve outcomes.
The goal of the global campaign Surviving Sepsis is to improve sepsis
patient outcomes, but the disease pathophysiology is still largely
unknown (Purcarea and Sovaila, 2020). The largest organ in the
human body is the liver, which is crucial for maintaining immune
and metabolic balance (Strnad P et al., 2017). During sepsis,
infections, poisons, or inflammatory mediators damage the liver.
Liver failure follows liver damage, which develops from active
hepatocellular dysfunction in the injury (Kim and Choi, 2020).
Ferroptosis is caused by the elevation of iron levels and excessive
accumulation of lipid ROS (Wei S et al., 2020). GPX4 is a lipid repair
enzyme that can GSH to oxidized glutathione disulfide (GSSG),
eliminate lipid peroxides, and protect cell membrane against
peroxidation of polyunsaturated fatty acids. Several studies have
demonstrated that the GPX4 is the key upstream regulator of
ferroptosis. It has been reported that GPX4 activity decreases can
lead to ferroptosis (Yang WS et al., 2014; Seibt TM et al., 2019). The
liver is the major extraerythrocyte storage organ for iron (Ishizaka N
et al., 2005). Recent studies have found that hepatic iron overload
always leads to oxidative stress, which has been found to be involved
in the progression of liver disease (Jiang H et al., 2022). However,
whether iron disorder is involved in acute liver disease and the
further molecular mechanisms remain unclear. Thus, it is essential
to continue researching the mechanism of LPS-induced
hepatotoxicity and create sepsis treatments. In the current
investigation, we demonstrated the mechanism of LPS-induced
hepatotoxicity and used ATT to protect against LPS-induced liver

FIGURE 4
(A) Prussian blue staining of representative liver sections (scale bar: 50 μm, n = 5); (B) The level of serum iron in each group (n = 5); (C)Western blot
analyses of the expression of GPX4 protein in liver sections (n = 4).
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damage. We discovered that ATT significantly reduced the liver
damage caused by LPS by reducing ROS and inflammatory
responses and by activating the Nrf2/GPX4 and NF-κB pathways
(Figure 7).

By regulating genes involved in the response to oxidative stress
and drug detoxification, Nrf2 modulates the cellular defense against
toxic and oxidative assaults (He et al., 2020). Cells become resistant
to chemical carcinogens and inflammatory threats when Nrf2 is
activated. Nrf2 participates in a wide range of physiological
activities, including inflammation and metabolism, in addition to
antioxidant responses (Ahmed et al., 2017). Several cell defense
genes, including NF-κB, have AREs in the promoter region that
Nrf2 can bind to and initiate their transcription. The antioxidant
gene Nrf2 and its downstream protein HO-1, which have anti-
inflammatory properties, protect cells from a variety of types of
damage. According to many studies, increasing HO-1 expression
through Nrf2 activation inhibits NF-κB signaling, which in turn
reduces inflammatory responses in a rat liver transplantation model
(Ren et al., 2020). In our study, we discovered that LPS could cause
inflammation and increase NF-κB expression by inhibiting the
expression of Nrf2 and HO-1. In LPS-induced septic mice,
treatment with ATT could increase the expression of Nrf2 and
HO-1 to reduce inflammation and NF-κB expression (Figures 2, 3).

The vulnerability of cells to ferroptosis is primarily controlled by
ROS and GPX4, and ROS play a significant role in LPS-induced liver

damage (Yang et al., 2022). In the presence of GSH, GPX4 may
convert harmful lipid ROS to harmless lipid alcohols, avoiding
ferroptosis. The ratio of GSH/GSSG is a good biomarker of
redox homeostasis in the liver because GSH may be transformed
into GSSG in the presence of harmful stimuli. GSH depletion results
in the inactivation of GPX4, an increase in cellular lipid
peroxidation, and ferroptosis (Li, et al., 2022). DHE staining
showed that LPS could increase ROS levels. The GPX4 protein
was then inactivated, and ferroptosis occurred in LPS-treated mice
as a result of the reductions in SOD and GSH being and the increase
in MDA (Figures 2, 4). ATT is a byproduct of the antimalarial drug
artemisinin and is found in the plant known as sweet wormwood
(Hsu, 2016). ATT is an antioxidant and anticancer agent that
activates Nrf2. ATT stimulates Nrf2 by decreasing
Nrf2 ubiquitination and increasing its stability (Chen, et al.,
2016). According to several studies, Nrf2 plays a crucial role in
reducing peroxidation and ferroptosis (Dodson et al., 2019). In the
current study, we pretreated the mice and cells with ATT, because
sepsis can trigger acute-on-chronic liver failure - a syndrome with
high short-term mortality (Strnad P et al., 2017). ATT with the dose
of 10 mg/kg can effectively activate the Nrf2-dependent antioxidant
response in vivo. No obvious toxicity was observed in lung, kidney,
and liver tissues of mice (Chen W et al., 2016). In our study, we
discovered that ATT could reduce ROS and MDA levels while
increasing GSH, SOD, and GPX4 protein expression levels. It

FIGURE 5
Effect of ATT treatment on cell viability in LPS-treated L-02 cells. (A, B)MTT assay showed ATT inhibited L-02 cell death caused by LPS at 6, 12, and
24 h (n = 3); (C) Western blot analyses of the expression of GPX4 protein in L-02 cells (n = 3).
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FIGURE 6
ATT increase the expression of Nrf2, prevent the oxidative damage, and inflammation in LPS-treated L-02 cells. (A)DHE staining of L-02 cells (n = 3);
(B) The levels of SOD (left), MDA (middle), and GSH in each group (n = 3 per group); (C)Western blot analyses of the expression of Nrf2, P65, and p-P65
protein in L-02 cells (n = 3); (D) Western blot analyses of the expression of nuclear Nrf2 in L-02 cells (n = 3); (E) The L-02 cells were treated with ATT,
Nrf2 inhibitor - Ml385, and LPS, MTT assay detected the cell viability of L-02 cells (n = 3); (F-G) Western blot analyses of the expression of nuclear
Nrf2, GPX4 and HO-1 (n = 3).
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was hypothesized that in LPS-induced septic mice, ATT increased
the expression of Nrf2/HO-1 and that increasing Nrf2 reduced ROS
and ferroptosis.

Our findings offer a fresh understanding of how ferroptosis
contributes to the onset and progression of LPS-induced liver
damage. Moreover, we showed that ATT inhibited ROS and
inflammation by activating Nrf2/HO-1/GPX4 and
downregulating NF-κB, which protected against liver damage
caused by ferroptosis. Our work was limited in that we only
examined how ATT affected the Nrf2/HO-1/GPX4 signaling
pathway; however, other signaling pathways may also impact
ferroptosis; therefore, it is still unclear how much liver damage
ATT prevents by preventing ferroptosis.
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Surgery remains the preferred treatment option for early-stage gallbladder
cancer (GBC). According to the anatomical position of the primary tumor,
accurate preoperative stage and strict control of surgical indications,
appropriate surgical strategies are selected to achieve the optimal surgical
effect. However, most patients have already been at the locally advanced stage
or the tumor has metastasized at the initial diagnosis. The postoperative
recurrence rate and 5-year survival rate remain unsatisfactory even after
radical resection for gallbladder cancer. Hence, there is an urgent need for
more treatment options, such as neoadjuvant therapy, postoperative adjuvant
therapy and first-line and second-line treatments of local progression and
metastasis, in the whole-course treatment management of gallbladder cancer
patients. In recent years, the application of molecular targeted drugs and
immunotherapy has brought greater hope and broader prospects for the
treatment of gallbladder cancer, but their effects in improving the prognosis
of patients still lack sufficient evidence-based medicine evidence, so many
problems should be addressed by further research. Based on the latest
progress in gallbladder cancer research, this review systematically analyzes
the treatment trends of gallbladder cancer.

KEYWORDS

gallbladder cancer, clinical stage, adjuvant therapy, targeted therapy, immunotherapy

1 Introduction

Gallbladder cancer (GBC) takes up approximately 2/3 of all malignancies of the
biliary tract, which is the most common type. Because of the special anatomical location
of GBC and the insidious and non-specific symptoms of GBC, most patients have
already been at an advanced stage at diagnosis, and only about 25% of them have the
opportunity for surgery. Moreover, GBC may recur in about 60%–70% of patients after
surgery, so the prognosis of GBC remains unsatisfactory, and the 5-year survival rate of
these patients is only about 5%–15% (Hundal and Shaffer, 2014; Sharma et al., 2017;
Roa et al., 2022). At present, a comprehensive treatment model dominated by radical
surgical resection is still adopted for the treatment of GBC. Gemcitabine and platinum-
based chemotherapies have been the main treatment modality for unresectable, locally
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advanced, and metastatic gallbladder cancer (Goetze, 2015; Roa
et al., 2022). In recent years, based on the emergence of a new
generation of sequencing technology, the therapeutic strategies
of GBC are constantly updated, and the use of GBC molecular
profiling promotes the development and subsequent clinical
application of novel targeted and immunotherapeutic drugs
(Javle et al., 2014; Nakamura et al., 2015). The epidermal
growth factor receptor (EGFR), fibroblast growth factor
(FGFR), human epidermal growth factor receptor 2 (HER2),
and PD-1/PD-L1 have all been used successfully as therapeutic
targets in clinical trials among the numerous genomic
alterations identified in GBC (Ho et al., 2022), and this has
resulted in an evolving paradigm for the treatment of gallbladder
cancer. In the following sections of this review, the latest
treatment trends of GBC will be systematically demonstrated
from five aspects, i.e., the surgical treatment of GBC,
neoadjuvant therapy, postoperative adjuvant therapy,
treatment of unresectable advanced GBC, and targeted
therapy and immunotherapy.

2 Surgical treatment of GBC

Surgical treatment is the first-line therapy for early-stage
GBC. To achieve long-term survival, radical resection is the
only treatment option for GBC patients, and preoperative
confirmation of the clinical stage of GBC is a vital
precondition for the standard radical resection of GBC. At
present, GBC is clinically staged mainly using the tumor-
node-metastasis (TNM) staging system recommended by the
American Joint Committee on Cancer (AJCC) (Table 1)
(Amin et al., 2017). As per the AJCC 8th edition staging
system, the clinical stage of GBC was evaluated based on the
depth of the primary tumor infiltrating the gallbladder wall and
liver tissue (T1-3), the number of regionally metastasizing lymph
nodes (N1-2), and the presence or absence of distant metastasis
(M0-1) and large blood vessel invasion (T4) (Figure 1), in which
the T stage determined the extent of hepatectomy for GBC,
i.e., simple resection, standard radical resection, or extended
radical resection (Figure 2).

2.1 Tis/T1 stage

Tis/T1a GBC only invades the lamina propria of the
gallbladder mucosa, which can be treated by simple resection,
with a 5-year survival rate of 100% (Shirai et al., 1992; You et al.,
2008). However, there has been an argument over the treatment of
T1b GBC. According to previous studies, lymph node metastasis
occurred in 15%–21% of T1b GBC patients, which was much
higher than that in T1a patients (Ogura et al., 1991; Vo et al., 2019;
Goel et al., 2022). The postoperative recurrence rate of T1b GBC
patients was significantly higher than that of T1a GBC patients (9%
vs. 1%, p < 0.01). In addition, the recurrence rate of T1b GBC
patients after simple resection was 12.5%, and that after extended
cholecystectomy was 2.7% (Lee et al., 2011). Abramson et al.
(2009) established a Markov decision model to evaluate
patients’ life expectancy related to surgical strategies. The
results revealed that the survival of T1b GBC patients after
radical resection was about 3 years and 5 months longer than
that of patients with simple resection (9.85 years vs. 6.42 years).
Vo et al. (2019) analyzed T1b GBC patients in the National Cancer
Data Base from 2004 to 2012, and found that the 5-year overall
survival (OS) rate would be reduced from 64.4% to 48.3% if the
patients only received simple resection. Hence, it is highly
recommended to perform the same radical operation as T2,
especially regional lymphadenectomy, for T1b GBC patients
(Fetzner et al., 2011; Vo et al., 2019; Goel et al., 2022). Xu et al.
(2020) conducted specific research on the optimal number of
regional lymph nodes that should be dissected and found that
patients undergoing simple resection and lymphadenectomy
(>5 lymph nodes) had a higher overall survival (OS) rate than
those not undergoing regional lymphadenectomy. GBC exhibits a
high degree of malignancy and a high rate of lymph node
metastasis; regional lymphadenectomy is accompanied by a low
incidence of complications and a low mortality rate, and
determining the status of lymph node metastasis contributes to
the formulation of postoperative adjuvant therapy for patients
(Goel et al., 2022). Therefore, it is suggested that T1b GBC patients

TABLE 1 AJCC 8th edition TNM staging system for gallbladder cancer.

T stage T criteria

TX Primary tumor cannot be assessed

T0 No evidence of primary tumor

Tis Carcinoma in situ

T1 Tumor invades the lamina propria or muscular layer

T1a Tumor invades lamina propria

T1b Tumor invades muscle layer

T2 Tumor invades the perimuscular connective tissue on the peritoneal
side, without involvement of the serosa (visceral peritoneum) or
tumor invades the perimuscular connective tissue on the hepatic side,
with no extension into the liver

T2a Tumor invades the perimuscularr connective tissue on the peritoneal
side, without involvement of the serosa (visceral peritoneum)

T2b Tumor invades the perimuscular connective tissue on the hepatic side,
with no extension into the liver

T3 Tumor perforates the serosa (visceral peritoneum) and/or directly
invades the liver and/or other adjacent organ or structure, such as the
stomach, duodenum, colon, pancreas, omentum, or extrahepatic bile
ducts

T4 Tumor invades main portal vein or hepatic artery or invades two or
more extrahepatic organs or structures

N stage Regional lymph nodes

NX Regional lymph nodes cannot be assessed

N0 No regional lymph node metastasis

N1 Metastasis to one to three regional lymph nodes

N2 Metastasis to four or more regional lymph nodes

M stage Distant metastasis

M0 No distant metastasis

M1 Distant metastasis
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with physical tolerance should undergo radical resection of GBC
(the resection can be divided into regional lymphadenectomy and
wedge resection of the liver at 2 cm away from gallbladder bed
according to the resection extent), and it should be confirmed that
the resection margins of the cystic duct and liver tissue are
negative, so as to achieve more accurate tumor staging, guide
subsequent adjuvant therapy and evaluate the survival of patients.

2.2 T2 stage

According to the AJCC 8th edition TNM staging system, the
T2 stage of GBC can be further divided into T2a stage (the tumor on
the peritoneal side invades the perimuscular connective tissue
without exceeding the serosa) and T2b stage (the tumor on the
liver side invades the perimuscular connective tissue without
exceeding the serosa) (Figure 1) (Amin et al., 2017). The
prognosis of T2b GBC patients is worse than that of T2a GBC
patients. Shindoh et al. (2015) enrolled 252 T2 GBC patients for
research, and it was found that the 3-year and 5-year survival rates of
T2a and T2b GBC patients undergoing radical resection largely
differed from those undergoing simple resection (75.5% vs. 49.8%,
p = 0.006, and 48.2% vs. 28.9%, p = 0.018). The 3-year and 5-year
survival rates of T2b GBC patients were 52.1% and 42.6%,
respectively, while those of T2a GBC patients were 73.7% and
64.7%, respectively, showing statistically significant differences
(p = 0.0006). This result may be attributed to the higher residual
rate of cancer cells in the gallbladder bed (18% vs. 0%, p = 0.001),
higher lymph node metastasis rate (28% vs. 17%, p = 0.18) and more
micrometastases in the adjacent liver parenchyma (33% vs. 6%, p <
0.001) in T2b GBC patients compared with those in T2a GBC
patients. A recent meta-analysis also supports the above conclusion,
which summarizes 15 retrospective studies (a total of 2,531 patients,
including 1,332 T2a GBC patients and 1,199 T2b GBC patients).
According to the results, compared with T2a GBC patients, T2b
GBC patients have a worse prognosis and a higher risk of recurrence,
and hepatectomy can prolong the OS of T2b GBC patients
(Alrawashdeh et al., 2022). Toge et al. (2019) reviewed
81 T2 GBC patients and found that the lymph node metastasis
rate of T2b GBC patients was higher than that of T2a GBC patients
(46% vs. 20%, p = 0.028), but differences in the number of positive
lymph nodes and anatomical metastasis distribution between the
two groups were not statistically significant, so the extent of regional
lymph node resection of T2a and T2b GBC did not need to be

FIGURE 1
AJCC 8th edition TNM staging system for gallbladder cancer.

FIGURE 2
A schematic of radical cholecystectomy including
cholecystectomy, segment IVB and V resection, and portal
lymphadenectomy.
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changed. Maruyama et al. (2019) evaluated the correlation between
tumor location and peripheral nerve invasion. The results
manifested that peripheral nerve invasion was more frequently
detected on the liver side and proximal end, but less detected on
the peritoneal side and distal end, indicating that extrahepatic bile
duct resection may not be necessary for peritoneal and distal GBC.
In regard to the extent of hepatectomy and lymphadenectomy for
T2 GBC, it has been shown that there is no advantage in the
prognosis of patients with anatomical hepatectomy (IVb and V
segment resection) compared with that of patients with non-
anatomical hepatectomy (gallbladder bed resection) (Horiguchi
et al., 2013; Kwon et al., 2020). Japan’s Clinical Practice
Guidelines for the Management of Biliary Tract Cancers
2019 tends to recommend non-anatomical wedge resection on
the premise that R0 resection can be achieved, but a consensus
on the width of wedge resection has not been reached (Nagino et al.,
2021). The optimal extent of lymphadenectomy for radical resection
of GBC remains uncertain, but whether lymph nodes are positive is
an important predictor of survival after the radical resection of GBC,
so at least six lymph nodes should be resected for correct and
complete staging (Ito et al., 2011; Aloia et al., 2015). To sum up, the
anatomical location of the tumor on the liver side differs from that
on the peritoneal side, which leads to a significant difference in the
prognosis of patients after resection. Hence, the molecular biological
mechanism leading to the above differences should be explored in
future research.

2.3 T3/4 stage

Patients with T3/4 GBC are in a locally advanced stage and
should undergo extended radical resection, including vascular
resection and reconstruction, extended right hemihepatectomy,
extended lymphadenectomy, extrahepatic bile duct resection and
even combined pancreaticoduodenectomy. The research results of
D’Hondt et al. (2013) revealed that only 28.6% of T3 GBC patients
could be treated by radical resection. Pilgrim et al. (2009) reported
that if R0 resection could be achieved by surgical treatment in
T3 GBC patients, the 5-year survival rate could still reach 63%–67%.
Mizuno et al. (2019) proposed that hepatopancreatoduodenectomy
(HPD) was a better surgical strategy for T3/4 GBC, and the median
survival of patients undergoing HPD and those without HPD was
10 months and 6 months, respectively (p = 0.036). Further analysis
of distant metastasis in subgroups revealed that the survival of
M0 patients receiving HPD was longer (the median survival was
20 months), while that of M1 patients with or without HPD was
shorter (the median survival was 6 months). It should be noted that
the high incidence rate of postoperative complications and high
mortality rate limit the wide application of HPD. Aoki et al. (2018)
reported that the application of two-stage pancreaticojejunostomy
in HPD could reduce the incidence rate of major complications such
as pancreatic fistula after surgery, and the postoperative mortality
rate was almost zero. The team also proposed that associating liver
partition and portal vein ligation for staged hepatectomy (ALPPS)
can be applied to prevent extensive hepatectomy-induced liver
failure by promoting liver regeneration before HPD (Sakamoto
et al., 2016). Sahara et al. (2020) also discussed the importance of
lymphadenectomy by exploring the surgical indications of T4 GBC

according to the therapeutic index (lymph node metastasis rate × 3-
year OS). The results suggested that the effects of lymphadenectomy
on GBC patients in stage T4 or those with CA19-9 ≥ 200 UI/mL are
limited. Higuchi et al. (2020) investigated the adverse prognostic
factors that affect the long-term postoperative efficacy of T3 and
T4 GBC patients. It was found that there were ≥2 of the preoperative
factors (invasion of the liver ≥5 mm, invasion of the left margin of
the hepatoduodenal ligament or the whole area, and metastasis
of ≥4 lymph nodes), indicating poor prognosis. In addition, it has
been demonstrated by some research results that resection of T3/
4 GBC is meaningful only when R0 resection was achieved
(Birnbaum et al., 2014; D’Souza et al., 2020). Although surgical
resection is valuable for prolonging the survival of T3/4 GBC
patients to some extent, there is still an argument over surgical
treatment due to the poor prognosis of locally advanced GBC
resection as well as the high incidence rate of complications
related to extensive resection and the high mortality rate. In
addition, before the implementation of the extended resection,
the possibility that the patient’s postoperative recovery time will
lead to a decrease in the adjuvant chemotherapy rate and the poor
quality of life must also be considered (D’Souza et al., 2020; Kuipers
et al., 2021a; Welch et al., 2020; Shroff et al., 2019a). Therefore, the
technical resectability is not equivalent to the biological resectability
of the tumor, and the large proportions of patients receiving HPD
suffered from lymph node metastasis and extensive hepatoduodenal
ligament and pancreatic head invasion by the tumor. Hence, the
indications of HPD deserve further discussion, and the clinical
application in pancreatic cancer can provide a reference. It is
urgent to establish clear concepts of “resectable,” “borderline
resectable,” and “unresectable” GBC (Chaudhari et al., 2018;
Mizuno et al., 2019). All these situations indicate that in addition
to simple surgery, new treatment strategies are needed to improve
the prognosis of patients. For patients with locally advanced GBC,
such as T4 GBC, a treatment option involving multidisciplinary
team cooperation should be selected to avoid excessive invasiveness,
while neoadjuvant therapy may be beneficial for certain locally
advanced patients by reducing the tumor stage to create radical
surgery opportunities and reducing the risk of postoperative relapse.

3 Neoadjuvant therapy

Neoadjuvant therapy is gradually becoming a treatment option
for GBC patients, which is expected to become a new treatment
strategy for improving the prognosis of GBC patients. Reports have
shown that this treatment strategy has allowed some patients with
locally advanced unresectable GBC to undergo surgeries or
improved the prognosis of patients with resectable GBC (Kato
et al., 2013; Ozer et al., 2022). The expected advantages of
neoadjuvant therapy include (Medin and Maithel, 2022): (Hundal
and Shaffer, 2014) reducing the primary focus to improve the
R0 resection rate, (Sharma et al., 2017), treating distant
metastases that are difficult to detect by imaging examination,
(Roa et al., 2022), avoiding the impact of postoperative
complications on preoperative treatment, thereby improving the
completion rate of adjuvant therapy, and (Goetze, 2015) avoiding
the burden of surgery for patients whose condition worsens or
progresses quickly during neoadjuvant therapy. However, there is no
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completed phase III clinical trial that proves the effectiveness of
neoadjuvant therapy. One ongoing phase III clinical trial (GAIN
trial) aims to verify the advantages of neoadjuvant therapy
(3 cycles of gemcitabine combined with cisplatin (GC
regimen) before and after surgery, followed by surgery) over
surgery ± adjuvant therapy regimen in OS. The research subjects
are pathologically confirmed pT2-3N- or pT1-3N + GBC patients
after cholecystectomy, and the main results will be announced in
2024 (Goetze et al., 2020). Another ongoing phase III RCT
(POLCAGB study) compares the efficacy of neoadjuvant
chemoradiotherapy with neoadjuvant chemotherapy and
verifies whether neoadjuvant chemoradiotherapy is superior in
tumor downstaging and OS improvement (Engineer et al., 2019).
The research subjects are patients with locally advanced T3/
4 GBC confirmed by histopathology, who are randomly
assigned to the chemotherapy group and chemoradiotherapy
group based on the gemcitabine regimen (GC regimen or
GEMOX regimen). The primary endpoint of this study is to
compare the OS between the two groups of patients, and the
secondary endpoint is to compare the progression-free survival
(PFS) and R0 resection rate between them. The results of this trial
are expected. In addition, the following issues in the process of
neoadjuvant therapy should be fully explored: (Hundal and
Shaffer, 2014): the timing and duration of neoadjuvant
therapy, and (Sharma et al., 2017) the safety of large-scale
surgery after neoadjuvant therapy, such as extended
hepatectomy and/or pancreaticoduodenectomy.

4 Postoperative adjuvant therapy
of GBC

In 2019, the PRODIGE12-ACCORD18 study reported that for
patients with biliary tract cancer (BTC), postoperative adjuvant
chemotherapy using the GEMOX regimen (gemcitabine +
oxaliplatin) did not prolong the PFS compared with simple
surgery (median PFS: 30.4 months vs. 18.5 months, hazard ratio
(HR) = 0.88, p = 0.48) (Edeline et al., 2019). Subsequently, the OS of
patients who received postoperative monotherapy (capecitabine)
and those who underwent simple surgery was compared in the
BILCAP study. According to the results, although the intention-to-
treat analysis confirmed no statistically significant difference in the
OS between the two groups (51.1 months vs. 36.4 months, HR =
0.81, p = 0.097), the per-protocol analysis revealed that the
capecitabine therapy was more beneficial for the OS (53 months
vs. 36 months, HR = 0.75, p = 0.028), and the capecitabine group
showed high safety and tolerability (Primrose et al., 2019).
Therefore, the guidelines of the American Society of Clinical
Oncology (ASCO) and the National Comprehensive Cancer
Network (NCCN) both recommend a 6-month capecitabine
adjuvant therapy for patients with BTC (Shroff et al., 2019a;
Benson et al., 2021). This regimen is also widely recognized as
the standard treatment regimen after BTC resection worldwide.
Additionally, many researchers are evaluating the efficacy of
postoperative adjuvant radiotherapy and chemoradiotherapy
(Wang et al., 2015; Kim et al., 2018). Horgan et al. (2012)
analyzed the efficacy of adjuvant chemotherapy, radiotherapy and
chemoradiotherapy in patients after BTC resection, and the results

revealed that postoperative adjuvant therapy might be beneficial for
BTC patients with positive resection margins (R1) and/or positive
lymph nodes. In a multicenter retrospective study (Kim et al., 2016),
the effect of radiotherapy on the prognosis of GBC patients after
cholecystectomy was analyzed, which also demonstrated that
postoperative adjuvant radiotherapy exerted the greatest effect on
the improvement of the prognosis of patients with high-risk features
[T3-4 tumor, positive lymph nodes (N1) and positive surgical
margins (R1)]. However, different views appear recently, that is,
adjuvant radiotherapy can also improve the prognosis of GBC
patients with negative margins and negative lymph nodes after
surgery (Kamarajah et al., 2022). In summary, many studies have
shown that adjuvant radiotherapy and adjuvant chemoradiotherapy
can improve the long-term survival rate after cholecystectomy
(Gkika et al., 2020). Nonetheless, clinicians should cautiously
interpret the conclusions of these studies since most of them are
drawn based on retrospective research or SEER database analysis. In
addition, there is an urgent need for prospective trials to prove the
role of adjuvant radiotherapy or chemoradiotherapy. In a phase II
prospective single-arm study (SWOG-0809), GBC patients with
high risk (pT2-4, positive lymph nodes or positive surgical
margins) received four cycles of gemcitabine plus capecitabine
therapy (21-day regimen), followed by radiotherapy (the
radiation dose to the regional lymph node was 45 Gy, and the
radiation dose to the tumor bed was 54–59.4 Gy). The 2-year overall
survival rate of the patients was 65%, considerably exceeding the
expected effective threshold (assuming that the 2-year OS rate
was >45%, the estimated total survival rate in R0 group
was ≥65%, and the estimated total survival rate in R1 group
was >45%) in 67% of patients in R0 resection group and 60% in
R1 resection group (Ben-Josef et al., 2015). As the patients showed
shows good tolerance and efficacy, the SWOG-0809 regimen is
recommended by the ASCO and NCCN guidelines as a
postoperative adjuvant therapy for GBC with R1 surgical margins
(Benson et al., 2021). The ongoing phase III clinical trials
(ACTICCA-1, NCT02170090) explore the efficacy of adjuvant
therapy using the GC regimen. The monotherapy regimen
(capecitabine) with a treatment cycle of 24 weeks is adopted in
control group. A total of 781 patients with BTC (including hilar
cholangiocarcinoma, distal cholangiocarcinoma, intrahepatic
cholangiocarcinoma and GBC) after surgical resection were
recruited in this trial, and disease-free survival (DFS) is the
primary research endpoint (Stein et al., 2015). In the AdBTC-1
study (NCT03779035) in China, 460 patients with BTC (including
GBC) after radical resection will be recruited and randomly assigned
to gemcitabine plus capecitabine regimen group or capecitabine
monotherapy group, with recurrence-free survival (RFS) as the
primary endpoint. The results of the above two trials are worth
our expectations. However, at present, adjuvant therapy after GBC
resection still faces with some basic problems. For example, the
BILCAP study has shown the advantages of postoperative adjuvant
therapy in improving the survival of patients, but it has not evaluated
the problem that patients have poor tolerance to adjuvant therapy
due to impaired liver function after extensive hepatectomy or
decreased physical status scores caused by surgery. These patients
may not benefit from postoperative adjuvant therapy, but many
studies have not mentioned the proportion and number of such
patients, so further research is needed.
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5 Unresectable advanced GBC

5.1 First-line treatment

Although the results of the ABC-02 phase III clinical trial have
been published for over 10 years, the GC regimen (gemcitabine
combined with cisplatin) remains the standard first-line treatment
for patients with advanced unresectable or metastatic BTC (Valle
et al., 2010). As nephrotoxicity is more common in the GC regimen,
cisplatin can be replaced by oxaliplatin (Fiteni et al., 2014), but the
only prospective phase III clinical study does not show the
equivalent efficacy of gemcitabine combined with oxaliplatin
(Sharma et al., 2019). Another phase III non-inferiority clinical
trial demonstrated that the XELOX regimen (capecitabine +
oxaliplatin) was not inferior to the GEMOX regimen in
improving the 6-month PFS rate of patients (46.7% vs. 44.6%)
(Kim et al., 2019). Moreover, many studies have made attempts
to intensify the treatment with multidrug regimens. As revealed by
the results of a Japanese study, the efficacy of gemcitabine combined
with S-1 (GS regimen) is not inferior to that of the GC regimen. S-1
is an oral fluoropyrimidine drug composed of tegafur, gimeraci and
oteracil potassium. The median OS was 13.4 months in GC group
and 15.1 months in GS group (HR = 0.945, p = 0.046). In addition,
hydration is not required by the GS regimen, but over 2 h of
hydration is needed by the GC regimen to prevent cisplatin-
induced nephrotoxicity (Morizane et al., 2019). Therefore, the GS
regimen can be adopted as another first-line standard treatment
regimen. Another phase III clinical trial comparing the GC regimen
with the GCS regimen (cisplatin + gemcitabine + S-1) ascertained
that the OS of the GCS regimen was longer than that of the GC
regimen (13.5 months vs. 12.6 months, HR = 0.791, p = 0.046). In
addition, the objective response rate (ORR) of the GCS regimen
tripled that of the GC regimen (41.5% vs. 15.0%, p < 0.001). On this
basis, GCS drugs are being tested in a phase III clinical trial (JCOG
1920) as a neoadjuvant therapy for patients with potentially
resectable BTC (Ioka et al., 2023). However, the main drawbacks
of the above two studies are that the target subjects are ethnically
homogeneous, and only Japanese patients are enrolled, lacking
international standardized results. The recent PRODIGE38-
AMEBICA phase II clinical trial (NCT02591030) evaluated the
efficacy of mFOLFIRINOX [5-fluorouracil (5-FU) + irinotecan +
oxaliplatin] regimen and GC regimen, and it was found that no
statistically significant differences in the median PFS and OS were
detected between the two groups (Phelip et al., 2022). Furthermore,
the ORR was not significantly improved by intensive therapy. The
ORR was 25.0% in mFOLFIRINOX group and 19.4% in GC group,
which was slightly lower than that in the GC group reported by
ABC-02 (26.1%). As a result, the mFOLFIRINOX regimen is
unlikely to be recommended as the first-line neoadjuvant therapy
for patients with borderline resectable BTC. Shroff et al. (2019b)
added nab-paclitaxel to the standard dual therapy (GC regimen),
which prolonged the median PFS and OS of patients. The ORR of
this regimen was 45%, the median PFS was 11.8 months (8 months
in the ABC-02 study) and the median OS was 19.2 months
(11.7 months in the ABC-02 study). However, the poor tolerance
of patients to this regimen and the 20% reduction in the doses of
gemcitabine and nab-paclitaxel compared with the standard
therapeutic doses weakened the actual effect of this regimen to

some extent. The ongoing phase III SWOG1815 trial
(NCT03768414) evaluates the efficacy of the nab-paclitaxel + GC
triple regimen with a modified dose in contrast to the GC regimen,
and the conclusion is yet to be published.

5.2 Second-line treatment

Research has revealed that 15%–25% of patients whose tumor
has progressed after first-line treatment can still receive second-line
chemotherapy (Lamarca et al., 2014). In the ABC-06 phase III
clinical trial, among the patients whose tumor had progressed
after the first-line GC regimen, the efficacy of active symptom
control + FOLFOX regimen (oxaliplatin + calcium folinate +
fluorouracil) was compared with that of active symptom control
alone. The results showed that the median OS in active symptom
control + FOLFOX group was 6.2 months, while that in active
symptom control group was 5.3 months (HR = 0.69, p = 0.031).
The 6-month and 12-month OS rates in active symptom control
group were 35.5% and 11.4%, respectively, while those in active
symptom control + FOLFOX group were 50.6% and 25.9%,
respectively (Lamarca et al., 2021). It should be noted that
regardless of the patient’s previous sensitivity to platinum drugs,
the efficacy of the FOLFOX regimen was maintained, with 30% of
patients achieving at least 6 months of disease control. However, the
limitation of this study is that the efficacy of the FOLFOX regimen
was not compared with that of the monotherapy (fluorouracil)
regimen, so it is not clear whether combination therapy is more
effective than monotherapy (Tella et al., 2020). Irinotecan is a DNA
topoisomerase I (Topo I) inhibitor. SN-38, a metabolite of
irinotecan, can inhibit Topo I (a crucial substance involved in
synthesizing DNA), which prevents DNA synthesis of tumor cells
and exerts an anti-tumor effect. At present, SN-38 is mainly used for
treating gastrointestinal tumors (Saltz et al., 2000; Pozzo et al., 2004).
Several studies evaluated the potential efficacy of irinotecan as
monotherapy or in combination with other drugs in BTC, which
also confirmed the good anti-tumor activity and safety of irinotecan.
In a phase II clinical study, whether mFOLFIRI (irinotecan + 5-FU)
is superior to mFOLFOX (oxaliplatin + 5-FU) as the second-line
treatment of BTC was determined (Choi et al., 2021). The results
showed that mFOLFIRI was not superior to mFOLFOX. Specifically,
the 6-month OS rate of patients in mFOLFOX group was 54.1%,
while that in mFOLFIRI group was 44.1% (p = 0.677). Besides, the
median OS in mFOLFOX group and mFOLFIRI group was
6.3 months and 5.7 months, respectively (p = 0.974). In a phase
II multicenter study (GB-SELECT) (Ramaswamy et al., 2021), the
efficacy of the CAPIRI regimen (capecitabine + irinotecan) and IRI
regimen (irinotecan alone) in patients with advanced GBC was
compared. It was uncovered that among the GBC patients who had
previously received first-line therapy (gemcitabine-based therapy)
and had disease progression, there was no statistically significant
difference in the 6-month OS rate between patients undergoing the
CAPIRI regimen and those undergoing the IRI regimen. Irinotecan
monotherapy should be the first-line therapy option for these
patients. In another phase II single-center study (Zheng et al.,
2018), the efficacy of the XELIRI regimen and irinotecan
monotherapy in the treatment of advanced BTC patients who
had disease progression after the GC regimen. According to the

Frontiers in Pharmacology frontiersin.org06

Zhou et al. 10.3389/fphar.2023.1183619

171

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1183619


results, the XELIRI regimen was superior to irinotecanmonotherapy
in prolonging PFS (3.7 months vs. 2.4 months, p = 0.036). In the
phase IIb study (NIFTY), the efficacy of liposome irinotecan +
fluorouracil + calcium folinate regimen and fluorouracil + calcium
folinate regimen in the treatment of metastatic BTC patients who
had disease progression after the GC regimen was compared. It was
discovered that the median PFS of liposome irinotecan +
fluorouracil + calcium folinate was markedly longer than that of
fluorouracil + calcium folinate therapy group (7.1 months vs.
1.4 months, HR = 0.56, p = 0.0019). The most common grade 3-
4 adverse events in liposome irinotecan + fluorouracil + calcium
folinate group were neutropenia (24%) and fatigue or asthenia
(13%), reflecting its good safety and tolerability (Yoo et al.,
2021). Hence, liposome irinotecan + fluorouracil + calcium

folinate regimen can be used as a standard second-line treatment
option. A list of clinical trials of chemotherapy that included GBC is
given in Table 2.

6 Targeted therapy and
immunotherapy

With the development of advanced sequencing technologies
including next-generation sequencing (NGS), whole exome
sequencing (WES), RNA sequencing (RNAseq) and single-cell
analysis, the characterization and thus global identification of
genetic and epigenetic features and key molecules as potential
therapeutic targets for gallbladder cancer, particularly in targeted

TABLE 2 Clinical trials at different stages of chemotherapy that included GBC.

Trial Year Phase Line of
therapy

Patient number Treatment
regimen

mPFS/RFS
(months)

mOS
(months)

Hazard
ratio;

p-value (OS)GBC Total
BTC

PRODIGE12 Edeline et al.
(2019)

2019 Ⅲ Postoperative 38
(20.0%)

194 GEMOX vs. Obs 30.4 vs. 18.5 75.8 vs. 50.8 HR = 1.08;
p = 0.74

BILCAP Primrose et al.
(2019)a

2019 Ⅲ Postoperative 79
(17.6%)

447 Cap vs. Obs 25.9 vs. 17.4 53.0 vs. 30.0 HR = 0.75;
p = 0.028

SWOGS0809 Ben-Josef et al.
(2015)

2015 Ⅱ Postoperative 25
(31.6%)

79 Gem + Cap + Radio R0 = 35; R1 = 34 R0 = 26;
R1 = 23

NA

ABC-02 Valle et al. (2010)a 2010 Ⅲ First-line 149
(36.3%)

410 Gem + Cis vs. Gem 8.0 vs. 5.0 11.7 vs. 8.1 HR = 0.64;
p < 0.001

Sharma et al. (2019)a 2019 Ⅲ First-line 243
(100%)

243 GEMOX vs. Gem
+ Cis

5.0 vs. 4.0 9.0 vs. 8.3 HR = 0.78;
p = 0.057

Kim et al. (2019)a 2019 Ⅲ First-line 61
(27.5%)

222 XELOX vs. GEMOX 5.8 vs. 5.3 10.6 vs. 10.4 NA; p = 0.131

JCOG1113 Morizane et al.
(2019)a

2019 Ⅲ First-line 137
(38.7%)

354 Gem + S-1 vs. Gem
+ Cis

6.8 vs. 5.8 15.1 vs. 13.4 HR = 0.945;
p = 0.046

KHBO1401 Ioka et al.
(2023)a

2022 Ⅲ First-line 82
(33.4%)

246 Gem + Cis + S-1 vs.
Gem + Cis

7.4 vs. 5.5 13.5 vs. 12.6 HR = 0.748;
p = 0.015

PRODIGE38-AMEBICA
Phelip et al. (2022)

2022 Ⅱ First-line 33
(17.3%)

190 mFOLFIRINOX vs.
Gem + Cis

6.2 vs. 7.4 11.7 vs. 13.8 NA

Shroff et al. (2019b) 2019 Ⅱ First-line 13
(21.6%)

60 Gem + Cis + nab-Pac 11.8 19.2 NA

ABC-06 Lamarca et al.
(2021)a

2021 Ⅲ Second-line 34
(21.0%)

162 FOLFOX + ASC
vs. ASC

4.0 vs. NA 6.2 vs. 5.3 HR = 0.69;
p = 0.031

Choi et al. (2021) 2021 Ⅱ Second-line 35
(29.7%)

118 mFOLFIRI vs.
mFOLFOX

2.1 vs. 2.8 5.7 vs. 6.3 NA; p = 0.677

GB-SELECT Ramaswamy
et al. (2021)

2021 Ⅱ Second-line 98
(100%)

98 CAPIRI vs. IRI 2.27 vs. 3.12 5.16 vs. 6.28 HR = 0.98;
p = 0.930

Zheng et al. (2018) 2018 Ⅱ Second-line 12
(20.0%)

60 XELIRI vs. IRI 3.7 vs. 2.4 10.1 vs. 7.3 HR = 0.63;
p = 0.107

NIFTY Yoo et al. (2021) 2021 Ⅱ Second-line 53
(30.5%)

174 5-FU + LVF + Nal-
IRI vs. 5-FU + LVF

7.1 vs. 1.4 8.6 vs. 5.5 HR = 0.68;
p = 0.035

aMajor Phase III clinical trials of medications that are commercially accessible.

Abbreviations: GBC, gallbladder cancer; BTC, biliary tract cancer; GEMOX, gemcitabine and oxaliplatin; Obs, observation; Cap, capecitabine; Gem, Gemcitabine; Cis, cisplatin; HR, hazard

ratio; OS, overall survival; PFS, progression-free survival; RFS, recurrence free survival; Radio, Radiotherapy; NA, not achieved; S1, tegafur-gimeraci-oteracil potassium; XELOX, capecitabine

and oxaliplatin; mFOLFIRINOX, modified FOLFIRINOX (5-fluorouracil and irinotecan and oxaliplatin); FOLFIRI, 5-fluorouracil and irinotecan; FOLFOX, 5-fluorouracil and leucovorin and

oxaliplatin; nab-Pac, nanoliposomal-Paclitaxel; ASC, active supportive care; mFOLFOX, modified FOLFOX (oxaliplatin and 5-FU); mFOLFIRI, modified (FOLFIRI irinotecan and 5-FU);

CAPIRI, capecitabine and irinotecan; IRI, irinotecan; XELIRI, capecitabine and irinotecan; 5-FU, 5-fluorouracil; Nal-IRI, nanoliposomal-irinotecan; LVF, leucovorin.
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therapies and immunotherapy (Voss et al., 2013). The molecular
pathology of GBC is characterised by a high incidence of somatic
mutations in the inactivated TP53 (tumor protein 53) gene. In a
systematic evaluation based on 62 articles containing 3893 GBC
samples, Kuipers et al. found that TP53 (tumor protein 53) was the
most frequently mutated gene in approximately 57% (range 4%–
71%) of all GBC patients (Kuipers et al., 2021b). Other common
genetic changes in GBC patients are SHH (sonic hedgehog gene;
about 20%), ELF3 (E74-like ETS transcription factor 3; about
18.6%), and ARID1A (AT-rich interactive domain-containing
protein 1A; about 14%). SMAD4 (SMAD family member 4;
about 13.1%), EGFR (epidermal growth factor receptor, synonym:
Her 1, ERBB1; about 12%), ERBB2 (human epidermal growth factor
receptor 2; synonym: her2/neu; about 10%), PIK3CA
(Phosphorylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit
Alpha; about 14.6%), and KRAS (kirsten rat sarcoma virus; about
10.3%) (Javle et al., 2014; Javle et al., 2016; Roa et al., 2016; Dixit
et al., 2017; Yang et al., 2019; Kuipers et al., 2021b).

6.1 EGFR and VEGF pathway

Epidermal growth factor receptor (EGFR) inhibitors and vascular
endothelial growth factor receptor (VEGF) inhibitors are targeted drugs
commonly used in antitumor treatment. EGFR is an essential
transmembrane tyrosine kinase involved in activating the RAS/RAF/
MAPK and AKT/mTOR signal transduction pathways, which are
directly related to both cell proliferation and cell death (Jorissen
et al., 2003). Both VEGF overexpression and micro-vessel density
(MVD) have been put in correlation with cancer progression,
metastasis and prognosis in GBC (Chen et al., 2011). VEGF is
widely acknowledged to play an important role in promoting tumor
angiogenesis. It has been shown that VEGF is highly expressed in the
serum of GBC patients and promotes angiogenesis, proliferation and
invasion of gallbladder cancer cells and inhibits apoptosis of tumor cells
(Xu et al., 2019). Morizane et al. (2018) summarized the results of phase
II clinical trials by adopting monotherapy or combination
chemotherapy with targeted therapeutic drugs (erlotinib, cetuximab,
panitumumab ± bevacizumab, sorafenib, cediranib, trametinib, and
vandetanib), and believed that beneficial effects can be achieved by the
GC regimen, GEMOX regimen ormonotherapy (gemcitabine) regimen
combined with targeted drugs in the treatment of BTC patients.
However, the effectiveness of EGFR inhibitors and VEGF inhibitors,
either used alone or in combination with chemotherapy, is basically the
same as that of the standard first-line treatment regimen. The above
conclusion is confirmed by a meta-analysis. Rizzo et al. (2020) analyzed
4 related phase II clinical trials to explore the efficacy of EGFR inhibitors
(two cetuximab regimens and two panitumumab regimens) and first-
line chemotherapy based on the gemcitabine regimen (three GEMOX
regimens and one GC regimen) in the treatment of patients with
advanced BTC. It was found that the combination with anti-EGFR
monoclonal antibody did not improve ORR, PFS or OS in patients
receiving first-line treatment. Nevertheless, the single or combined use
of targeted drugs plays a good role in the second-line treatment of
advanced BTC. In a randomized, double-blind, phase II clinical trial
(REACHIN) (Demols et al., 2020), the safety and efficacy of regorafenib
in unresectable or metastatic BTC patients who had disease progression
after chemotherapy using gemcitabine combined with platinum. As

demonstrated by the results, the median PFS in regorafenib group was
remarkably longer than that in placebo group (3.0 months vs.
1.5 months, p = 0.004), and the 6-month PFS rate in regorafenib
group was larger than that in placebo group (21% vs. 3%). A phase
II single-arm trial was performed to assess the efficacy of ramucirumab
(a targeted VEGFR-2 drug), in the treatment of advanced BTC patients
who had previously received gemcitabine-based chemotherapy (Lee
et al., 2022). The results manifested that the median PFS and OS were
3.2 months and 9.5 months, respectively, and PFS was similar to that of
other chemotherapy regimens previously used for refractory BTC.

6.2 HER2/neu pathway

HER2 is a cell-surface receptor with a transmembrane tyrosine
kinase domain that plays a crucial role in tumor biology through the
downstream activation of the PI3K/Akt pathway (call polarity, cell
adhesion, cell cycle) and the MAPK pathway (mitosis) in multiple
cancers (Roskoski, 2014; Yan et al., 2014). In GBC, HER2/neu
overexpression is more common than in other forms of BTC
(Kiguchi et al., 2001). Blocking human epidermal growth factor
receptor 2 (HER-2) is therefore an alternative strategy for the
targeted treatment of GBC (Roa et al., 2014). In the TreeTopp
study, the role of varlitinib in advanced BTC patients was evaluated
(Javle et al., 2022), and it was found that patients showed high tolerance
to the second-line treatment with varlitinib + capecitabine, but it did not
improve the efficacy compared with capecitabine alone. However, the
median PFS was prolonged in female patients and GBC patients. In the
MyPathway basket study (Javle et al., 2021), 39 patients with metastatic
BTC (16 patients with GBC) had been previously treated and had
HER2 amplification, overexpression or both. Nine patients achieved
partial response (PR) (the ORRs of BTC and GBC were 23% and 31%,
respectively), and the median duration was 10.8 months. The median
PFS and OS were 4 months and 10.8 months, respectively. In another
basket trial in which patients with HER2 and HER3 mutations were
treatedwith neratinib, 3 of 25 patients with BTChad a PR, and theORR
was 16%, proving that anti-HER2monoclonal antibodies have a certain
effect on specific advanced GBC patients (Harding et al., 2022).
Zanidatamab is a bispecific HER2-targeting antibody, which has
been proven to have antitumor efficacy and safety in HER2-
overexpressing cancers. In a phase I study enrolling 20 patients with
unresectable, locally advanced or metastatic BTC (11 patients with
GBC) that had progressed after first-line therapy, the ORR and disease
control rate (DCR) were 47% and 65%, respectively, with a median
response duration of 6.6 months after treatment with zanidatamab, and
it showed good safety and tolerance (Meric-Bernstam et al., 2021).
Based on these data, zanidatamab is being assessed in an ongoing global
phase IIb study (NCT04466891) in advanced HER2-positive BTC
patients who have disease progression after gemcitabine-containing
regimens. Additionally, three ongoing trials (NCT03613168,
NCT02992340, NCT02836847) are designed to evaluate the role of
anti-HER2 targeted therapy in BTC patients, and the results are
prospective. Moreover, PIK3CA mutations are present in some GBC
patients, which activate the PI3K/Akt/mTOR pathway and promote the
occurrence and development of GBC (Roa et al., 2016). In the phase II
study of everolimus monotherapy as first- and second-line therapy for
advanced BTC, the ORR was reduced from 12% in the first-line
treatment to 5.1% in the second-line treatment. Moreover, the DCR
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of GBC is obviously worse as compared to that of other BTCs (Buzzoni
et al., 2014; Lau et al., 2018).

6.3 PD-1/PD-L1 pathway

The immune microenvironment of BTC has been shown to be
suppressive with decreased cytotoxic immune cells, increased T
regulatory cells, and overexpression of PD1 and cytotoxic T
lymphocyte-associated protein 4 (CTLA4) molecules on

infiltrating T cells (Zhou et al., 2019). Programmed death-1 (PD-
1), are frequently exploited through overactivation by their specific
ligands [e.g., programmed death ligand 1 (PD-L1)] that are
expressed on cancer and immune cells, leading to peripheral
T cell exhaustion, and thus allowing for tumor escape from
immune surveillance (Fabris et al., 2019). In several clinical trials
of immunotherapy, great achievements of pembrolizumab (anti-
PD-L1) and nivolumab (anti-PD-1) have been made in GBC
treatment. KEYNOTE-158 (Marabelle et al., 2020) and
KEYNOTE-028 (Ott et al., 2019) studies aim to explore the

TABLE 3 Main clinical trials of targeted therapy and/or immunotherapy including gallbladder cancer.

Trial Year Phase Target Line of
therapy

Patient
number

Treatment
regimen

mPFS
(months)

mOS
(months)

ORR
(%)

GBC BTC

Lee et al. (2012) 2012 Ⅲ EGFR First line 82 268 GEMOX ± erlotinib
vs. GEMOX

5.8 vs. 4.2 9.5 vs. 9.5 40 vs. 21

REACHIN Demols et al.
(2020)

2020 Ⅱ VEGF and
multiple other

targets

Second line 9
(13.6%)

66 Regorafenib 3 5.3 NA

Lee et al. (2022) 2022 Ⅱ VEGF-2 Second line 13
(21.7%)

60 Ramucirumab 3.2 9.5 NA

MyPathway Javle et al.
(2021)

2021 Ⅱ HER2/neu Second line 16
(41.0%)

39 Pertuzumab +
trastuzumab

4 10.9 23

TreeTopp Javle et al.
(2022)

2022 Ⅱ HER1,
HER2 and
HER4

Second line 34
(26.8%)

127 Varlitinib + cap
vs. cap

2.83 vs. 2.79 7.8 vs. 7.5 9.4 vs.
4.8

James Harding et al. (2022) 2022 Ⅱ HER2, HER3 Second line 10
(40%)

25 Neratinib 2.8 5.4 16

ZW25 Meric-Bernstam
et al. (2021)

2021 I HER2 Second line 11
(44%)

20 Zanidatamab NA NA 47

RADiChol Lau et al. (2018) 2018 Ⅱ mTOR First line 12
(44%)

27 Everolimus 5.5 9.5 12

KEYNOTE-158 Marabelle
et al. (2020)

2020 Ⅱ PD-1 Second or
later

NA 104 Pembrolizumab 2 9.1 5.8

Kim et al. (2020) 2020 Ⅱ PD-1 Second or
later

17
(31%)

54 Nivolumab 3.7 12.4 22

MakotoUeno Ueno et al.
(2019)

2019 I PD-1 First line 20
(33%)

60 Nivolumab + Gem +
Cis vs. Nivolumab

4.2 vs. 1.4 15.4 vs. 5.2 11 vs. 1

LEAP-005 Villanueva et al.
(2021)

2021 Ⅱ PD-1 and
multiple other

targets

Second or
later

NA 31 Lenvatinib +
Pembrolizumab

6.1 8.6 NA

REGOMUNE Cousin et al.
(2022)

2022 Ⅱ PD-L1 and
multiple other

targets

Second or
later

1 (2.9%) 34 Regorafenib +
avelumab

2.5 11.9 NA

Chen et al. (2021a) 2021 Ⅱ PD-1 First line 11
(12%)

92 Camrelizumab +
GEMOX or FOLFOX

5.3 12.4 16.3

Yarchoan et al. (2021) 2021 Ⅱ PD-L1, MEK Second or
later

19
(24.7%)

77 Atezolizumab ±
cobimetinib

3.56 vs. 1.87 NA 1 vs. 1

TOPAZ-1 Oh et al. (2022)a 2022 Ⅲ PD-L1 First line 171
(24.9%)

685 Durvalumab + Gem
+ Cis vs. Gem + Cis

7.2 vs. 5.7 12.8 vs. 11.5 26.7 vs.
18.7

aMajor Phase III clinical trials of medications that are commercially accessible.

Abbreviations: GBC, gallbladder cancer; BTC, biliary tract cancer; GEMOX, gemcitabine and oxaliplatin; PFS, progression-free survival; OS, overall survival; ORR, objective response rate;

EGFR, epidermal growth factor receptor; VEGF, vascular endothelial growth factor; HER, herceptin receptor; PD-1, programmed death 1; PD-L1, programmed death ligand1. MEK, MAPK/

ERK kinase. NA, not achieved; FOLFOX, 5-fluorouracil and leucovorin and oxaliplatin; Cap, capecitabine; Gem, Gemcitabine; Cis, cisplatin; mTOR, mammalian target of rapamycin.
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TABLE 4 Ongoing trials enrolling patients with gallbladder cancer-clinical trial information obtained from ClinicalTrials.gov.

Identifier Phase Line of
therapy

Treatment regimen Population Primary
EndPoint

Status

NCT03673072 III Neoadjuvant Perioperative Gem + Cis vs. adjuvant Incidental GBC
and BTC

OS Recruiting

NCT02867865 II/III Neoadjuvant RT + Gem + Cis vs. Gem + Cis GBC OS Recruiting

NCT04308174 II Neoadjuvant Durvalumab + Gem + Cis vs. Gem + Cis BTC (including GBC) R0 resection rate Recruiting

NCT04559139 II/III Neoadjuvant Perioperative Gem + Cis vs. adjuvant GBC OS Recruiting

NCT05036798 II Neoadjuvant Tislelizumab + Lenvatinib + Gemox BTC (including GBC) R0 resection rate Active, not
recruiting

JCOG1920 III Neoadjuvant Gem + S-1 vs. Gem + Cis + S-1 BTC (including GBC) OS Recruiting

NCT03779035 II Postoperative Gem + Cap vs. Cap BTC (including GBC) DFS rate 2 yr Recruiting

NCT05254847 II Postoperative Cap + Lenvatinib + Tislelizumab BTC (including GBC) DFS rate 1 yr Recruiting

NCT03768414 Ⅲ First line Gem + Cis + nab-Pac vs. Gem + Cis BTC (including GBC) OS Recruiting

NCT04692051 II First line nab-Pac + Cis vs. Gem + Cis BTC (including GBC) PFS Unknown

NCT04203160 IB/II First line Devimistat + Gem + Cis vs. Gem + Cis BTC (including GBC) DLT, ORR Recruiting

NCT04003636 Ⅲ First line Pembrolizumab + Gem + Cis vs. GEM + Cis BTC (including GBC) OS Active, not
recruiting

NCT03473574 Ⅱ First-line Durvalumab + Tremelimumab + Gem/Gem + Cis
vs. Gem + Cis

GBC and CCA ORR Active, not
recruiting

NCT02711553 Ⅱ First-line Ramucirumab or Merestinib or Placebo + Gem
+ Cis

BTC (including GBC) PFS Active, not
recruiting

NCT04191343 Ⅱ First-line Toripalimab + GEMOX BTC (including GBC) ORR Recruiting

NCT04300959 Ⅱ First-line Anlotinib hydrochloride + PD1 + Gem + Cis vs.
Gem + Cis

BTC (including GBC) OS 1 yr Unknown

NCT04677504 Ⅱ First-line Atezolizumab + Bevacizumab + Gem + Cis vs. Gem
+ Cis

BTC (including GBC) PFS Active, not
recruiting

NCT03478488 Ⅲ First line Envafolimab + gem + oxaliplatin BTC (including GBC) OS Recruiting

NCT04720131 Ⅱ First line Camrelizumab + apatinib + capecitabine BTC (including GBC) ORR Not yet recruiting

NCT03796429 Ⅱ First line Toripalimab + gem + S-1 BTC (including GBC) PFS, OS Recruiting

NCT03043547 Ⅱ Second or later Nal-IRI + 5-FU vs. 5-FU GBC and CCA PFS Active, not
recruiting

NCT04722133 II Second or later Trastuzumab-pkrb + mFOLFOX6 BTC (including GBC) ORR Recruiting

NCT04306367 II Second or later Pembrolizumab + Olaparib BTC (including GBC) ORR Unknown

NCT03639935 II Second or later Rucaparib + Nivolumab BTC (including GBC) 4-month PFS rate Active, not
recruiting

NCT03785873 Ib/II Second-line Nal-IRI + Nivolumab + 5-FU + Leucovori BTC (including GBC) DLT, PFS Active, not
recruiting

NCT04781192 I/II Second or later Regorafenib + durvalumab BTC (including GBC) AEs, PFS Recruiting

NCT03639935 II Second or later Rucaparib + Nivolumab BTC (including GBC) PFS Active, not
recruiting

NCT04781192 I/II Second or later Regorafenib + Durvalumab BTC (including GBC) AEs, PFS Recruiting

NCT04057365 II Second or later DKN-01 + Nivolumab BTC (including GBC) ORR Recruiting

NCT05170438 II Second or later Lenvatinib + Paclitaxel BTC (including GBC) ORR Recruiting

Abbreviations: GBC, gallbladder cancer; BTC, biliary tract cancer; Cap, capecitabine; Gem, Gemcitabine; Cis, cisplatin; GEMOX, gemcitabine and oxaliplatin; S-1, tegafur-gimeraci-oteracil

potassium; DLT, dose-limiting toxicity; PFS, progression-free survival; DFS, disease free survival; ORR, objective response rate; RT, radiotherapy; Nab-pac, nab-paclitaxel; Pac, paclitaxel; 5-FU,

5-fluorouracil; Nal-IRI, nanoliposomal-irinotecan; AEs, adverse events; OS, overall survival; mFOLFOX6, 5-fluorouracil and leucovorin and oxaliplatin.
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efficacy and safety of pembrolizumab in the treatment of advanced
cholangiocarcinoma. According to comprehensive research results,
the ORR, median OS and PFS were 5.8% vs. 13.0%, 7.4 months vs.
5.7 months, and 2.0 months vs. 1.8 months, respectively (Piha-Paul
et al., 2020). It can also be concluded that pembrolizumab ensures
lasting anti-tumor activity in 6%–13% of patients with advanced
BTC, regardless of the expression level of PD-L1, and it has
controllable drug toxicity. The results of a phase II trial (Kim
et al., 2020) revealed that all subjects showed good tolerance to
nivolumab, with an ORR of 22%, a DCR of 59%, a median PFS of
3.68 months, and a median OS of 14.24 months. Additionally,
immunotherapy combined with targeted drugs or chemotherapy
drugs is also under clinical research. In another phase I trial
(MakotoUeno), the efficacy of nivolumab monotherapy or
nivolumab combined with the GC regimen in the treatment of
patients with advanced BTC was explored. The median OS was
5.2 months vs. 15.4 months, and the median PFS was 1.4 months vs.
4.2 months, respectively, indicating that the efficacy of combined
medication group is better than that of monotherapy group (Ueno
et al., 2019). The latest results of the phase II multi-cohort study
LEAP-005 demonstrated that the addition of lenvanib on the basis of
pembrolizumab (anti-PD-1) is effective and well-tolerated in
patients. In 31 BTC patients, the ORR and DCR were 10% and
68%, respectively (Villanueva et al., 2021). As revealed by the results
of the phase II single-arm study REGOMUNE (Cousin et al., 2022),
regorafenib combined with avelumab displayed anti-tumor activity
in BTC patients who had been previously treated. Among 29 cases
evaluable for efficacy, there were 4 cases (13.8%) of PR, but the
primary endpoint of the experimental design was not reached. In
another multicenter, phase II clinical study (NCT03092895) (Chen
et al., 2021a), the feasibility of chemotherapy based on
camrelizumab combined with oxaliplatin-based chemotherapy as
a first-line treatment for advanced BTC was evaluated. The ORR and
DCR were 16.3% and 75.0%, respectively, and the median PFS and
OS were 5.3 months and 12.4 months, respectively, indicating the
good efficacy and safety of this regimen. In a randomized phase II
trial, the combination of the PD-L1 inhibitor atezolizumab and
MEK inhibitor cobimetinib was applied in the treatment of
advanced BTC. The results showed that in contrast to
atezolizumab monotherapy, the combination of atezolizumab and
cobimetinib reached its primary endpoint and remarkably
prolonged the PFS (median PFS: 3.65 months vs. 1.87 months,
HR = 0.58, p = 0.027) (Yarchoan et al., 2021). Recently, the
results of the world’s first randomized, double-blind, placebo-
controlled, global multicenter phase III clinical trial (TOPAZ-1)
assessing the first-line immunotherapy (durvalumab) + GC regimen
for advanced BTC have been announced, which is a milestone. The
results showed that compared with chemotherapy alone, the
combination with durvalumab evidently prolonged the OS of
patients (median OS: 12.8 months vs. 11.5 months, HR = 0.80,
p = 0.021) and PFS (median PFS: 7.2 months vs. 5.7 months,
HR = 0.75, p = 0.001), and increased the ORR (26.7% vs. 18.7%),
and the combined immunotherapy did not increase the incidence
rate of grade 3-4 treatment-related adverse events (Oh et al., 2022).
Another global, randomized, double-blind, multicenter phase II
study (IMbrave151) is also under way to evaluate the role of
bevacizumab + atezolizumab (anti-PD-L1) + gemcitabine +
cisplatin as the first-line treatment regimen (Hack et al., 2021).

Although only the preliminary results indicated that PD-1/PD-
L1 inhibitors can be used for the treatment of advanced GBC,
the positive results of TOPAZ-1 research mark the arrival of a
new era of immunotherapy for advanced GBC, and it is expected to
change the treatment mode of GBC patients. Table 3 summarizes
main clinical trials of targeted therapy and/or immunotherapy
including GBC.

7 Challenges and future prospects

Obviously, it should be pointed out that the above comprehensive
treatment options for GBC, especially the formulation of drug therapy
regimens, are mostly introduced from the research data of biliary tract
tumors. In addition, most of the current studies on drug therapy for
biliary tract tumors usually involve GBC and cholangiocarcinoma.
There has been evidence from multiple dimensions such as
molecular biology (Chen et al., 2021b; Yoon et al., 2021) and clinical
data (Azizi et al., 2021) that GBC and cholangiocarcinoma not only
differ in anatomy, but also in disease behaviors, molecular
characteristics and sensitivity to treatment, and their responses to
the same treatment regimen also show large differences. However,
there are few prospective clinical trials on GBC alone. Attention should
be paid to the differences betweenGBC and other biliary tract tumors in
the future. Additionally, more GBC patients should be enrolled, and
multi-center institutional collaboration and standardization should
increase the quality of clinical studies. More precise information on
the therapy of GBC can only be supplied by adopting high-quality
clinical research or more rigorous subgroup analysis. Ongoing trials
enrolling patients with GBC are listed in Table 4.

8 Conclusion

Due to high invasiveness and tumor heterogeneity, the treatment
of GBC is still faced with severe challenges. Standardized radical
operation at the early stage and comprehensive treatment based on
chemotherapy at the advanced stage are still standardmethods for the
treatment of GBC. With the continuous deepening of research, the
current treatment of GBC has changed tremendously. Treatment
medications are no longer restricted to chemotherapy or
circumscribed therapy, and more and more research is focusing on
the use of combination regimens. Cytotoxic chemotherapy’s
mechanism of action, and the main driver of its anticancer effect,
is its ability to damage DNA during cellular division. Increasingly, the
immunogenic effect of cytotoxic treatment is becoming evident with
the advent of effective immune checkpoint blockade. Likewise,
multitargeted TKIs and VEGF inhibition, which may promote
T-cell activation and reduce immunosuppressive regulatory T cells
in tumors in vivo, may enhance the effect of anti-PD-1 therapy. The
prognosis of patients with GBC in palliative care and good ECOG
status may be improved by exploiting potential synergies to enhance
treatment, such as using a combination of three or four chemotherapy
regimens. We must also be aware that next-generation sequencing
tests are imperative for all newly diagnosed patients with advanced
GBC, and that molecular genetic analysis and related biomarker
studies (e.g., gene drivers, tumor mutational burden status,
inflamed cytotoxic T-cell score, immune microenvironment
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composition, and host microbiome) will help to develop and evaluate
effective drugs, address resistance mechanisms and manage drug-
related toxic effects, as well as improve patient prognosis andmaintain
an efficient quality of life.
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Efficacy and safety of the herbal
formula Naesohwajung-tang for
functional dyspepsia: a
randomized, double-blind,
placebo-controlled, multi-center
trial

Na-Yeon Ha1, Seok-Jae Ko2, Jae-Woo Park2 and Jinsung Kim3*
1Division of Digestive Diseases, Department of Internal Korean Medicine, Kyung Hee University Medical
Center, Seoul, Republic of Korea, 2Department of Gastroenterology, Kyung Hee University College of
Korean Medicine, Kyung Hee University Hospital at Gangdong, Seoul, Republic of Korea, 3Department of
Gastroenterology, Kyung Hee University College of Korean Medicine, Kyung Hee University Medical
Center, Seoul, Republic of Korea

Background: Current treatment and management options for functional
dyspepsia (FD) often fail to alleviate symptoms. Naesohwajung-tang (NHT) is a
herbal formula frequently used to treat functional dyspepsia in traditional Korean
medicine. However, few animal and case reports on the use of Naesohwajung-
tang for functional dyspepsia treatment exist, and the clinical evidence remains
deficient.

Objectives: This study aimed to evaluate the efficacy of Naesohwajung-tang in
patients with functional dyspepsia.

Methods: We enrolled 116 patients with functional dyspepsia at two study sites in
this 4 weeks, randomized, double-blind, placebo-controlled trial and randomly
assigned them to either the Naesohwajung-tang or placebo group. To evaluate
the efficacy ofNaesohwajung-tang, the primary endpoint was a score on the total
dyspepsia symptom (TDS) scale after treatment. The overall treatment effect
(OTE), single dyspepsia symptom (SDS) scale, food retention questionnaire
(FRQ), Damum questionnaire (DQ), functional dyspepsia-related quality of life
(FD-QoL) questionnaire, and gastric myoelectrical activity measured using
electrogastrography were evaluated as secondary outcomes. Laboratory tests
were performed to confirm the safety of the intervention.

Results: The 4 weeks administration of Naesohwajung-tang granules
demonstrated a significantly higher reduction in the total dyspepsia symptom
(p < 0.05) and a higher degree of improvement in the total dyspepsia symptom (p <
0.01) than the placebo group. Patients who underwentNaesohwajung-tang had a
significantly higher overall treatment effect and a greater increase in the degree of
improvement in scores such as epigastric burning, postprandial fullness, early
satiation, functional dyspepsia-related quality of life, and Damum questionnaire
(p < 0.05). Additionally, the Naesohwajung-tang group showed a greater effect in
preventing a decrease in the percentage of normal gastric slow waves after meals
than the placebo group. As a result of subgroup analyses using the degree of
improvement in total dyspepsia symptom, Naesohwajung-tang was found to be
more effective than placebo in female, younger patients (<65 years), with a high
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body-mass index (≥22), overlap type, food retention type, and Dampness and heat
in the spleen and stomach systems pattern. There was no significant difference in
the incidence of adverse events between the two groups.

Conclusion: This is the first randomized clinical trial to verify that Naesohwajung-
tang leads on symptom relief in patients with functional dyspepsia.

Clinical Trial Registration: https://cris.nih.go.kr/cris/search/detailSearch.do/
17613, identifier KCT0003405

KEYWORDS

functional dyspepsia, randomized controlled trial, Naesohwajung-tang,
electrogastrography, pattern identification, herbal medicine

1 Introduction

Patients with functional dyspepsia (FD) complain of at least one
of the following symptoms for more than 6 months prior to
diagnosis: postprandial fullness, early satiation, epigastric pain, or
epigastric burning. According to the Rome IV criteria, the
international standard diagnostic criteria for functional
gastrointestinal disorders (FGIDs), FD is diagnosed when the
patient’s clinical symptoms meet the criteria while excluding
organic causes of dyspepsia, including peptic ulcer disease,
gastroesophageal malignancy, and medications (Stanghellini et al.,
2016). The worldwide prevalence of FD is reported to be 11%–30%
(Mahadeva and Goh, 2006). Factors such as dietary habits,
sociocultural differences, psychological issues, and gastrointestinal
(GI) infections affect dyspeptic symptoms, resulting in differences in
the distribution of prevalence (Ghoshal et al., 2011). Although the
key pathogenesis of FD is not clear, various mechanisms are known
to act in combination, including gastric dysmotility, such as gastric
emptying and accommodation (Park et al., 2017), visceral
hypersensitivity (Vanheel et al., 2017), Helicobacter pylori
infection (Moayyedi et al., 2005), and psychosocial dysfunction,
such as anxiety and depression (Mak et al., 2012). FD can be
classified into three subtypes based on the predominant
symptoms: 1) postprandial distress syndrome (PDS),
characterized by aggravating postprandial fullness and/or early
satiation symptoms; 2) epigastric pain syndrome (EPS),
characterized by aggravating epigastric pain or burning
symptoms; and 3) overlap type, characterized by the coexistence
of PDS and EPS (Carbone et al., 2015). The PDS type is more
common in Asia than in North America or Europe (Mahadeva and
Ford, 2016). FD extensively affects the health-related quality of life
in terms of physical, psychological, and social aspects (Aro et al.,
2011). Moreover, it causes direct and indirect costs owing to its long-
lasting and recurrent symptoms, which reduce productivity.

Although various treatments including H. pylori eradication
therapy (Mazzoleni et al., 2011), proton pump inhibitors (PPIs)
(Pinto-Sanchez et al., 2017), H2 receptor antagonists (H2RA)
(Moayyedi et al., 2006), antidepressants (Jackson et al., 2000),
and prokinetic agents (Pittayanon et al., 2019) have been devised to
manage symptoms in patients with FD, current treatments for FD
are limited because the underlying causes of the condition are not
fully understood (Masuy et al., 2019). FD often shows a chronic
course, and its symptoms vary widely over a long period of time
(Talley and Ford, 2015). Herbal medicine, a representative therapy

in the realm of complementary and alternative medicine,
comprises a diverse array of active ingredients. As a result, it
can simultaneously target multiple pathophysiological
mechanisms, such as GI motility, secretory function, cellular
protection, and psychoactive properties (Gwee et al., 2021). As
these advantages have been highlighted, the potential of herbal
medicine as a new treatment for FD, which is complex and involves
various etiologies, has been recognized. Specifically, 25% of
patients with FD in the United States tried alternative therapies,
and their expenditures reached $111 (range $0–3,741) (Lacy et al.,
2013).

Naesohwajung-tang (NHT) is one of the most frequently used
herbal medicine in traditional Korean medicine (TKM) for the
treatment of FD (Table 1). NHT, composed of 19 single
botanical drugs, is a combination of two well-known herbal
formulas: Naeso-san (NSS) and Daehwajung-eum (DHJ). In a
previous study, 4 weeks administration of NHT in children with
FD experiencing abdominal pain improved abnormal
electrogastrography (EGG) parameters including the rate of
normogastric and dominant power (DP) in the postprandial
phase (Kim et al., 2002). Based on these results, NHT was
expected to ameliorate dysmotility-related FD symptoms by
regulating gastric motility. However, no randomized clinical trials
(RCTs) of high methodological quality have been conducted to
provide objective evidence for NHT as a treatment option for
patients with FD. This is the first randomized placebo-controlled
study to evaluate the safety and clinical efficacy of NHT in adult
patients with FD.

2 Materials and methods

2.1 Study design

This was a prospective, multi-center, randomized, double-
blind, parallel-group, placebo-controlled trial. This clinical trial
with a 4 weeks NHT administration aimed to determine whether
NHT improves clinical symptoms in patients with FD compared
to placebo. The protocol for our recent study described the study
information in detail, including sample size calculation,
forbidden drugs, criteria for withdrawal, and protocol for
EGG recording (Ha et al., 2020), strictly following the
Consolidated Standards of Reporting Trials (CONSORT)
guidelines (Schulz et al., 2010).
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2.2 Participants

A total of 116 participants with FD were recruited from two
study sites, Kyung Hee University Medical Center and Kyung Hee
University Hospital at Gangdong, Seoul, Republic of Korea, from
2019 to 2020. The protocol was approved by the Institutional Review
Board of each study center (approval number KOMCIRB-2017-08-
030; KHNMCOH 2019-01-003-003). The study was registered with
the Clinical Research Information Service (CRIS) (KCT0003405,
registered on 24 December 2018).

Before enrollment in the study, all subjects provided written
informed consent and were evaluated for eligibility. The inclusion
criteria for participants with FD were as follows: 1) aged between
19 and 75 years; 2)met the Rome IV criteria for FD (Stanghellini et al.,
2016); 3) had an overall dyspeptic symptom score on a visual analog
scale (VAS) of 0–100 points ≥40; 4) agreed not to receive any other
treatment for dyspepsia during the study period; and 5) voluntarily
agreed to participate and signed the informed consent form.

The exclusion criteria were as follows: 1) had an organic cause of
dyspepsia such as peptic ulcer, gastroesophageal cancer, or biliary
pancreatic disease within the last 1 year; 2) had obvious clinical
symptoms of irritable bowel syndrome; 3) had alarm symptoms
including weight loss, hematochezia, and dysphagia; 4) had
psychiatric diseases or severe diseases associated with the heart, lung,

liver, or kidney; 5) had a surgery history of the GI tract; 6) pregnancy or
lactation; 7) took medications that affect the GI tract, such as
prokinetics, PPIs, and anti-ulcer agents, non-steroidal anti-
inflammatory drugs, anticholinergics, and steroids; 8) had
participated in another clinical trial within less than 1 month before
the randomization; 9) were positive for human immunodeficiency
virus; 10) used alternative treatments including herbal medicine or
acupuncture that may have an effect on indigestion; 11) could not
cooperate or were unable to continuously participate in the clinical trial;
12) had blood clotting disorders, leukopenia, or seizure disorders; 13)
had uncontrolled chronic diseases (e.g., hypertension and diabetes
mellitus); 14) had allergies to the components of NHT or placebo;
15) had diseases that may affect the intake or absorption of drugs, such
as dysphagia, glucose-galactose malabsorption, or lactase deficiency;
and 16) had a history of alcohol abuse or drug dependence.

We collected the demographic information and checked the
clinical history of each participant, including sex, age, weight,
alcohol/smoking status, and H. pylori infection status.

2.3 Intervention

In this clinical trial, NHT and placebo were prescribed to treat
patients with FD. Botanical drugs for the preparation of the NHT

TABLE 1 Composition and dosage of NHT.

No. Scientific name (family) Chinese name Dosage per serving (g)

1a,b Crataegus pinnatifida Bunge (family Rosaceae) Shanzha 2.50

2b Hordeum vulgare L. (family Poaceae) Chao-Maiya 2.50

3b Magnolia officinalis Rehder & E.H.Wilson (family Magnoliaceae) Houpo 1.88

4a,b Citrus reticulata Blanco (family Rutaceae) Chenpi 1.88

5b Alisma plantago-aquatica subsp. orientale (Sam.) Sam. (family Alismataceae) Zexie 1.88

6 Atractylodes lancea (Thunb.) DC. (family Compositae) Cangzhu 1.25

7a Cyperus rotundus L. (family Cyperaceae) Xiangfu 1.25

8a,b Citrus trifoliata L. (family Rutaceae) Zhishi 1.25

9a Pinellia ternata (Thunb.) Makino (family Araceae) Banxia 1.25

10a Poria cocos (Schw.) Wolf. (family Polyporaceae) Fuling 1.25

11a — Chao-Shenqu 1.25

12a,b Wurfbainia villosa (Lour.) Škorničk. & A.D.Poulsen (family Zingiberaceae) Sharen 1.25

13a Sparganium stoloniferum (Buch.-Ham. ex Graebn.) Buch.-Ham. ex Juz. (family Typhaceae) Sanleng 1.25

14a Curcuma phaeocaulis Valeton (family Zingiberaceae) Ezhu 1.25

15a Zingiber officinale Roscoe (family Zingiberaceae) Ganjiang 1.25

16 Z. officinale Roscoe (family Zingiberaceae) Shengjiang 1.25

17 Agastache rugosa (Fisch. & C.A.Mey.) Kuntze (family Lamiaceae) Huoxiang 1.00

18 Aucklandia lappa DC. (family Compositae) Muxiang 0.67

19 Glycyrrhiza uralensis Fisch. (family Leguminosae) Gancao 0.67

a11 botanical drugs included in Naeso-san.
b7 botanical drugs included in Daehwajung-eum.

NHT, Naesohwajung-tang.
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extract granules were purchased from Humanherb (Daegu, Korea),
Omniherb (Yeongcheon, Korea), and Dongil Korean
Pharmaceutical Co., (Daegu, Korea). Brown granules of the NHT
herbal extract and placebo were produced by the National Institute
for Korean Medicine Development (Gyeongsan, Republic of Korea)
and Shinhwa Pharmaceutical Corporation (Daegu, Republic of
Korea). Both facilities followed the strict guidelines of Korean
Good Manufacturing Practice (KGMP) during production.
Additionally, the botanical drugs used in the manufacturing of
the trial drugs, preparation procedures, and quality management
were rigorously quality controlled according to the standards set by
the Korean Pharmacopoeia (KP) and Korean Herbal
Pharmacopoeia (KHP).

Both NHT and placebo were administered in the form of
granules. NHT contains the following 19 botanical drugs (dosage
per serving): the dried ripe fruit of Crataegus pinnatifida Bunge
(Rosaceae; Crataegi Fructus) (2.50 g); the stir-baked dried
germinated ripe fruit of Hordeum vulgare L. (Poaceae; Hordei
Fructus Germinatus) (2.50 g); the dried stem bark, root bark, or
branch bark of Magnolia officinalis Rehder & E.H.Wilson
(Magnoliaceae; Magnoliae Cortex) (1.88 g); the dried ripe
pericarp of Citrus reticulata Blanco (Rutaceae; Citri Unshius
Pericarpium) (1.88 g); the dried tuber of Alisma plantago-
aquatica subsp. orientale (Sam.) Sam. (Alismataceae; Alismatis
Rhizoma) (1.88 g); the dried rhizome of Atractylodes lancea
(Thunb.) DC. (Compositae; Atractylodis Rhizoma) (1.25 g); the
dried rhizome of Cyperus rotundus L. (Cyperaceae; Cyperi
Rhizoma) (1.25 g); the dried unripe fruit of Citrus trifoliata L.
(Rutaceae; Ponciri Fructus Immaturus) (1.25 g); the dried tuber
of Pinellia ternata (Thunb.) Makino (Araceae; Pinelliae Tuber)
(1.25 g); the dried sclerotium of Poria cocos (Schw.) Wolf
(Polyporaceae; Poria Sclerotium) (1.25 g); the stir-baked
fermented mixture (Massa Medicata Fermentata) (1.25 g)
composed of six botanical drugs (the caryopsis of Triticum
aestivum L. (Poaceae; Tritici Fructus Levis), the seed of Vigna
umbellata (Thunb.) Ohwi and H. Ohashi (Fabaceae; Vignae
Angularis Semen), the seed of Prunus armeniaca L. (Rosaceae;
Armeniacae Semen), the stem and leaf of Xanthium strumarium
L. (Compositae; Xanthii Fructus), the stem and leaf of Artemisia
annua L. (Compositae; Artemisiae Annuae Herba), and the stem and
leaf of Persicaria hydropiper (L.) Delarbre (Polygonaceae; Polygoni
Hydropiperis Herba); the dried ripe fruit of Wurfbainia villosa
(Lour.) Škorničk. & A.D.Poulsen (Zingiberaceae; Amomi Fructus)
(1.25 g); the dried rhizome of Sparganium stoloniferum (Buch.-
Ham. ex Graebn.) Buch.-Ham. ex Juz. (Typhaceae; Spargarnii
Rhizoma) (1.25 g); the dried rhizome of Curcuma phaeocaulis
Valeton (Zingiberaceae; Curcumae Rhizoma) (1.25 g); the dried
rhizome of Zingiber officinale Roscoe (Zingiberaceae; Zingiberis
Rhizoma) (1.25 g); the fresh rhizome of Z. officinale Roscoe
(Zingiberaceae; Zingiberis Rhizoma Recens) (1.25 g); the dried
aerial part of Agastache rugosa (Fisch. & C.A.Mey.) Kuntze
(Lamiaceae; Agastachis Herba) (1.00 g); the dried root of
Aucklandia lappa DC. (Compositae; Aucklandiae Radix) (0.67 g);
and the dried root and rhizome of Glycyrrhiza uralensis Fisch.
(Leguminosae; Glycyrrhizae Radix et Rhizoma) (0.67 g).

Specifically, raw botanical drugs were weighed and boiled with
purified water at 95°C–105°C for 3 h. After filtering the extract, the
filtrate was concentrated in a decompression evaporator below 55°C

with 650–700 mmHg, dried below 50°C with 650–700 mmHg, and
pulverized at 1,800 RPM to obtain 5.0 g of dry extract. The
extraction yield was 18.75%. The dry extract was then mixed
with the excipients of Zea mays (corn) starch (0.6 g), powdered
cellulose (1.4 g), and small amounts of purified water and was dried
in granule form to obtain one package of 7.0 g NHT granules. Tests
were conducted on raw botanical drugs and dried extracts for
identification, purity (residual pesticides and heavy metals), and
microbiological examination, and the contents and results were
found to be suitable. A chemical identification test was
conducted in accordance with the procedure of thin-layer
chromatography. High-performance liquid chromatography with
the diode-array detection method was used for quantitative analysis;
the hesperidin content (C28H34O15:610.56) was ensured to
be ≥11.5 mg and the glycyrrhizic acid content (C42H62O16:
822.93) was maintained at ≥5.0 mg in 1 dose (1 package). The
placebo granules (7.0 g) consisted of lactose hydrate (3.268 g), Z.
mays starch (3.080 g), cacao color powder (0.249 g), sepia color
powder (0.300 g), Food Red No. 40 (0.005 g), Ssanghwa flavor
(0.098 g), and small amounts of purified water without any
effective components for the treatment of FD. A content test was
conducted to confirm that the inclusion of the main ingredients,
including hesperidin and glycyrrhizic acid, clearly distinguished the
investigational drug from the placebo. Finally, the NHT and placebo
granules were packed separately in opaque aluminum bags and were
indistinguishable in appearance. The random codes were labeled by
an independent manufacturer. The clinical trial pharmacist at each
center provided a packaged drug to the subjects based on random
allocation. Both drugs were administered to the subjects three times
a day at 30 min after each meal for 4 weeks.

2.4 Randomization and allocation
concealment

A total of 116 patients with FD who met the eligible criteria were
randomly assigned at a ratio of 1:1 into either the NHT or placebo
group. For randomization, an independent statistician not directly
involved in this study generated a set of 116 randomnumbers using the
PROC PLAN in SAS (SAS Institute Inc., Cary, North Carolina,
United States). To maintain the randomization process, random
number tables for allocation were concealed using sealed opaque
envelopes throughout the study period. The investigational drugs,
packaged identically to conceal the intervention allocation for both
the participants and investigators, were distributed equally to both
study sites with label numbers from 1 to 58 at a ratio of 1:1. After
enrollment, the subjects received the study number in the order of
randomization and were assigned to the corresponding groups for
4 weeks and another 4 weeks for follow-up. All investigators and
participants were blinded to treatment allocation throughout the study.

2.5 Outcome assessment

2.5.1 Primary outcome measure
The total dyspepsia symptom (TDS) scale was the primary

outcome measure to evaluate the severity and degree of
improvement of overall dyspeptic symptoms in patients with FD
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after 4 weeks administration of NHT compared with placebo. It uses
a 4-point Likert scale to assess eight different symptoms related to
indigestion: epigastric pain, epigastric burning, postprandial
fullness/bloating, early satiety, nausea, vomiting, belching, and
other dyspeptic symptoms. The Likert scale ranges from 0 (none)
to 3 (severe) and is used to rate the intensity of each symptom. The
overall score was calculated by adding points for each item, with
higher scores indicating more severe indigestion symptoms. The
TDS questionnaire has been used as the primary outcome measure
in several clinical trials on FD (Zhang et al., 2013; Ko et al., 2018). It
was evaluated throughout the 4 weeks study period, including at
follow-up visits.

2.5.2 Secondary outcome measures
Regarding the secondary outcome variables, the single dyspepsia

symptom (SDS) scale, FD-related quality of life (FD-QoL)
questionnaire, Damum questionnaire (DQ), and food retention
questionnaire (FRQ) were administered throughout the 4 weeks
study period.

To evaluate the intensity of dyspeptic symptoms, the four main
symptoms of FD on the SDS were measured using a 4-point Likert
scale. Each symptom was assessed based on the frequency, intensity,
and level of discomfort experienced by the patient (Zhang et al.,
2013).

The FD-QoL questionnaire consists of 21 items measuring the
QoL of patients with FD, grouped into four categories: diet, daily
activity, emotion, and social functioning. These items were assessed
using a 5-point Likert scale (Lee et al., 2006).

DQ is a diagnostic tool for identifying a phlegm pattern in TKM
and is associated with symptoms such as indigestion, dizziness, and
headache (Park et al., 2011). It comprises 14 items rated on a 7-point
Likert scale. A higher DQ score indicates a greater probability of a
phlegm pattern (Park et al., 2006).

The FRQ is used to diagnose a food retention pattern in TKM,
which is characterized by symptoms such as abdominal fullness and
pain (Zhu et al., 2002). It comprises 17 items rated on a 7-point
Likert scale. Scores of 1, 2, 3, and 4 were converted to 0 points,
whereas scores of 5, 6, and 7 were converted to 1 point. A total score
of six or greater indicates that the individual has a food retention
pattern (Park et al., 2013).

The overall treatment effect (OTE) (Van Zanten et al., 2006) was
assessed to evaluate the improvement in symptoms by treatment as
perceived by the patient at the visit after taking the investigational
drugs (weeks 2 and 4). We re-evaluated the TDS and OTE scores to
assess the continued impact of the intervention (week 8).

We used EGG (Yin and Chen, 2013) to measure the gastric
myoelectrical activity (GMA) of patients with PDS or overlap
subtypes of FD, both before and after treatment. Participants
who had not eaten for more than 8 h and were lying on their
backs had three active electrodes with gel applied to their
epigastric skin. The evaluation of gastric motility was
performed using multichannel EGG (Polygraf ID, Medtronic
A/S, Denmark) in three stages: the measurements were recorded
30 min before and after a standard nutritional beverage was
consumed. During the EGG assessment, measurements were
performed for dominant frequency and power, percentage of
normal/brady/tachygastria and arrhythmia, and power ratio to
assess GMA.

The evaluation of the 36-item standard tool for pattern
identification of FD (PIFD) was performed for patients in the
screening visit to classify the pattern of disease according to the
TKM theory and determine the impact on treatment effectiveness:
1) Spleen and stomach deficiency with cold pattern (SSDC); 2)
Spleen deficiency with qi stagnation pattern (SDQS); 3) Disharmony
of liver and stomach systems pattern (DLSS); 4) Tangled cold and
heat pattern (TACH); 5) Dampness and heat in the spleen and
stomach systems pattern (DHSS); and 6) Food retention disorder
pattern (FRED) (Ha, 2020).

2.6 Safety and adverse event monitoring

To evaluate the safety of the intervention, vital signs were
checked at each visit, and electrocardiography and laboratory
tests, including blood tests and urinalysis, were performed before
and after the administration of the investigational drugs. We
monitored any negative side effects that occurred throughout the
study period.

2.7 Statistical analysis

Outcome analysis was performed by an independent statistician
using SPSS software (version 25.0; IBM SPSS Statistics, Armonk, New,
United States) in a blinded manner. The effectiveness of the NHT was
evaluated using the full analysis set (FAS), which included all
participants who were randomly assigned, received the
investigational products, and were subsequently assessed at least
once. In instances of missing values for the primary variables, the
last observation carried forward method was used as a substitute. The
safety of the drug was assessed in randomly assigned participants who
took the investigational drugs at least once. Quantitative variables are
presented as the mean ± standard deviation (SD), and qualitative
variables are presented as numbers and percentages. Pearson’s chi-
square test or Fisher’s exact test was used for discrete variables,
whereas the independent two-sample t-test or Mann–Whitney U
test was used for continuous data. The assessment of the therapeutic
effects of the drug compared to that at baseline was performed using
the paired sample t-test or Wilcoxon signed-rank test and repeated
measures analysis. For safety assessment, the frequency of adverse
events and clinically significant changes in laboratory measurements
were compared between the two groups. A p < 0.05 was considered
statistically significant.

Subgroup analyses were performed for FD patients with
subtypes, including sex, age, body mass index (BMI), FD subtype,
and PIFD, based on the degree of improvement on the TDS scale
after 4 weeks treatment.

3 Results

3.1 Demographic and clinical characteristics
of the participants

From 10 May 2019, to 1 September 2020, 122 patients were
recruited to participate in this study. Six participants were excluded
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as they did not meet the inclusion criteria. A total of 116 patients
with FD were enrolled from two sites and randomly assigned to
either the NHT group (n = 58) or placebo group (n = 58). During the
4 weeks trial period, seven patients were removed from the efficacy
assessment owing to issues with consent and violations of the study
protocol that occurred after randomization. Thus, 109 patients
(54 in the NHT group and 55 in the placebo group) were
included in the FAS at week 4. By the follow-up period of
4 weeks after the end of drug administration, three patients in
the NHT group and one in the placebo group dropped out due
to protocol violation. The number of patients who completed the
trial in the NHT and placebo groups was 51 and 53, respectively.
One subject in the placebo group dropped out with less than 70%
compliance, but was included in the FAS. The detailed research flow
and reasons for dropping out are presented in Figure 1 (Schulz et al.,
2010).

The demographic characteristics of the patients at baseline were
clinically similar between the two groups, including mean age, sex
distribution, and mean BMI (Table 2). No clinically significant
differences were observed between the two groups in the
evaluation variables such as the VAS for dyspeptic symptoms,
TDS scale, SDS scale, and FD-QoL questionnaire at baseline.

3.2 Clinical outcomes

3.2.1 Primary outcome evaluation for dyspeptic
symptoms

The changes in the TDS scores before and after treatment and
the degree of improvement are described in Tables 3, 4,
respectively. Both groups showed significant improvements in
dyspeptic symptoms related to TDS at week 4 compared to
baseline as well as at the 2 and 8 weeks follow-ups. The mean
baseline TDS scores were not statistically different between the
NHT (10.57 ± 4.11) and control groups (9.97 ± 3.66). After
4 weeks treatment, the TDS score of the NHT group was
significantly lower than that of the placebo group (4.59 ±
3.48 vs. 6.49 ± 4.25, p = 0.011) (Figure 2A), whereas the
differences between the results at weeks 2 and 8 were not
significant. In addition, the improvement degree of the TDS
score were significantly higher in the NHT group than in the
placebo group after the 2 and 4 weeks treatments (4.50 ± 4.77 vs.
2.79 ± 3.32, p = 0.030; 5.85 ± 4.80 vs. 3.45 ± 3.45, p = 0.004)
(Figure 2B). At the 8 weeks follow-up, 4 weeks after taking the
medication, the improvement in the TDS score did not differ
between the two groups.

FIGURE 1
Flow chart of the trial; NHT, Naesohwajung-tang.
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3.2.2 Secondary outcome evaluation for dyspeptic
symptoms

Table 3 shows the pre-treatment and post-treatment scores of
the OTE, SDS scale, FD-QoL questionnaire, DQ, and the proportion
of FR diagnosis for each group in relation to the time from
enrollment to follow-up. In both groups, epigastric pain,
epigastric burning, postprandial fullness, and early satiation
scores, as measured by the SDS scale, significantly decreased after
the 2 and 4 weeks treatments, as well as the FD-QoL and DQ scores.
However, the 2 weeks score of early satiation in the placebo group
did not show any significant changes. The OTE score in the NHT
group significantly increased after the 4 weeks treatment compared
with that after the 2 weeks treatment (p < 0.01), whereas there were
no significant differences within the placebo group. When
comparing the differences between the two groups at each time
point, OTE values measured at weeks 2, 4, and 8 were significantly
higher in the NHT group than in the placebo group (2.04 ± 1.53 vs.
1.30 ± 1.96, p = 0.016; 2.89 ± 1.91 vs. 1.62 ± 2.35, p = 0.002; 2.80 ±
2.58 vs. 1.28 ± 2.01, p = 0.000) (Figure 3A). After the 2 and 4 weeks
treatments, there were no significant differences in the other scales
between the two groups.

The degrees of improvement in the OTE, SDS, FD-QoL, and DQ
scores after treatment in each group are presented in Table 4.
Regarding the OTE score, in the 8 weeks observation time,
significant differences were observed between the two groups
(0.73 ± 2.55 vs. 0.00 ± 1.78, p = 0.020). The NHT group had a
greater degree of improvement compared to the placebo group for

the scores of epigastric burning (1.82 ± 2.25 vs. 0.91 ± 1.91, p = 0.016;
2.44 ± 2.18 vs. 1.07 ± 2.22, p = 0.001) (Figure 4B), early satiation
(2.25 ± 2.87 vs. 0.84 ± 2.58, p = 0.021; 2.80 ± 2.73 vs. 1.20 ± 2.65, p =
0.004), (Figure 4D), and FD-QoL (10.20 ± 13.79 vs. 5.14 ± 9.32, p =
0.025; 14.17 ± 16.00 vs. 6.60 ± 9.76, p = 0.032) (Figure 3B) after 2 and
4 weeks of treatment. Additionally, the NHT group had a greater
degree of improvement in postprandial fullness (2.69 ± 2.38 vs.
1.65 ± 2.43, p = 0.048) (Figure 4C) and DQ (3.83 ± 3.92 vs. 1.65 ±
3.96, p = 0.005) (Figure 3C) after 4 weeks of treatment. However, no
significant differences were observed in the degree of improvement
in the epigastric pain scores (Figure 4A) between the two groups
after 2 and 4 weeks of treatment.

In both groups, the proportions of FR significantly decreased
after the 2 and 4 weeks treatments compared with those before
treatment, with no significant difference between the two groups.

3.2.3 Secondary outcome evaluation for gastric
myoelectrical activity (GMA)

The efficacy of NHT on GMA was evaluated using a surface
multichannel EGG to detect the abnormal gastric motility for
participants classified as PDS or overlap subtype. The EGG
parameters and values evaluated at baseline and week 4 are
presented in Supplementary Tables S1, S2. Among a total of
84 patients with FD whose GMA was assessed by EGG at
baseline (44 in the NHT group and 40 in the placebo group),
47 had some missing data that could not be used for the analysis
(21 in the NHT group and 26 in the placebo group); thus, EGG

TABLE 2 Baseline clinical characteristics of the patients included in the NHT and placebo groups.

Characteristics NHT Placebo p-value

Number 58 58 —

Mean age (years) 47.81 ± 13.12 47.57 ± 13.63 0.923a

Sex, n (M/F) 13/45 17/41 0.396b

Mean weight (kg) 56.87 ± 10.99 60.44 ± 10.90 0.078c

Mean BMI (kg/m2) 21.56 ± 3.35 22.61 ± 3.14 0.082a

Current alcohol use, n (%) 11 (19.0) 19 (32.8) 0.090b

Current smoking, n (%) 5 (8.6) 5 (8.6) 1.000b

Helicobacter pylori infection, n (%) 5 (8.6) 2 (3.4) 0.463d

VAS for overall dyspeptic symptoms 67.90 ± 15.05 64.93 ± 12.41 0.249a

TDS scale 10.57 ± 4.11 9.97 ± 3.66 0.405a

SDS scale

Epigastric pain 3.36 ± 2.50 3.48 ± 2.48 0.850c

Epigastric burning 3.88 ± 1.96 3.10 ± 2.28 0.058c

Postprandial fullness 5.95 ± 2.39 5.79 ± 2.03 0.638c

Early satiation 4.60 ± 2.87 3.91 ± 2.61 0.200c

FD-QoL questionnaire 30.91 ± 18.71 28.34 ± 15.96 0.568c

aIndependent two-sample t-test.
bPearson’s chi-squared test.
cMann–Whitney U test.
dFisher’s exact test.

BMI, bodymass index; FD-QoL, functional dyspepsia-related quality of life; NHT,Naesohwajung-tang; SDS, single dyspepsia symptom; TDS, total dyspepsia symptom; VAS, visual analog scale.

Baseline values were analyzed using Pearson’s chi-squared or Fisher’s exact tests for categorical variables and the independent two-sample t-test or Mann–Whitney U test for continuous

variables. Continuous values are presented as the mean ± SD. p < 0.05 indicates statistically significant differences between the NHT and placebo groups.
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results of a total of 37 subjects were included in the outcome analysis.
At baseline, there were two significant differences of GMA
parameters in the postprandial recording between the two
groups: percentage of normogastria at Ch1 (76.04 ± 9.41 vs.

83.71 ± 11.09, p = 0.029) and percentage of tachygastria at Ch1
(7.34 ± 5.29 vs. 3.14 ± 3.13, p = 0.022). Comparing the values before
and after meals in the NHT group, we observed a significant
decrease in the percentage of normogastria in Ch1 and Ch2, a

TABLE 3 Analysis and comparison of the scores of the TDS scale, OTE, SDS scale, FD-QoL questionnaire, and DQ, and FR proportion at baseline and post-treatment
between the NHT and placebo groups.

Variables Weeks Mean ± SD (n) p-value

NHT Placebo

TDS scale 0 10.57 ± 4.11 (58) 9.97 ± 3.66 (58) 0.405a

2 6.05 ± 3.61### (56) 7.14 ± 4.31### (57) 0.137b

4 4.59 ± 3.48### (54) 6.49 ± 4.25### (55) 0.011b,*

8 4.53 ± 3.32### (51) 5.72 ± 4.15### (54) 0.137b

OTE 2 2.04 ± 1.53 (56) 1.30 ± 1.96 (57) 0.016b,*

4 2.89 ± 1.91## (54) 1.62 ± 2.35 (55) 0.002b,**

8 2.80 ± 2.58 (51) 1.28 ± 2.01 (54) 0.000b,***

SDS scale

Epigastric pain 0 3.36 ± 2.50 (58) 3.48 ± 2.48 (58) 0.850b

2 2.11 ± 2.33## (56) 1.91 ± 2.27### (57) 0.569b

4 1.59 ± 2.12### (54) 1.56 ± 2.25### (55) 0.734b

Epigastric burning 0 3.88 ± 1.96 (58) 3.10 ± 2.28 (58) 0.058b

2 2.20 ± 1.80### (56) 2.14 ± 2.33## (57) 0.631b

4 1.50 ± 1.93### (54) 1.89 ± 2.20## (55) 0.451b

Postprandial fullness 0 5.95 ± 2.39 (58) 5.79 ± 2.03 (58) 0.638b

2 3.84 ± 2.04### (56) 4.58 ± 2.56## (57) 0.232b

4 3.28 ± 2.32### (54) 4.16 ± 2.68### (55) 0.127b

Early satiation 0 4.60 ± 2.87 (58) 3.91 ± 2.61 (58) 0.200b

2 2.36 ± 2.28### (56) 3.07 ± 2.33 (57) 0.142b

4 1.81 ± 2.06### (54) 2.71 ± 2.47## (55) 0.060b

FD-QoL questionnaire 0 30.91 ± 18.71 (58) 28.34 ± 15.96 (58) 0.568b

2 20.39 ± 16.34### (56) 23.33 ± 17.91## (57) 0.333b

4 16.59 ± 14.82### (54) 21.85 ± 18.87### (55) 0.131b

DQ 0 10.07 ± 3.35 (58) 8.99 ± 3.42 (58) 0.091a

2 7.67 ± 4.27### (56) 7.62 ± 3.74# (57) 0.953a

4 6.20 ± 3.46### (54) 7.40 ± 4.01# (55) 0.096a

FR, n (%) 0 37 (63.8) (58) 37 (63.8) (58) 1.000d

2 23 (41.1)c,## (56) 28 (49.1)c,# (57) 0.390d

4 16 (29.6)c,### (54) 25 (45.5)c,# (55) 0.088d

aIndependent two-sample t-test.
bMann–Whitney U test.
cMcNemar’s test.
dPearson’s chi-squared test.

DQ, Damum questionnaire; FD-QoL, functional dyspepsia-related quality of life; FR, food retention; NHT, Naesohwajung-tang; OTE, overall treatment effect; SDS, single dyspepsia symptom;

SD, standard deviation; TDS, total dyspepsia symptom. Pearson’s chi-squared test for categorical variables and the independent two-sample t-test or Mann–Whitney U test for continuous

variables were used. McNemar’s test was used to compare the proportion of patients diagnosed with FR before and after intervention. The significant differences compared to the baseline value

were analyzed using repeated measures ANOVA. Continuous values are presented as the mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant differences between

the NHT and placebo groups. #p < 0.05, ##p < 0.01, and ###p < 0.001 indicate statistically significant differences compared to the baseline value (week 0).
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significant increase in the percentage of bradygastria in Ch2 and
Ch3, a significant increase in the percentage of tachygastria in all
channels, and a significant increase in the percentage of arrhythmia

in Ch1 and Ch2. In contrast, in the placebo group, a significant
decrease in the percentage of normogastria in Ch2 and Ch3, a
significant increase in the percentage of bradygastria in Ch2, and a

TABLE 4 Analysis and comparison of the improvement degree on the TDS scale, OTE, SDS scale, FD-QoL questionnaire, and DQ after treatments between the NHT
and placebo groups.

Variables Weeks Mean ± SD (n) p-value

NHT Placebo

TDS scale 2 4.50 ± 4.77 (56) 2.79 ± 3.32 (57) 0.030a,*

4 5.85 ± 4.80 (54) 3.45 ± 3.45 (55) 0.004a,**

8 5.94 ± 4.90 (51) 4.24 ± 4.12 (54) 0.057a

OTE 4 0.85 ± 1.63 (54) 0.35 ± 1.54 (55) 0.173b

8 0.73 ± 2.55 (51) 0.00 ± 1.78 (54) 0.020b,*

SDS scale

Epigastric pain 2 1.18 ± 2.71 (56) 1.58 ± 2.13 (57) 0.456b

4 1.65 ± 2.44 (54) 1.91 ± 2.54 (55) 0.738b

Epigastric burning 2 1.82 ± 2.25 (56) 0.91 ± 1.91 (57) 0.016b,*

4 2.44 ± 2.18 (54) 1.07 ± 2.22 (55) 0.001b,*

Postprandial fullness 2 2.13 ± 2.11 (56) 1.21 ± 2.63 (57) 0.057b

4 2.69 ± 2.38 (54) 1.65 ± 2.43 (55) 0.048b,*

Early satiation 2 2.25 ± 2.87 (56) 0.84 ± 2.58 (57) 0.021b,*

4 2.80 ± 2.73 (54) 1.20 ± 2.65 (55) 0.004b,**

FD-QoL questionnaire 2 10.20 ± 13.79 (56) 5.14 ± 9.32 (57) 0.025a,*

4 14.17 ± 16.00 (54) 6.60 ± 9.76 (55) 0.032b,*

DQ 2 2.35 ± 3.56 (56) 1.41 ± 3.56 (57) 0.162a

4 3.83 ± 3.92 (54) 1.65 ± 3.96 (55) 0.005a,**

aIndependent two-sample t-test.
bMann–Whitney U test.

DQ, Damum questionnaire; FD-QoL, functional dyspepsia-related quality of life; NHT, Naesohwajung-tang; OTE, overall treatment effect; SDS, single dyspepsia symptom; SD, standard

deviation; TDS, total dyspepsia symptom. Statistically significant differences between the two groups were analyzed using the independent two-sample t-test or Mann–Whitney U test.

Continuous values are presented as the mean ± SD. *p < 0.05 and **p < 0.01 indicate statistically significant differences between the NHT and placebo groups.

FIGURE 2
(A) Comparison of the score of the TDS scale. The Mann–Whitney U test was used to compare the two groups (*p < 0.05), and the repeated
measures ANOVAwas used for comparisonwith the baseline value (###p < 0.001). (B)Comparison of the improvement degree of the TDS scale score. The
independent two-sample t-test was used to compare two groups (*p < 0.05; **p < 0.01); NHT, Naesohwajung-tang; TDS, total dyspepsia symptom.
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FIGURE 3
(A) Comparison of the OTE score. The Mann–Whitney U test was used to compare two groups (*p < 0.05, **p < 0.01, and ***p < 0.001). (B)
Comparison of the improvement degree in the scores of the FD-QoL questionnaire. The independent two-sample t-test or Mann–Whitney U test was
used to compare two groups (*p < 0.05). (C) Comparison of the improvement degree in the scores of the DQ. The independent two-sample t-test was
used to compare two groups (**p < 0.01); DQ, Damum questionnaire; FD-QoL, functional dyspepsia-related quality of life; NHT, Naesohwajung-
tang; OTE, overall treatment effect.

FIGURE 4
Comparison of the degree of improvement of the score on the SDS scale. TheMann–WhitneyU test was used to compare two groups (*p < 0.05 and
**p < 0.01). (A) Epigastric pain. (B) Epigastric burning. (C) Postprandial fullness. (D) Early satiation; SDS, single dyspepsia symptom; NHT, Naesohwajung-
tang.
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FIGURE 5
Comparison of percentage of normogastria measured by EGG recording. The independent two-sample t-test or Mann–Whitney U test was used to
compare two groups (*p < 0.05), and a paired sample t-test was used to compare preprandial and postprandial values (#p < 0.05, ##p < 0.01, and ###p <
0.001). (A) Baseline. (B) After treatment (week 4); Ch, channel; EGG, electrogastrography; NHT, Naesohwajung-tang.

TABLE 5 Subgroup analyses of comparing the effect of NHT to placebo on the improvement degree in the TDS scale after 4 weeks treatment.

Subgroup Mean ± SD (n) p-value

NHT Placebo

Improvement degree of score in TDS scale 5.85 ± 4.80 (54) 3.45 ± 3.45 (55) 0.004a,**

Sex (male) 5.09 ± 5.41 (11) 4.06 ± 3.88 (17) 0.378b

Sex (female) 6.05 ± 4.68 (43) 3.18 ± 3.25 (38) 0.002b,**

Age (≥65 years) 4.17 ± 5.12 (6) 4.13 ± 3.09 (8) 0.985a

Age (<65 years) 6.06 ± 4.77 (47) 3.34 ± 3.52 (48) 0.002b,**

BMI (≥22 kg/m2) 6.68 ± 4.91 (19) 3.16 ± 2.98 (31) 0.006b,**

BMI (<22 kg/m2) 5.40 ± 4.75 (35) 3.83 ± 4.01 (24) 0.191a

PDS 4.52 ± 5.44 (21) 2.05 ± 2.66 (21) 0.071a

EPS 4.62 ± 4.37 (13) 3.25 ± 3.13 (16) 0.336a

Overlap 8.05 ± 3.61 (20) 5.28 ± 3.85 (18) 0.028a,*

FR 6.29 ± 5.33 (34) 3.09 ± 3.79 (35) 0.006a,**

Not FR 5.10 ± 3.74 (20) 4.10 ± 2.71 (20) 0.340a

SSDC 5.13 ± 4.63 (38) 3.41 ± 2.67 (22) 0.073a

SDQS 7.67 ± 5.77 (3) 2.83 ± 3.19 (6) 0.262b

DLSS — (0) 2.33 ± 3.79 (3) —

TACH 4.50 ± 6.36 (2) 2.90 ± 3.18 (10) 0.758b

DHSS 8.00 ± 5.06 (10) 3.44 ± 4.13 (9) 0.048a,*

FRED 9.00 (1) 6.20 ± 5.89 (5) 0.667b

aIndependent two-sample t-test.
bMann–Whitney U test.

BMI, body mass index; DHSS, Dampness and heat in the spleen and stomach systems pattern; DLSS, Disharmony of liver and stomach systems pattern; EPS, epigastric pain syndrome; FR, food

retention; FRED, food retention disorder pattern; NHT, Naesohwajung-tang; PDS, postprandial distress syndrome; SD, standard deviation; SDQS, spleen deficiency with qi stagnation pattern;

SSDC, spleen and stomach deficiency with cold pattern; TACH, tangled cold and heat pattern; TDS, total dyspepsia symptom. Continuous values are presented as the mean ± SD. Statistically

significant differences between the two groups were analyzed using the independent two-sample t-test or Mann–Whitney U test. *p < 0.05 and **p < 0.01 indicate statistically significant

differences between the NHT and placebo groups.
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significant increase in the percentage of tachygastria in all channels
were observed (Figure 5A). For all channels, the power ratio was
found to be 1 or higher, and there was no significant difference
between the two groups.

Among the 79 patients with FD (41 in the NHT group and 38 in
the placebo group) who underwent EGG testing after 4 weeks of
treatment, EGG results were analyzed for a total of 50 participants,
excluding 29 subjects with detected missing values (17 in the NHT
group and 12 in the placebo group). At 4 weeks recoding, the
differences in GMA values measured in preprandial were
observed in the percentage of normogastria in Ch2 (82.80 ±
13.07 vs. 90.92 ± 7.81, p = 0.012) and percentage of tachygastria
in Ch2 (5.56 ± 9.20 vs. 1.66 ± 3.79, p = 0.040). When the preprandial
and postprandial values were compared, the NHT group showed a
significant decrease in the percentage of normogastria in Ch3, a
significant increase in the percentage of bradygastria in all channels,
and a significant increase in the percentage of tachygastria in Ch3. In
contrast, in the placebo group, a significant decrease in the
percentage of normogastria in all channels, a significant increase

in the percentage of bradygastria in all channels, an increase in the
percentage of tachygastria in Ch1 and Ch2, and a significant increase
in the percentage of arrhythmia in Ch1 were observed (Figure 5B).
Similarly, the power ratio was found to be 1 or higher in all channels,
and there was no significant difference between the two groups.

3.2.4 Subgroup analyses of the improvement
degree in the scores of TDS scale

Subgroup analyses of the changes in the TDS scale scores before
and after the 4 weeks treatment were performed based on sex (male
or female), age (≥65 as elderly population or <65 years), BMI
(≥22 kg/m2 or <22 kg/m2 as the mean value of all subjects), FD
subtypes (PDS, EPS, or overlap), FR diagnosis (FR or not FD), and
PIFD (SSDC, SDQS, DLSS, TACH, DHSS, or FRED) (Table 5). The
NHT group had a significantly higher degree of improvement in
TDS scores for female patients compared to that of the placebo
group (6.05 ± 4.68 vs. 3.18 ± 3.25, p = 0.002) (Figure 6A). In patients
under 65, the improvement degree of the TDS scores was
significantly higher in the NHT group than in the placebo group

FIGURE 6
Subgroup analyses of the improvement degree of score on the TDS scale. The independent two-sample t-test or Mann–WhitneyU test was used to
compare two groups (*p < 0.05 and **p < 0.01). (A) Sex. (B) Age. (C) BMI. (D) FD subtype. (E) FR diagnosis. (F) PIFD; BMI, bodymass index; DHSS, Dampness
and heat in the spleen and stomach systems pattern; DLSS, Disharmony of liver and stomach systems pattern; EPS, epigastric pain syndrome; FR, food
retention; FRED, Food retention disorder pattern; NHT, Naesohwajung-tang; PDS, postprandial distress syndrome; PIFD, pattern identification of
functional dyspepsia; SDQS, Spleen deficiency with qi stagnation pattern; SSDC, Spleen and stomach deficiency with cold pattern; TACH, Tangled cold
and heat pattern; TDS, total dyspepsia symptom.
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(6.06 ± 4.77 vs. 3.34 ± 3.52, p = 0.002) (Figure 6B). Patients with
BMI ≥ 22 showed better TDS score improvement in the NHT group
compared to the placebo (6.68 ± 4.91 vs. 3.16 ± 2.98, p = 0.006)
(Figure 6C). For the overlap subtype of FD patients, the
improvement degree of the TDS scores was significantly higher
in the NHT group than in the placebo group (8.05 ± 3.61 vs. 5.28 ±
3.85, p = 0.028) (Figure 6D). FD patients diagnosed with FR had
higher TDS improvement in the NHT group than in the placebo
(6.29 ± 5.33 vs. 3.09 ± 3.79, p = 0.006) (Figure 6E). FD patients
classified as the DHSS group showed better TDS score improvement
in the NHT group than in the placebo (8.00 ± 5.06 vs. 3.44 ± 4.13, p =
0.048) (Figure 6F).

3.3 Safety evaluation

All adverse events were documented in both groups during the
study period. The safety analysis set included 116 participants from
both groups. The total number of adverse events was 19 in the
NHT group (12 patients) and 20 in the placebo group (13 patients).
Information regarding the adverse events is shown in Table 6. One
serious adverse event (SAE) occurred in each group, a breast mass
in the NHT group and thyroid cancer in the placebo group, but
both were judged to be unrelated to the study drugs owing to the

onset of the disease. Analysis of the incidence of other drug-
induced adverse events showed no significant difference between
the study groups (p > 0.05), with all symptoms at a mild or
moderate level of recovery without sequelae. In addition, no
clinically significant abnormalities were observed in the vital
signs, blood test results, or urinalysis results before and after
drug administration.

4 Discussion

4.1 Summary of the evidence

Dyspepsia, characterized by pain or a heavy feeling in the
stomach and postprandial discomfort, is a relatively common
symptom. However, it is accompanied by a wide range of
differential diagnoses and heterogeneous pathological
mechanisms (Ford et al., 2020). As FD has therapeutic
limitations as a multifactorial disease in which symptoms are
inconsistent and do not individually correspond to the
mechanism one by one (Miwa, 2012), various FD symptoms
must be managed more effectively with multiple drugs for
combination therapy than with a single drug (Wagner, 2006). An
advantage of herbal medicines is that they can simultaneously target

TABLE 6 Adverse events in the NHT and placebo groups.

Items NHT Placebo p-value

Number of subjects 58 58

Yes, n (%) 12 (20.7) 13 (22.4) 0.821a

No, n (%) 46 (79.3) 45 (77.6)

Number of events 19 20

Types of adverse events (n) Dyspepsia aggravated (2) Dyspepsia aggravated (2)

Nausea (2) Nausea (2)

Headache (2) Headache (2)

Diarrhea (1) Diarrhea (1)

Dizziness (1) Constipation (1)

Heartburn (1) Abdominal pain NOS (1)

Throat discomfort (1) Periumbilical bruising (1)

Cervicalgia (1) Low back pain (1)

Myalgia (1) Coccyx pain (1)

Acute pharyngitis (1) Common cold (5)

Arthritis (1) Exposure to communicable disease (1)

Feelings of weakness (1) Accident (1)

General physical condition decreased (1) Thyroid cancer (1) (SAE)

Cystitis (1)

Traffic accident (1)

Breast mass (1) (SAE)

aPearson’s chi-squared test.

NHT, Naesohwajung-tang; SAE, serious adverse event. p < 0.05 indicates statistically significant differences between the NHT and placebo groups.
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multiple pathophysiological mechanisms. Herbal medicines used to
treat FD exert combined pharmacological effects related to motility
and secretory activity in the GI tract (Gwee et al., 2021). According
to the 2012 Asian guidelines (Miwa et al., 2012), herbal medicine has
been suggested as a potential treatment option for FD. A recent
network meta-analysis of 12 different herbal medicines in 15 RCTs
showed that Xiao Yao Pill and Modified Ban Xia Xie Xin Decoction
were significantly more effective than the placebo in improving
dyspepsia-related symptoms (Ho et al., 2022).

NHT is a traditional herbal remedy frequently used in Korea
for the treatment of FD. Numerous studies have explored the
effects of botanical drugs in NHT on digestion (Supplementary
Table S3). It is a combination of two herbal formulas, NSS and
DHJ, which are prescribed for indigestion, abdominal
distension, and loss of appetite, along with Atractylodis
Rhizoma, Agastachis Herba, Aucklandiae Radix, Glycyrrhizae
Radix et Rhizoma, and Zingiberis Rhizoma Recens (Yoon et al.,
2001). Researchers have conducted several experiments using
animal and cellular models to elucidate its therapeutic effects
and mechanisms of action. NSS comprises 11 botanical drugs
that promote gastric emptying through the cholinergic pathway
in antral-dilated mice (Kim and Yoon, 2008). Anti-
inflammatory effects have also been observed in experiments
on rats with indomethacin-induced gastroinflammation (Park
and Baik, 2013). DHJ, composed of seven botanical drugs,
inhibits smooth muscle contractions induced by acetylcholine
chloride and barium chloride in isolated ileum, colon, and
fundus strips of rats. In addition, it has been shown to
prevent pyloric ulcers induced by indomethacin and
hydrochloride ethanol in rats (Yang et al., 1997).
Furthermore, according to a study that analyzed the effect of
NHT on gastric motility in rats, NHT significantly improved
GMA and promoted gastric emptying, which were inhibited by
NG-nitro-L-arginine methyl ester (Kim, 2007). These studies
indicate that NHT, combined with the efficacy of the above two
prescriptions, can treat FD by promoting GI motility to improve
gastric dysmotility and adaptive relaxation disorders, and
prevent inflammation against gastric mucosal injury.

To the best of our knowledge, this is the first randomized,
double-blind, placebo-controlled clinical trial to show that NHT
alleviates dyspeptic symptoms in patients with FD. In our study,
significant differences were observed in TDS at week 4 and OTE
at weeks 2, 4, and 8 in the NHT group compared with the placebo
group. This means that the overall dyspepsia symptoms
significantly improved after a 4 weeks administration of NHT,
and the patient’s satisfaction with symptom relief was maintained
even 4 weeks after the end of treatment. Moreover, compared to
placebo, not only did the TDS score show a significant change at
both 2 and 4 weeks, but also significant improvements were
demonstrated in the symptoms of epigastric burning,
postprandial fullness, early satiation, and FD-QoL scale after
4 weeks of NHT administration. The improvement degree of the
DQ score in the NHT group was significantly greater than that in
the placebo group after 4 weeks. Among the symptoms of FD,
there was no significant difference in the degree of improvement
of epigastric pain between the two groups. According to recent
treatment guidelines for FD, prokinetics or PPIs are selectively
administered as an initial choice for either PDS or EPS,

depending on the main symptom (Vanheel and Tack, 2014).
Similarly, it is necessary to consider different applications of
herbal medicines for different patterns and symptoms in patients
with FD.

In our study, we performed EGG tests on patients with FD
corresponding to the PDS and overlap subtypes to analyze their
GMA related to dysmotility. In addition to subjective symptoms,
this objective evaluation provides a quantitative analysis of the
clinical characteristics of patients with FD. The results showed
that group administered NHT for 4 weeks had a less significant
decrease in the percentage of normogastria after meals than the
placebo group. There was a greater increase in the postprandial
percentages of bradygastria, tachygastria, and arrhythmia in the
placebo group than in the NHT group. However, the analysis of
the results was based on only a few remaining clean data because a
large number of subjects with missing values were excluded from
the analysis. Bias in the results owing to missing information
makes it difficult to generalize the outcomes. In addition, although
a decreasing pattern in the percentage of normogastria was
observed in the fed state compared to that in the fasted state
in both groups, all the values satisfied the normal ranges of
dominant frequency (2.0–4.0 cycles per minute) (Chen and
McCallum, 1992), normal percentage of gastric slow wave
(70%), and power ratio (>1) (Yin and Chen, 2013). For more
consistent data collection in the future, it is necessary to
completely test and retest measurements to minimize recording
errors for a larger number of subjects and to determine significant
values for each channel. Clinical considerations for further
research regarding the duration of illness and the severity of
the patient’s health status should be made for data analysis and
interpretation.

As a result of the sub-analyses for the degree of improvement of
the TDS score, NHT was more effective for FD patients who were
female, under the age of 65 years, with a BMI of 22 or higher, overlap
type, FR type, and DHSS. In TKM, pattern identification is the
process of overall analysis of clinical data to determine the location,
cause, and nature of a patient’s disease and to diagnose a pattern/
syndrome (World Health Organization, 2007). It is used for
diagnostic purposes and guides treatment principles based on a
patient’s symptoms and signs (Berle et al., 2010). FR (Park et al.,
2013) and DHSS types (Ha, 2020) commonly present feelings of
fullness in the stomach and burning in the upper abdomen,
corresponding to the overlap type of FD. Among the herbal
prescriptions widely used for FD, for instance, previous studies
have shown that Ban Xia Xie Xin Decoction for patients with FD of
TACH (Zhao et al., 2013) and Xiao Yao San for SDQS (Qin et al.,
2009) improved dyspeptic symptoms. This indicates that multiple
prescriptions can be suggested depending on the type and pattern of
the disease, even for similar symptoms. This differentiated
therapeutic approach can help increase the effectiveness of herbal
medicines in patients with FD who experience limitations with
conventional treatments. In future studies, a detailed analysis will
be required to evaluate the characteristics of patients with FD who
show a positive response to the NHT.

In terms of safety, NHT had no noticeable adverse events
compared with the placebo. The NHT and placebo groups had
similar numbers and types of adverse events; their severity was mild
and resolved without worsening. Although there was one SAE in
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each group, there was no definite connection to the study drug, thus
confirming the safety of NHT.

4.2 Comparison with previous studies

Based on a systematic review of 26 RCTs aimed at
determining the extent and underlying factors of the placebo
response in FD, we found that the overall placebo response rate in
pharmacological trials for FD was approximately 39.6% (Bosman
et al., 2023). The placebo effect is thought to be influenced by
psychological, neurobiological, and natural mechanisms (Jones
and Holtmann, 2023). As lower baseline symptom scores are
significantly related to higher placebo responses, proper entry
criteria based on symptom severity should be established
(Bosman et al., 2023). To address these limitations, we
enrolled patients with FD with moderate or severe dyspeptic
symptom scores (VAS ≥ 40). The SDS scale, which consists of
four cardinal dyspeptic symptoms, was used as a secondary
outcome measure. Additionally, we established a 4 week
follow-up evaluation period after the administration of the
investigational products to assess the sustained treatment
effect in the absence of interventions.

Previous studies on the use of NHT for the treatment of FD have
not compared its efficacy with that of a placebo in a clinical setting.
Studies in animals, cells, and patients have shown that NHT can
relieve dyspeptic symptoms and treat FD related to gastric
dysmotility. This recent clinical trial confirmed that NHT
administration could improve dyspepsia symptoms, quality of
life, and GMA values; however, the reliability of the NHT
findings in this study needs to be merged with further clinical
and experimental evidence to verify other underlying mechanisms.

4.3 Limitations

This study has several limitations. First, the study duration
was limited to 4 weeks, and there was a lack of long-term follow-
up. According to the FD guidelines for conducting clinical trials,
considering the prognosis of FD and the pharmacological
functions of drugs, at least 4 weeks of treatment is
recommended to assess short-term therapeutic effects (Lee
et al., 2018). This 4 weeks treatment period is common in
previous studies on FD using PPIs, prokinetics, and other
herbal therapies (Jee et al., 2011; Xiao et al., 2012). However,
as FD is prone to developing into a chronic disease in which
symptoms change over time and recur periodically, further
research is needed on the long-term safety and efficacy of
NHT. Second, in addition to GMA measurement through
EGG, other objective parameters related to GI motility, such
as plasma levels of ghrelin and motilin, must also be analyzed.
Furthermore, establishing a correlation between objective and
other subjective evaluations in a sufficient number of participants
with FD would enhance the credibility and clinical applicability
of these findings. In the future, it will be important to elucidate
the pathogenesis by which the active components of NHT relieve
FD symptoms. Finally, this trial was conducted only in Korea,
and further assessment of its external validity is required.

4.4 Strengths and future perspectives

Nevertheless, as the first RCT to evaluate the safety and
therapeutic effects of NHT in patients with FD, the outcomes of
this trial can reinforce the use of NHT for the treatment of FD. In
this RCT, the results showed that after a 4 weeks treatment with
NHT in patients with FD, symptom severity and quality of life
significantly improved compared with placebo. There were no
clinically significant differences in the incidence of adverse events
between the two groups. This evidence can be used to develop
clinical practice guidelines for the effective treatment and
management of FD, which can help promote public health.

5 Conclusion

NHT is one of the most frequently prescribed herbal medicines to
treat FD in the clinical settings of TKM. In this study, conducted with a
rigorous RCT design, dyspeptic symptoms in patients with FD were
alleviated after 4 weeks of NHT administration. In conclusion, our
study showed that the herbal formula of NHT could be used as an
effective and safe alternative therapy for FD. Further large-scale
multinational clinical trials of NHT as an effective herbal medicine
for FD or in combination with other therapies are needed.
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Glossary

CONSORT Consolidated standards of reporting trials

CRIS Clinical research information service

DHJ Daehwajung-eum

DHSS Dampness and heat in the spleen and stomach systems pattern

DLSS Disharmony of liver and stomach systems pattern

DP Dominant power

DQ Damum questionnaire

EGG Electrogastrography

EPS Epigastric pain syndrome

FAS Full analysis set

FD Functional dyspepsia

FD-QoL Functional dyspepsia-related quality of life

FGID Functional gastrointestinal disorder

FR Food retention

FRED Food retention disorder pattern

FRQ Food retention questionnaire

GI Gastrointestinal

GMA Gastric myoelectrical activity

H2RA H2 receptor antagonist

KGMP Korean good manufacturing practice

KHP Korean herbal pharmacopoeia

KP Korean pharmacopoeia

NHT Naesohwajung-tang

NSS Naeso-san

OTE Overall treatment effect

PDS Postprandial distress syndrome

PIFD Pattern identification of functional dyspepsia

PPI Proton pump inhibitor

RCT Randomized controlled trial

SAE Serious adverse event

SD Standard deviation

SDQS Spleen deficiency with qi stagnation pattern

SDS Single dyspepsia symptom

SSDC Spleen and stomach deficiency with cold pattern

TACH Tangled cold and heat pattern

TDS Total dyspepsia symptom

TKM Traditional Korean medicine

VAS Visual analog scale
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Introduction: The continuous rise in the prevalence of nonalcoholic fatty liver
disease (NAFLD) is emerging as a global health issue. Although the protective
effects of N-acetylcysteine (NAC), an antioxidant, against various diseases have
been reported, it is still unclear whether NAC has therapeutic potential in NAFLD.
Thus, the present meta-analysis aimed to investigate the efficacy of NAC on
NAFLD in preclinical studies.

Methods: By searching PubMed, Web of Science, and Cochrane Library, 13 studies
were included. Themethodological quality was assessed based on the SYstematic
Review Centre for Laboratory animal Experimentation guideline, and
heterogeneity was evaluated with I2 and p values. Publication bias was
assessed by Egger’s test and sensitivity analysis was performed.

Results: The results showed that NAC treatment significantly improved systemic
and hepatic lipidmetabolism (p < 0.01), inflammation-related liver injury (p < 0.01),
glucose intolerance (p < 0.05), and hepatic steatosis (p < 0.01) by restoring hepatic
glutathione (GSH) (p < 0.05) and GSH reductase (p < 0.05) levels compared to
controls in NAFLD-induced animals. Consistently, in bulk, single-cell, and spatial
transcriptomics data, the abovementioned target pathways of NAC were strongly
associated with NAFLD development in mice and patients.

Conclusion:Our study suggests that NAC has therapeutic potential for NAFLD and
should be considered for future clinical trials.

KEYWORDS

nonalcoholic fatty liver disease, N-acetylcysteine, meta-analysis, lipid metabolism,
glutathione, inflammation, transcriptomics

1 Introduction

Nonalcoholic fatty liver disease (NAFLD) is continuously developed from simple
steatosis to inflammation, fibrosis, and hepatocellular carcinoma. Although NAFLD has
become the most prevalent chronic liver disease worldwide, still, there is no treatment for
licensed except lifestyle intervention which is hard to be achieved (Pouwels et al., 2022). The
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major challenge in developing drugs for NAFLD is its multiple
pathological mechanisms (Buzzetti et al., 2016). In the development
of NAFLD, prolonged hypernutrition instigates abnormal
expansion in adipose tissue that accompanies low-grade systemic
inflammation and lipolysis of adipocytes (Lee et al., 2018). Increased
lipolysis in adipocytes elevates circulating levels of free fatty acids
(FFAs) that are taken up by hepatocytes expressing fatty acid
translocase (FAT/CD36), mediating lipotoxicity that contributes
to the generation of hepatic endoplasmic reticulum (ER) stress
and oxidative stress (Rada et al., 2020). Otherwise, a series of
enzymatic processes by acetyl-CoA carboxylase 1 (ACSL1),
monoacylglycerol acyltransferase (MGAT), and diacylglycerol
acyltransferase (DGAT) convert FFAs to triglyceride (TG) for
storage (Shi and Cheng, 2009; Zeng et al., 2022). Simultaneously,
in another hand, western diet (WD) feeding drives gut inflammation
and dysbiosis to increase intestinal permeability and hepatic
translocation of endotoxins, such as lipopolysaccharides (LPS)
(Tripathi et al., 2018). As a consequence of the above multiple
hits, both the metabolic arm (lipotoxicity) and inflammatory arm
(LPS influx) lead to insulin resistance and liver injury in the
pathogenesis of NAFLD.

Recently, the number and scale of clinical trials for NAFLD are
rising with its incidence. Indeed, many potential drugs are under
phase III clinical trials, including pan-peroxisome proliferator-
activated receptor agonist (lanifibranor) (Francque et al., 2021),
glucagon-like peptide-1 receptor agonist (semaglutide) (Newsome
et al., 2021), thyroid hormone receptor beta agonist (resmetirom)
(Harrison et al., 2019), selective farnesoid X receptor agonist
(obeticholic acid) (Younossi et al., 2019), a partial inhibitor of
hepatic stearoyl-CoA desaturase (aramchol) (Ratziu et al., 2021).
Although the above trials have reported some promising effects in
lowering liver fat in phase II, there are many adverse effects, such as
weight gain, gastrointestinal events, pruritus, and increased low-
density lipoprotein (LDL) cholesterol (Dufour et al., 2022). In
addition, since these drugs primarily target the metabolic arm of
NAFLD pathogenesis and not the inflammatory arm together, it
may be hard to achieve histological endpoints as in previous trials.
Therefore, new drugs that can cover metabolic and inflammatory
arms together are required to combat NAFLD.

N-acetylcysteine (NAC) is a sulfhydryl-containing
compound and its medicinal usage has been first reported in
1967 in the prophylaxis of meconium ileus equivalent
(Lillibridge et al., 1967). After that, many randomized clinical
trials have been conducted and shown the beneficial effects of
NAC in drug-induced liver injury, chronic obstructive
pulmonary disease, nephropathy, influenza virus infection,
and polycystic ovary syndrome (Millea, 2009). A cardinal
mechanism of NAC action is restoring the levels of
glutathione (GSH), a cellular antioxidant. Interestingly, in
addition to this, recent studies have highlighted an anti-
inflammatory effect of NAC (Ntamo et al., 2021; Tenorio
et al., 2021). In particular, NAC treatment prevents LPS-
mediated activation of nuclear factor kappa B, thereby
reducing the production of inflammatory cytokines, including
tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 by
macrophages (Tenorio et al., 2021). Moreover, growing
evidence from preclinical studies has suggested that NAC
also blocks the accumulation of lipids in hepatocytes

(Dludla et al., 2020), suggesting that NAC may be a potent
therapeutic agent for NAFLD by dual targeting of metabolic and
inflammatory arms. However, even though such evidence is
accumulating, only small numbers and scales of clinical trials
with NAC have been conducted in patients with NAFLD and
showed significant reduction in serum alanine aminotransferase
(ALT) levels by NAC treatment (Gulbahar et al., 2000; Pamuk
and Sonsuz, 2003; Khoshbaten et al., 2010).

Here, to fill the gap between preclinical and clinical studies, we
performed a systematic review and meta-analysis for the efficacy of
NAC in diverse hepatic or serological markers of NAFLD in a total
of 13 preclinical studies (Rosa et al., 2018; Shi et al., 2018; Wang
et al., 2018; Chaves Cayuela et al., 2020; Ma et al., 2020; Tsai et al.,
2020; Hang et al., 2021; Quesada-Vazquez et al., 2021; Yang et al.,
2021; Ding et al., 2022; Lee et al., 2022; Liggett et al., 2022; Yang et al.,
2022). In addition, we provide comprehensive transcriptomic data
by analyzing bulk, single-cell, and spatial transcriptomics to explore
the changes in NAC target pathways in liver tissues of mice and
patients with NAFLD and to highlight the therapeutic potential of
NAC in NAFLD.

2 Materials and methods

2.1 Literature searching

Two independent researchers (Keungmo Yang and Hee-Hoon
Kim) performed the present meta-analysis with preclinical studies
by the preferred reporting items for systematic reviews and meta-
analyses (PRISMA) guidelines (Moher et al., 2009). This study was
registered in the international prospective register of systematic
reviews (PROSPERO) with registration number CRD42023384318.
From inception to January 2023, three databases (PubMed, Web of
Science, and the Cochrane Library) were utilized to comprehensively
search reliable literature about the therapeutic efficacy of NAC for
NAFLD. “Acetylcysteine” and “nonalcoholic fatty liver disease”were
used as the major keywords, and the variants of words were
additionally searched. The detailed search strategy was presented
in Supplementary Table S1.

2.2 Inclusion and exclusion criteria of
literature

The literature searched from the databases was included in
the systematic meta-analysis as the following criteria: 1) Animal
experiments in all included studies should be approved by the
Institutional Animal Care and Use Committee; 2) literature was
written in English; 3) animal studies about the efficacy of NAC in
NAFLD models; 4) experimental (with NAC treatment) and
control (without NAC treatment) groups should be clearly
divided in NAFLD-induced animals; 5) studies that presented
at least one primary outcome to reflect the effect of NAC in the
pathophysiology of NAFLD; 6) NAFLD experimental models
should show obvious phenotypic changes in the liver. The
studies which had the following criteria were excluded: 1)
Duplicated records screened from the different databases; 2)
studies that were not related to the efficacy of NAC in
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NAFLD; 3) systematic reviews, clinical trials, or protocols; 4)
conference abstracts; 5) books or theses; 6) lack of data about the
primary or secondary outcomes; 7) in vitro experiments; 8)
literature written in languages other than English.

2.3 Data extraction

Elementary data from included studies were extracted after a
careful review of two independent researchers. If there were
discordances between the extracted data from the two
researchers, the final decision was made after the discussion with
the third author. The data presented with a graph was analyzed by
digitizing software. The detailed factors extracted from the literature
are as follows: 1) Publication year and the first author’s name; 2)
countries of research institute; 3) animal species and scientific name;
4) sample size (number of animals in each group); 5) animal model
to induce NAFLD and specific feeding period; 6) treatment doses,
times, and routes of NAC; 7) major outcomes of NAC treatment.

2.4 Quality assessment of included studies

The quality of included studies was assessed based on the risk bias
tool from the systematic review centre for laboratory animal
experimentation (SYRCLE) guideline for animal studies (Hooijmans
et al., 2014). The followings are the categories for the quality assessment
of the studies: 1) Sequence generation; 2) baseline characteristics; 3)
allocation concealment; 4) random housing; 5) blinding of the
performance bias; 6) random outcome assessment; 7) blinding of
the detection bias; 8) incomplete outcome data; 9) selective outcome
data; 10) other sources of bias. The evaluation of each category was
divided into “high”, “low”, or “unclear” risk of bias.

2.5 Data availability

Bulk RNA sequencing (RNA-seq) or single-cell RNA-seq
(scRNA-seq) data from liver tissues of standard diet (SD)- or

WD-fed mice are publicly available in the national center for
biotechnology information (NCBI) gene expression omnibus
under accession number GSE172297 (Zhou et al., 2022) or
GSE156059 (Remmerie et al., 2020), respectively. Bulk RNA-seq
or spatial transcriptomics data of liver tissues from healthy controls
and patients with nonalcoholic fatty liver disease are publicly
available in NCBI Gene Expression Omnibus under accession
number GSE89632 (Arendt et al., 2015) or GSE192742
(Guilliams et al., 2022), respectively.

2.6 Statistical analysis

R software (version 4.2.2; http://cran.r-project.org) and Review
Manager (RevMan 5.4) were used for the meta-analysis. The
standard mean difference (SMD) and a 95% confidence interval
(CI) were analyzed to calculate the treatment efficacy of NAC in
NAFLD. The heterogeneity in the included studies was assessed by
the I2 statistic test and Q-square analysis. I2 > 75% was defined as a
high degree of heterogeneity, 75 ≥ I2 > 25% as a moderate degree of
heterogeneity, 25 ≥ I2 > 0% as a mild degree of heterogeneity, and
I2 = 0% as no heterogeneity. Furthermore, a random-effects model
was selected when I2 > 50% or p < 0.1, and a fixed-effects model was
selected when I2 ≤ 50% or p ≥ 0.1. A p-value <0.05 was considered
statistically significant. Publication bias was assessed based on
Egger’s linear regression test, and the leave-one-out method was
utilized to detect outliers and estimate the sensitivity of the results.

3 Results

3.1 Identification and selection of study

According to the literature-searching strategy described in
Figure 1, we screened full-text articles for the present meta-
analysis. At first, we searched a total of 131 records from three
databases (54 from PubMed, 59 from Web of Science, and 18 from
Cochrane Library), and 46 duplicated records were removed after
the initial screening. After reviewing the titles and abstracts in the

FIGURE 1
Flowchart for the systematic literature search. IACUC, Institutional animal care and use committee.
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TABLE 1 Baseline characteristics of included literature.

Major
outcomes

Reduced
oxidative
stress

Reduced
apoptosis of
hepatocytes

Reduced
inflammation

Reduced
oxidative
stress and
liver injury

Reduced
oxidative
stress and
steatosis

Reduced ER
stress and
apoptosis

Increased
mitochondrial
biogenesis

Reduced hepatic
steatosis,

inflammation, and
insulin resistance, but
increased β-oxidation

Reduced steatosis, serum
cholesterol, glucose, and
insulin, but increased HDL

cholesterol levels

Reduced
free fatty
acids and
endotoxin
levels

Reduced
hepatic
steatosis,
ER stress,
apoptosis,
and free
fatty acid
uptake

Reduced
hepatic
injury

Reduced
dyslipidemia,
liver injury,
and steatosis

Route and
times

p.o., daily p.o., daily i.p., daily (last
8 weeks)

i.v., single
dose

(15 min
before

ischemia)

p.o., every
other day

p.o., daily
(12 months

or first
6 months)

p.o.,
7 consecutive
days before a
high-fat diet

p.o.,
daily
(last

4 weeks)

p.o.,
daily
(last

4 weeks)

p.o., daily (last 4 weeks) p.o., daily p.o., daily p.o., daily p.o., daily

Dose 25 mg kg-1 20, 40, or

80 mg kg-1
12.5, 25, or

50 mg kg-1
150 mg kg-1 200 mg kg-1 10 mM in

drinking water

150 mg kg-1 400 mg kg-1 in drinking water 200 mg kg-1 in

drinking water

400 mg kg-1 in

drinking water

2 mg mL-1 in

drinking water

1 mg mL-1 in

drinking water

In drinking

water (doses are

not available)

2 mg mL-1 in

drinking water

Component N-acetylcysteine Activated carbon-

N-acetylcysteine

N,N’-diacetylcystine N-acetyl-L-

cysteine

N-acetylcysteine N-acetylcysteine N-acetylcysteine Multi-ingredient (400 mg kg-1

LCT, 400 mg kg-1

N-acetylcysteine, 800 mg kg-1

betaine, and 400 mg kg1 NAR)

Multi-ingredient

(200 mg kg-1

LCT, 200 mg kg-

1

N-acetylcysteine,

400 mg kg-1

betaine, and

200 mg kg1

NAR)

Multi-ingredient

(400 mg kg-1

LCT, 400 mg kg-

1

N-acetylcysteine,

800 mg kg-1

betaine, and

400 mg kg1

NAR)

N-acetylcysteine N-acetylcysteine N-acetylcysteine N-acetylcysteine

NAFLD model Streptozotocin

(60 mg kg-1)

(37 days)

High-fat diet

(7 weeks)

High-fat diet

(20 weeks)

MCD (30 days)

+ ischemia

(30 min)-

reperfusion

(24 h) injury

Valproic acid

(500 mg kg-

1 day-1;

30 days)

High-fat diet

(12 months)

High-fat diet

(8 weeks)

High-fat diet

(12 weeks)

High-fat diet

(20 weeks)

High-fat diet (12 weeks) High-fat diet

(12 weeks)

High-fat +

cholesterol +

cholic acid diet +

BPA (50 μg kg-1

day-1) (8 weeks)

High-fat diet

(19–23 weeks)

High-fat diet

(14 weeks)

Animal (sex) Wister rat

(male)

Sprague-Dawley

rat (male)

Sprague-Dawley rat

(male)

C57BL/6J

mouse

(undefined)

C57BL/6J

mouse (male)

C57BL/6J mouse

(male)

C57BL/6J mouse

(male)

C57BL/6J mouse (male) Golden Syrian hamster (male) C57BL/6 mouse

(male)

C57BL/6 mouse

(male)

C57BL/6 mouse

(male)

C57BL/6 mouse

(male)

Country Brazil China China Brazil China Taiwan China Spain Spain China Taiwan United States China

Study 2018 Rosa 2018 Shi 2018 Wang 2020 Cayuela 2020 Ma 2020 Tsai 2021 Hang 2021 Quesada-Vazquez 2021 Yang 2022 Ding 2022 Lee 2022 Liggett 2022 Yang

Abbreviations: BPA, bisphenol A; ER, endoplasmic reticulum; HDL, high-density lipoprotein; LCT, L-carnitine tartrate; MCD, methionine-choline deficient diet; NAR, nicotinamide riboside.
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records, we excluded the literature that is not related to the efficacy
of NAC in NAFLD, systematic reviews, clinical trials, conference
abstracts, books, and theses. Then, 34 full-text articles were carefully
assessed for eligibility, and a total of 13 studies were finally involved
in the meta-analysis (Figure 1) (Rosa et al., 2018; Shi et al., 2018;
Wang et al., 2018; Chaves Cayuela et al., 2020; Ma et al., 2020; Tsai
et al., 2020; Hang et al., 2021; Quesada-Vazquez et al., 2021; Yang
et al., 2021; Ding et al., 2022; Lee et al., 2022; Liggett et al., 2022; Yang
et al., 2022).

3.2 Study characteristics

The experimental baseline information of the included studies
was presented in Table 1. All included articles were published
between 2018 and 2022, and the country of the authors was
mainly China (46.2%). In terms of animal species, mice (69.2%),
rats (23.1%), and hamsters (7.7%) were used for in vivo experiments.
Various models including a high-fat diet (HFD), methionine-
choline deficient (MCD) diet, streptozotocin, or valproic acid
were utilized to induce NAFLD in animal experiments. In most
studies (84.6%), the route of NAC administration was through oral
gavage, and the dose of NAC was varied according to the
characteristics of each study. The protective mechanisms of NAC
against NAFLD included the reduction of hepatic oxidative stress,
improvement in inflammatory liver injury, or decrease in hepatocyte
apoptosis (Table 1).

3.3 Quality assessment

The quality assessment of included articles was conducted
according to SYRCLE for animal studies (Figure 2A) (Hooijmans
et al., 2014). Among the 13 included studies, only one study had a
low risk of bias in random sequence generation. In baseline
characteristics, 10 studies showed low risk, but one or two
studies showed a high or unclear risk of bias, respectively. While
all included articles had a high risk of selection bias with allocation

concealment, 10 articles showed a low risk of performance bias with
random housing. Due to the nature of in vivo experiments, it was
difficult to estimate the risk of blinding and reporting bias. The
pattern of random outcome assessment and incomplete outcome
data was the same: 4 studies with high risk, 4 studies with low risk,
and 5 studies were unclear of bias. The summary of the risk of bias
assessment of each study was depicted in Figure 2B.

3.4 NAC treatment mitigates hyperlipidemia
in NAFLD-induced animals

In the pathophysiology of NAFLD progression, the first step in
the “multiple hit” hypothesis is hyperlipidemia caused by persistent
nutrient overload (Buzzetti et al., 2016). Therefore, we first evaluated
whether NAC treatment could affect systemic or hepatic lipid
metabolism in NAFLD-induced animals. In the aspect of serum
TG, a total of 6 studies and 160 animals were involved in the analysis
(Figure 3A). We performed a random-effects model to calculate the
overall effect of NAC because the results had a high homogeneity
with a significant p-value (I2 = 80.0%, p-value < 0.01). Notably,
serum TG levels were prominently decreased after NAC treatment
in NAFLD-induced animals (SMD: −1.9; 95% CI:
−2.9 to −1.9 mg dL-1; p-value < 0.01). Similar to serum TG levels,
serum total cholesterol (TC) levels showed a tendency to decrease
(SMD: −1.4; 95% CI: −2.9 to −0.1 mg dL-1; p-value = 0.07) with a
high homogeneity between experimental and control groups (I2 =
87.1%, p-value < 0.01) (Figure 3B). In the publication bias analysis
for serum TG levels, there was a substantial asymmetry in funnel
plot (Supplementary Figure S1A). Therefore, we performed a
sensitivity analysis to examine the effect of each involved study
on the overall outcomes. In the leave-one-out analysis, no study
affects the beneficial effects of NAC (Supplementary Figure S1B;
Supplementary Table S2).

To identify the efficacy of NAC on lipid metabolism in detail, we
explored the serum high-density lipoprotein (HDL) and LDL
cholesterol levels among the two groups. Interestingly, serum
HDL levels were significantly increased (SMD: 3.4; 95% CI:

FIGURE 2
Quality assessment of the included literature. (A) The graph represents a risk of bias in included studies. (B) Summarizing table for risk of bias of
included studies.
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0.3–6.4 mg dL-1; p-value = 0.03) while LDL was decreased (SMD:
−1.6; 95% CI: −2.9 to −0.2 mg dL-1; p-value = 0.02) by NAC
administration (Figures 3C,D). Furthermore, serum levels of
FFAs were remarkably reduced in the NAC-treated group
compared to those of the control group (SMD: −3.1; 95% CI:
−4.2 to −2.0 mmol L-1; p-value < 0.01) (Figure 3E).

3.5 Administration of NAC reduces hepatic
lipid accumulation in NAFLD-induced
animals

Next, we examined whether NAC treatment regulates
hepatic lipid metabolism in the pathogenesis of NAFLD by

analyzing the overall effects of NAC on the markers related to
hepatic lipid metabolism in NAFLD-induced animals. We
detected significantly decreased hepatic total lipid levels after
the treatment of NAC in NAFLD-induced animals (SMD: −4.5;
95% CI: −6.4 to −2.5 mg g-1; p-value < 0.01) (Figure 4A). To
investigate the effects of NAC on hepatic lipid accumulation in
detail, we explored the changes in hepatic TG and TC levels by
NAC treatment. For hepatic TG levels, a total of 9 studies with
171 animals were included that had a moderate degree of
heterogeneity (I2 = 72.7%, p-value < 0.01) (Figure 4B). In
line with decreased hepatic total lipid levels, hepatic TG
levels were also significantly diminished by NAC treatment
(SMD: −3.1; 95% CI: −4.0 to −2.1 mg g-1; p-value < 0.01)
(Figure 4B). In case of hepatic TC levels, there was a
tendency to decrease after NAC administration, although it
was not significant (SMD: −2.2; 95% CI: −4.5 to 0.2 mg g-1;
p-value = 0.07) (Figure 4C).

3.6 NAFLD-related liver injury is attenuated
by NAC treatment in animals

Various hepatic cellular stress (e.g., oxidative stress and ER
stress) and inflammatory responses instigate liver injury by
exerting hepatocyte death in NAFLD development (Buzzetti
et al., 2016). Therefore, we examined whether NAC attenuates
NAFLD-related liver injury in preclinical studies by analyzing
serum levels of ALT and aspartate aminotransferase (AST).
Among the 13 included studies, 10 studies with a total of
214 animals measured the ALT levels. A random-effects model
was selected due to a moderate heterogeneity (I2 = 67.4%,
p-value < 0.01) (Figure 5A). As a result, serum ALT levels
were remarkably decreased in the NAC-treated groups
compared to those of the control groups (SMD: −3.3; 95% CI:
−4.2 to −2.5 IU L-1; p-value < 0.01) (Figure 5A). For the serum
AST levels, we investigated 6 studies with 164 animals with a
moderate heterogeneity (I2 = 66.9%, p-value < 0.01) (Figure 5B).
Similar to the results from serum ALT levels, NAC treatment
significantly diminished serum AST levels in NAFLD-induced
animals (SMD: −3.1; 95% CI: −4.0 to −2.2 IU L-1; p-value < 0.01)
(Figure 5B). Collectively, we identified that NAC has a protective
effect on the NAFLD-related liver injury in animals.

3.7 Suppressive effects of NAC on NAFLD-
related systemic inflammation and hepatic
apoptosis in animals

Chronic inflammation is a crucial factor inducing hepatic
apoptosis and NAFLD-related liver injury. Thus, we examined
the effects of NAC on serum IL-1β and hepatic caspase-3 levels,
which are well-defined markers for inflammation and apoptosis,
respectively. Interestingly, the serum IL-1β (SMD: −2.3; 95% CI:
−3.5 to −1.1 pg mL-1; p-value < 0.01) and hepatic caspase-3 (SMD:
−2.6; 95% CI: −3.4 to −1.7 AU; p-value < 0.01) levels were notably
reduced in NAFLD-induced animals by NAC treatment (Figures
6A,B). These results may indicate the inhibitory role of NAC on
systemic inflammation and hepatic apoptosis.

FIGURE 3
Forest plots for the effects of NAC on markers for systemic lipid
profiles in preclinical studies of NAFLD. (A) Serum TG levels. (B) Serum
TC levels. (C) Serum HDL levels. (D) Serum LDL levels. (E) Serum FFA
levels. CI, confidence interval; SD, standard deviation; SMD,
standardized mean difference.
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3.8 NAC administration ameliorates glucose
intolerance in NAFLD-induced animals

The development and progression of NAFLD are closely related
to obesity, glucose intolerance, and insulin resistance (Pouwels et al.,
2022). To explore the efficacy of NAC on the above clinical
manifestations, we analyzed the crucial parameters of glucose
intolerance in the included studies. First, we investigated the
overall effects of NAC on fasting blood glucose levels in 4 studies
with 8 comparisons that had a high heterogeneity (I2 = 81.4%,
p-value = 0.04) (Figure 7A). Intriguingly, a random-effects model
showed that the treatment of NAC in NAFLD-induced animals
significantly reduced fasting blood glucose levels (SMD: −1.3; 95%
CI: −2.6 to −0.1 mmol L-1; p-value = 0.04) (Figure 7A). In addition,
NAC administration also declined serum insulin levels in NAFLD-
induced animals compared to those of the control groups (SMD:
−2.3; 95% CI: −4.2 to −0.3 mU L-1; p-value = 0.02) (Figure 7B). We
additionally investigated the 13 studies that homeostatic model

assessment for insulin resistance (HOMA-IR) data was available.
Similar to the above findings, HOMA-IR values were notably
decreased in NAC-treated groups (SMD: −4.6; 95% CI:
−7.6 to −1.6 AU; p-value < 0.01) with a strong heterogeneity
(I2 = 85.3%, p-value < 0.01) (Figure 7C). These results indicate
that NAC has a beneficial effect on glucose intolerance and insulin
resistance in NAFLD-induced animals.

3.9 NAC treatment improves
histopathological markers of NAFLD-
induced animals

Although we detected favorable effects of NAC administration
on NAFLD-related systemic or hepatic parameters, it is important to
translate the results obtained above into histological findings to cross
hurdles in clinical trials. As most NAFLD preclinical studies
performed histopathological analysis, we took advantage of this

FIGURE 4
Forest plots for the effects of NAC on hepatic lipid accumulation in preclinical studies of NAFLD. (A) Levels of hepatic total lipids. (B) Hepatic TG
levels. (C) Hepatic TC levels. CI, confidence interval; SD, standard deviation; SMD, standardized mean difference.
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FIGURE 6
Forest plots for the effects of NAC on markers for systemic inflammation and hepatic apoptosis in preclinical studies of NAFLD. (A) Serum IL-1β
levels. (B) Hepatic caspase-3 levels. CI, confidence interval; SD, standard deviation; SMD, standardized mean difference.

FIGURE 5
Forest plots for the effects of NAC on markers for liver injury in preclinical studies of NAFLD. (A) Serum ALT levels. (B) Serum AST levels. CI,
confidence interval; SD, standard deviation; SMD, standardized mean difference.
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to explore the roles of NAC on histopathological markers in
NAFLD-induced animals. Although a small number of studies
were analyzed, lipid accumulation in liver tissues measured based
on histology was significantly reduced in the NAC-treated groups
(SMD: −6.3; 95% CI: −10.9 to −1.7 AU; p-value = 0.01) (Figure 8A).
Similarly, hepatic steatosis score (SMD: −1.0; 95% CI: −1.6 to −0.4;
p-value < 0.01) and NAFLD activity score (NAS) (SMD: −2.7; 95%
CI: −4.4 to −1.0; p-value < 0.01) were prominently mitigated in the
NAC-treated animals (Figures 8B,C). Moreover, the analysis of
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay in liver tissues indicated significantly fewer
apoptotic hepatocytes in the NAC-treated groups compared to
those of the control groups (SMD: −7.0; 95% CI:
−10.0 to −4.0 AU; p-value < 0.01) (Figure 8D). The statistical
summary of the overall effects of NAC on lipid metabolism, liver
injury, glucose intolerance, and histopathological parameters in
NAFLD-induced animals was described in Table 2.

3.10 Hepatic markers of oxidative stress are
improved by NAC treatment in NAFLD-
induced animals

It has been reported thatNAC restores antioxidant systems in various
diseases (Ntamo et al., 2021; Tenorio et al., 2021). Since hepatic oxidative
stress exerts inflammatory response and apoptosis of hepatocytes
(Tenorio et al., 2021), we tested whether the key factors of the hepatic
antioxidant system in the included studies were modulated by NAC
treatment. Notably, hepatic GSH (SMD: 4.3; 95% CI: 0.6–8.1 μmol g-1;
p-value = 0.02) and GSH reductase (GR) (SMD: 1.7; 95% CI:
0.5–3.0 μmolmg-1; p-value = 0.01) levels were significantly increased
after NAC treatment (Figures 9A,B). However, hepatic GSH peroxidase
(GPx) levels were not differed between the treatment and control groups
(SMD: −1.1; 95% CI: −6.1 to 3.9 μmol g-1; p-value = 0.66) (Figure 9C). In
addition, levels of hepatic GSH S-transferase (GST) (SMD: 1.3; 95% CI:
−0.8–3.3 μmol mg-1; p-value = 0.22), catalase (CAT) (SMD: 0.4; 95% CI:

FIGURE 7
Forest plots for the effects of NAC on insulin resistance in preclinical studies of NAFLD. (A) Fasting blood glucose levels. (B) Serum insulin levels. (C)
HOMA-IR. CI, confidence interval; SD, standard deviation; SMD, standardized mean difference.
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−1.4–2.2 μmol mg-1; p-value = 0.67), and superoxide dismutase (SOD)
(SMD: 0.9; 95%CI:−0.6–2.4 nmol mg-1; p-value = 0.25) were not affected
by NAC administration (Supplementary Figures S2A–C). From these
findings, we concluded that restoring hepatic GSH levels may be the
major pathway to show the antioxidant effect of NAC in NAFLD-
induced animals. The summary of the effects of NAC on the hepatic
antioxidant system in NAFLD-induced animals was depicted in Table 3.

3.11 NAC treatment suppresses body weight
gain in NAFLD-induced animals

Diet-induced NAFLD experimental models, such as HFD or WD,
induce obesity, which has a considerable correlation with the incidence
of NAFLD (Lee et al., 2018). To examine whether the above protective
effects of NAC against NAFLD are indirectly derived from reduced

obesity, we analyzed the body weight changes followingNAC treatment
in NAFLD-induced animals. Among the analyzed literature, only five
studies involved body weight information of used animals that were
significantly reduced by NAC treatment (SMD: −2.6; 95% CI:
−4.4 to −0.7 g; p-value = 0.006) (Supplementary Figure S3).

3.12 Comprehensive transcriptomic
profiling reveals elevated TG synthesis,
inflammatory response, and oxidative stress,
but decreased lipid catabolism and insulin
resistance pathways in liver tissues of mice
and patients with NAFLD

Prompted by the above findings from the meta-analysis of
preclinical studies, we next investigated the transcriptional changes

FIGURE 8
Forest plots for the effects of NAC on liver histological markers in preclinical studies of NAFLD. (A) Lipid accumulation in liver tissues. (B) Hepatic
steatosis score of liver tissues. (C) NAS score based on liver tissues. (D) TUNEL assay of liver tissues. CI, confidence interval; SD, standard deviation; SMD,
standardized mean difference.
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in lipid metabolism, inflammatory responses, glucose metabolism, and
oxidative stress pathways in NAFLD-induced animals and patients to
examine the applicability of NAC to the clinic. Since WD feeding
recapitulates the important pathological aspects of patients with
NAFLD (Asgharpour et al., 2016), first we analyzed the hepatic
transcriptome of WD-fed mice. In the bulk RNA-seq analysis of
whole liver tissues of mice fed with a SD or WD for 24 weeks
(Zhou et al., 2022), we found notably upregulated biological
processes related to inflammatory response, extracellular matrix
organization, positive regulation of reactive oxygen species
biosynthesis and apoptotic process, and fatty acid transport
(Figure 10A). Conversely, expression levels of genes associated with
cholesterol, lipid, or retinol metabolism and GSH derivative
biosynthetic process were significantly diminished by WD feeding
(Figure 10B). In line with this, scRNA-seq analysis of hepatic cells
of mice fed with a SD or WD for 24 weeks (Remmerie et al., 2020)
identified that expression levels of genes related to FFA uptake (Cd36),
TG synthesis (Acsl1, Dgat1, andDgat2), andGPx (Gpx1 andGpx4) were

increased, while β-oxidation (Ppargc1a and Cpt1a), GR (Gsr), and
insulin signaling (Akt1) were decreased andMogat1was not changed in
hepatocytes of NAFLD-induced mice (Figures 10C,D).

Next, we explored the changes in hepatic transcriptional profiles
of patients with NAFLD. Consistent with the findings fromNAFLD-
induced mice, expression levels of genes related to positive
regulation of natural killer cell-mediated cytotoxicity, negative
regulation of metaphase anaphase transition of cell cycle,
negative regulation of fatty acid metabolic process, lipoprotein
biosynthetic process, hydrogen peroxide catabolic process,
negative regulation of macroautophagy, and TORC1 signaling
were enriched in liver tissues of patients with NAFLD compared
to those of healthy controls in the gene set enrichment analysis
(GSEA) of RNA-seq analysis (Figure 11A) (Arendt et al., 2015). In
addition, 10x Visium spatial transcriptomic analysis (Guilliams
et al., 2022) revealed that expression levels of genes associated
with FFA uptake (CD36) and TG synthesis (ASCL1, MOGAT2,
DGAT1, and DGAT2), GPx (GPX1 and GPX4), and fibrosis

TABLE 2 Summary of overall effects of NAC on lipid metabolism, liver injury, glucose intolerance, and liver histopathology in NAFLD-induced mice.

Variable No. of
studies

No. of
comparisons

SMD 95% CI p-value of
effects

I2 (%) p-value of
homogeneity

Systemic lipid metabolism

Serum TG (mg dL-1) 6 11 −1.9 −2.9 to −0.9 < 0.01 80.0 < 0.01

Serum TC (mg dL-1) 4 8 −1.4 −2.9 to +0.1 0.07 87.1 < 0.01

Serum HDL (mg dL-1) 2 5 +3.4 +0.3 to +6.4 0.03 92.9 < 0.01

Serum LDL (mg dL-1) 2 5 −1.6 −2.9 to −0.2 0.02 80.6 < 0.01

Serum FFA (mg dL-1) 2 2 −3.1 −4.2 to −2.0 < 0.01 0.0 0.64

Hepatic lipid metabolism

Liver total lipid (mg g-1) 2 3 −4.5 −6.4 to −2.5 < 0.01 77.5 0.01

Liver TG (mg g-1) 9 11 −3.4 −4.0 to −2.1 < 0.01 72.7 < 0.01

Liver TC (mg g-1) 4 4 −2.2 −4.5 to +0.2 0.07 85.8 < 0.01

Liver injury

ALT (IU L-1) 10 14 −3.3 −4.2 to −2.5 < 0.01 67.4 < 0.01

AST (IU L-1) 6 10 −3.1 −4.0 to −2.2 < 0.01 66.9 < 0.01

Glucose intolerance

Fasting blood glucose (mmol
L-1)

4 8 −1.3 −2.6 to −0.1 0.04 81.4 < 0.01

Serum insulin (mU L-1) 3 6 −2.3 −4.2 to −0.3 0.02 88.4 < 0.01

HOMA-IR (AU) 2 4 −4.6 −7.6 to −1.6 < 0.01 85.3 < 0.01

Histopathological parameters

Lipid accumulation (AU) 3 4 −6.3 −10.9 to −1.7 0.01 89.9 < 0.01

Steatosis score 2 3 −1.0 −1.6 to −0.4 < 0.01 0.0 0.63

NAS score 2 2 −2.7 −4.4 to −1.0 < 0.01 52.4 0.15

TUNEL assay (AU) 2 3 −7.0 −10.0 to −4.0 < 0.01 49.3 0.14

Abbreviations: ALT, alanine aminotransferase; AST, aspartate transaminase; AU, arbitrary unit; CI, confidence interval; HDL, high-density lipoprotein; HOMA-IR, Homeostatic model

assessment for insulin resistance; LDL, low-density lipoprotein; NAS, NAFLD, activity score; No., number; SMD, standardized mean difference; TC, total cholesterol; TG, triglyceride; TUNEL,

terminal deoxynucleotidyl transferase dUTP, nick end labeling.
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(COL1A1) were increased, while β-oxidation (PPARGC1A and
CPT1A), GR (GSR), and insulin signaling (AKT1) were reduced
and MOGAT1 was rarely expressed in the liver tissues of patients
with NAFLD compared to those of healthy controls, particularly
around the lipid-laden hepatocytes (Figure 11B). Together, these
data indicate that NAC-targeted pathways are upregulated in the
liver tissues of patients with NAFLD, reinforcing the possible
application of NAC to the clinic.

4 Discussion

Currently, although the incidence of NAFLD has been
increasing worldwide, there is no licensed drug for NAFLD
(Pouwels et al., 2022). In the present meta-analysis, we found
that diverse doses and duration of NAC treatment significantly
attenuated the levels of NAFLD-related pathological markers and
histological pathology scores in preclinical studies. In addition, we

FIGURE 9
Forest plots for the effects of NAC on markers for hepatic oxidative stress in preclinical studies of NAFLD. (A) Hepatic GSH levels. (B) Hepatic GR
levels. (C) Hepatic GPx levels. CI, confidence interval; SD, standard deviation; SMD, standardized mean difference.

TABLE 3 Summary of overall effects of NAC on hepatic antioxidant system in NAFLD-induced mice.

Variable No. of studies No. of comparisons SMD 95% CI p-value of effects I2 (%) p-value of
homogeneity

Hepatic GSH (μmol g-1) 2 2 +4.3 +0.6 to
+8.1

0.02 73.8 0.05

Hepatic GR (μmol mg-1) 2 2 +1.7 +0.5 to
+3.0

0.01 42.6 0.19

Hepatic GPx (μmol g-1) 2 2 −1.1 −6.1 to
+3.9

0.66 94.2 < 0.01

Hepatic GST (μmol mg-1) 2 2 +1.3 −0.8 to
+3.3

0.22 81.4 0.02

Hepatic CAT (μmol mg-1) 2 2 +0.4 −1.4 to
+2.2

0.67 80.1 0.03

Hepatic SOD (nmol mg-1) 2 2 +0.9 −0.6 to
+2.4

0.25 70.9 0.06

Abbreviations: AU, arbitrary unit; CAT, catalase; CI, confidence interval; GPx, glutathione peroxidase; GR, glutathione reductase; GSH, glutathione; GST, glutathione S-transferase; No.,

number; SMD, standardized mean difference; SOD, superoxide dismutase.
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systematically reviewed the protective mechanisms of NAC against
NAFLD. The pathogenesis of NAFLD involves metabolic and
inflammatory alterations both inside and outside of the liver. In
particular, persistent energy surplus elevates intrahepatic influx of
FFA or LPS from adipose tissue or intestine, respectively. In
hepatocytes, accumulated FFA exerts oxidative stress and ER
stress, resulting in hepatic injury together with LPS-induced
inflammation in NAFLD (Buzzetti et al., 2016). Unlike previous
drugs currently undergoing clinical trials that target either metabolic
or inflammatory processes, our findings suggested that NAC could
cover both the metabolic and inflammatory arms of NAFLD
pathogenesis, such as dyslipidemia, hepatocyte death, and insulin
resistance, at least in rodents (Figure 12). Moreover, we validated
and highlighted our findings by comprehensively analyzing bulk,
single-cell, and spatial transcriptomics datasets from the liver tissues
of mice and patients with NAFLD. Interestingly, we observed similar
findings in mice and patients with NAFLD, including increased TG
synthesis but decreased β-oxidation, oxidative stress with GSH
shortage, inflammatory response, and insulin resistance, all of
which are involved in the NAC target pathways. All these results
may indicate that NAC is a potent and effective drug for treating
NAFLD.

Despite the above promising results from preclinical studies,
only a few small scales of NAFLD clinical trials have been conducted
with NAC. In 2000, the first uncontrolled study by Glubahar et al.
showed a significant reduction in serum ALT, AST, and

gamma-glutamyl transferase (GGT) levels by 3 months of NAC
(1 g per day) treatment compared to those of baseline in 11 NASH
patients (Gulbahar et al., 2000). After that, Pamuk et al. performed
experiments that consisted of a total of 30 patients, 15 patients each
for the control or NAC group. In this study, the authors daily and
orally administered 600 mg of NAC for 4 weeks, and found a
significant reduction in serum ALT levels in both groups;
however, serum AST and GGT levels were only decreased in the
NAC group (Pamuk and Sonsuz, 2003). In addition, Khoshbaten
et al. examined the efficacy of 3 months of NAC (600 mg per 12 h)
treatment in 15 NAFLD patients and found significantly decreased
serum ALT levels by NAC treatment (Khoshbaten et al., 2010).
Moreover, 12 months of combinatorial oral administration of NAC
(1.2 g per day) and metformin (850–1,500 mg per day) notably
improved histological parameters, including hepatic steatosis,
ballooning, and NAS score with decreased serum ALT levels in
NASH patients (de Oliveira et al., 2008; Oliveira et al., 2019). All
these results suggest a protective role of NAC in NAFLD and the use
of NAC alone or as a combination treatment in the clinic.

Previous studies have reported that the administration of NAC
suppresses cellular oxidative stress by restoring GSH levels (Ntamo
et al., 2021). Consistent with this, we found notably increased hepatic
GSH levels in NAC-treated animals with upregulated GR activity.
However, although hepatic GPx activity was a tendency to decrease
by NAC treatment in animals, expression levels of hepatic GPX1 and
GPX4 were higher in mice and patients with NAFLD compared to

FIGURE 10
Comprehensive transcriptomic analysis of the liver tissues of mice with WD-induced NAFLD. (A,B) Bulk RNA-seq analysis of whole liver tissues of
mice fed with a standard diet (SD) or western diet (WD) for 24 weeks (GSE172297). Gene ontology biological processes were analyzed from the list of
upregulated (A) or downregulated (B) genes in WD-fed compared to SD-fed liver tissues. (C,D) Single-cell RNA-seq (scRNA-seq) analysis of the hepatic
cells of mice fed with SD or WD for 24 weeks (GSE156059). (C) Feature plot for cell types presented by uniform manifold approximation and
projection (UMAP). (D) Violin plots for expression levels of genes related to indicated pathways in hepatocytes (cluster 3). AU, arbitrary unit; UMAP,
uniform manifold approximation and projection.
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those of controls in transcriptomic analyses. This discrepancymay be
derived from the small numbers (only two studies) of included
studies in analyzing the effects of NAC on hepatic GPx activity.
Another study has suggested that systemic NAC treatment
normalized enzymatic activities of other cellular oxidants, such as
SOD and CAT, in serum or parotid glands of HFD-fed rats
(Zukowski et al., 2018). However, we could not see significant
changes in the hepatic SOD or CAT enzymatic activities since our
meta-analysis only included two studies with 14 animals for these
parameters. Therefore, further study is required to demonstrate the
effects of NAC on hepatic SOD and CAT activities.

Since it is hard to get the liver tissues from NAFLD patients,
most of the clinical trials used serological markers (e.g., serum ALT,
AST, TG, TC, HDL, LDL, FFA, glucose, and insulin levels) for the
primary outcomes. In line with this, we carefully selected the
preclinical studies that investigated similar primary outcomes for

meta-analysis so that the results can be well reflected in the clinic. In
addition, in our meta-analysis, we found a remarkable improvement
in histological scores by NAC treatment in NAFLD-induced animals
although the number of included studies is small. Among the
growing number of clinical trials for NAFLD, only a few drugs
have entered phase III trials, and most have historically failed
because they could not meet histological outcomes in patients
with NAFLD (Dufour et al., 2022). In this aspect, our results
could be a headstone for a compelling advance in NAFLD
treatment. Moreover, our study has a particular clinical
significance in that we showed a correlation of NAC target
mechanisms with pathological changes in animal models and
patients with NAFLD at the transcriptional level.

Our study also has several limitations. First, although we provided a
comprehensive transcriptomic analysis of NAFLD patients, our meta-
analysis was conducted sorely based on the preclinical studies with NAC.

FIGURE 11
Comprehensive transcriptomic analysis of the liver tissues of patients with NAFLD. (A)Geneset enrichment analysis (GSEA) of bulk RNA-seq of whole
liver tissues of healthy controls (n = 24) and patients with NAFLD (n = 20) (GSE89632). Normalized enrichment score (NES). (B) 10x Visium spatial
transcriptomics analysis of liver tissues of healthy controls and patients with NAFLD (GSE192742). Each plot represents expression levels of genes related
to indicated pathways depending on the region. Colors of gene symbols show that expression levels are similar (black), increased (red), or decreased
(blue) in NAFLD compared to those of healthy control. AU, arbitrary unit.
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Considering the characteristic of animal studies, our results might have a
higher heterogeneity compared to randomized controlled trials in human
NAFLDpatients. In particular, most of the included articles in the present
meta-analysis used onlyHFD to induceNAFLD. Therefore, theremay be
some differences in the NAFLD pathogenesis compared to patients.
Second, some of the analyzed studies that used theHFD-inducedNAFLD
experimental model in this meta-analysis showed reduced body weight
following NAC treatment. These results may suggest the possibility that
the beneficial effects of NAC in hepatic lipid metabolism of the NAFLD-
induced animals were indirectly derived from the extrahepatic (e.g.,
adipose tissue) role of NAC. Third, we found that all of the
13 included studies were at risk of bias based on the SYRCLE’s
guideline (Hooijmans et al., 2014), and had methodological limitations
in quality assessment. Fourth, in the present study, we could not define
the effective doses, duration, and route of NAC for treating NAFLD.
Despite our findings indicating the protective roles of NAC in NAFLD in
animals, it is very hard to define the appropriate setting of drugs for
patients based on these findings. In addition, although previous studies
have reported minimal adverse effects at 1 g per day of NAC in NAFLD
patients (Gulbahar et al., 2000; Pamuk and Sonsuz, 2003; Khoshbaten
et al., 2010), a combinatorial treatment of NACwith granulocyte colony-
stimulating factor (G-CSF) showed highermortality than G-CSF alone in
patients with severe alcohol-associated hepatitis (Singh et al., 2018),
suggesting unknown harmful effects of NAC depending on the
microenvironment. Lastly, there was a considerable publication bias in
involved studies for serum TG levels. Even though the sensitivity analysis
showed that the TG-lowering effect of NAC was not affected by a single
study, the results should be interpreted with caution.

The above findings and limitations of the present study provide
future directions. First, to demonstrate our findings and apply them to
the clinic, more well-designed animal experiments are required. In
particular, it might be better to use WD as a NAFLD model instead of
HFD because WD-induced NAFLD more resembles the pathological
features of NAFLD patients than those of HFD (Asgharpour et al.,

2016). In addition, future preclinical studies with NAC have to follow
SYRCLE’s and animal research: reporting of in vivo experiments
(ARRIVE) guidelines to obtain more reliable and reproducible
results (Hooijmans et al., 2014; Percie du Sert et al., 2020). Second,
large-scale studies on the efficacy and safety of various doses of NAC
should be conducted in NAFLD patients. Third, as previous clinical
trials showed beneficial effects of NAC in combination with metformin
in NASH patients (de Oliveira et al., 2008; Oliveira et al., 2019), it might
be worthwhile to find other drugs for cocktail therapy with NAC.

In conclusion, to the best of our knowledge, this is the first study to
explore the efficacy of NAC in NAFLD in preclinical studies through
meta-analysis. We concluded that administration of NAC improved
histological parameters, dyslipidemia, liver injury, insulin resistance,
inflammation, and oxidative metabolism in NAFLD-induced rodents.
In addition, we provided possible working mechanisms of NAC by
systematically reviewing the literature. Finally, we offered a
comprehensive transcriptomic analysis that may support and
highlight our findings. The evidence presented in this study may be
a headstone for future NAFLD clinical trials with NAC.
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Glossary

ACSL1 acetyl-coA carboxylase 1

ALT alanine aminotransferase

ARRIVE animal research: reporting of in vivo experiments

AST aspartate aminotransferase

CAT catalase

CI confidence interval

DGAT diacylglycerol acyltransferase

ER endoplasmic reticulum

FAT fatty acid translocase

FFA free fatty acid

G-CSF granulocyte colony-stimulating factor

GGT gamma-glutamyl transferase

GPx glutathione peroxidase

GR glutathione reductase

GSEA geneset enrichment analysis

GSH glutathione

GST glutathione S-transferase

HDL high-density lipoprotein

HFD high-fat diet

HOMA-IR homeostatic model assessment for insulin resistance

IL interleukin

LDL low-density lipoprotein

MCD methionine-choline deficient

MGAT monoacylglycerol acyltransferase

NAC N-acetylcysteine

NAFLD nonalcoholic fatty liver disease

NAS NAFLD activity score

NCBI national center for biotechnology information

PRISMA preferred reporting items for systematic reviews and meta-analysis

RNA-seq RNA sequencing

scRNA-seq single-cell RNA sequencing

SD standard diet

SMD standard mean difference

SOD superoxide dismutase

SYRCLE systematic review center for laboratory animal experimentation

TC total cholesterol

TG triglyceride

TNF tumor necrosis factor

TUNEL terminal deoxynucleotidyl transferase dUTP nick and labeling

WD western diet
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Korea, 2Department of Clinical Korean Medicine, Graduate School of Kyung Hee University, Seoul,
Republic of Korea, 3Department of Gastroenterology, College of Korean Medicine, Kyung Hee University,
Seoul, Republic of Korea

Background: The demand for complementary and alternative medicine for the
management of functional dyspepsia (FD) is increasing due to the insufficient
efficacy of conventional treatment options. In Asia, the Chinese herbal medicine
formula Banxia-xiexin tang (BXT) has been used to treat FD.

Methods: We searched 11 digital medical databases on 1 September 2021.
Randomized controlled trials (RCTs) that investigated the efficacy of BXT or
combination therapy (BXT plus Western medicines) for FD were selected. The
outcome parameters were total clinical efficacy rate (TCE), motilin level, symptom
checklist-90-revised (SCL-90-R), and visual analog scale (VAS) for dyspepsia and
adverse events. Cochrane risk of bias tool 2.0 (RoB 2) was used for the quality
assessment of included studies.

Results: The meta-analysis comprised 57 RCTs with 5,525 participants. BXT was
more efficacious, with a higher TCE thanWestern medicine. Combination therapy
(BXT plus Western medicine) also resulted in a higher TCE than Western medicine.
Combination therapy improved motilin levels and psychological symptoms to a
greater extent than Western medicine, evidenced by a higher SCL-90-R score.
However, no significant difference in VAS scores was observed between the BXT
and placebo groups. BXT and combination therapy were associated with fewer
adverse events than Western medicine or placebo.

Conclusion:Our findings suggest that BXT and its combination therapymay be an
effective and safe alternative treatment for FD. More RCTs with better
methodologies are required to strengthen this evidence.

Systematic Review Registration: [https://www.crd.york.ac.uk/prospero/display_
record.php?ID=CRD42019123285], identifier [CRD42019123285].

KEYWORDS

functional dyspepsia, Banxia-xiexin tang, herbal medicine, meta-analysis, systematic
review

OPEN ACCESS

EDITED BY

Yong Gao,
Guangzhou University of Chinese
Medicine, China

REVIEWED BY

Chuangpeng Shen,
Guangzhou University of Chinese
Medicine, China
Shota Takemi,
Saitama University, Japan

*CORRESPONDENCE

Jae-Woo Park,
pjw2907@khu.ac.kr

†These authors have contributed equally
to this work and share first authorship

RECEIVED 23 December 2022
ACCEPTED 04 May 2023
PUBLISHED 19 May 2023

CITATION

Kim K, Ko S-J, Cho SH, Kim J and
Park J-W (2023), Herbal medicine,
Banxia-xiexin tang, for functional
dyspepsia: a systematic review andmeta-
analysis.
Front. Pharmacol. 14:1130257.
doi: 10.3389/fphar.2023.1130257

COPYRIGHT

©2023 Kim, Ko, Cho, Kim and Park. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Systematic Review
PUBLISHED 19 May 2023
DOI 10.3389/fphar.2023.1130257

217

https://www.frontiersin.org/articles/10.3389/fphar.2023.1130257/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1130257/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1130257/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1130257/full
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42019123285
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42019123285
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2023.1130257&domain=pdf&date_stamp=2023-05-19
mailto:pjw2907@khu.ac.kr
mailto:pjw2907@khu.ac.kr
https://doi.org/10.3389/fphar.2023.1130257
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2023.1130257


1 Introduction

Functional dyspepsia (FD) is a common clinical disorder
characterized by dyspeptic symptoms, such as early satiation,
postprandial fullness, epigastric pain, or burning, that persist
despite routine medical evaluations (Tack et al., 2006). The
global prevalence of FD ranges from 11% to 29.12% (Mahadeva
and Goh, 2006). A recent study reported that FD was the most
common gastroduodenal disease, with pooled prevalence rates of
7.2% on the Internet and 4.8%, on a household survey (Sperber et al.,
2020). The pathophysiology of FD is multifactorial and has not been
completely explained (Stanghellini et al., 2016). Gastric motility,
sensory disorders, mucosal permeability, low-grade immune
activation, dysregulation of the gut-brain axis, and environmental
exposure are all potential causative factors of FD (Vanheel and
Farré, 2013). Helicobacter pylori (Helicobacter pylori) eradication,
prokinetic (PK) agents, acid suppressants, and central
neuromodulators are conventional treatments for FD (Moayyedi
et al., 2017). However, an incomplete understanding of the
pathophysiology of FD makes the treatment difficult (Ford et al.,
2020). The need for complementary and alternative treatments,
including herbal medicines, is growing because conventional
treatments are less efficacious (Suzuki et al., 2009).

Banxia-xiexin tang (BXT; 半夏瀉心湯; Banha-sasim tang in
traditional Korean medicine; Hange-shashin-to in Kampo
medicine) is an herbal medicine formula that comprises
7 botanical drugs and originally recorded in the old Chinese
literature “Shan han za bing lin (傷寒雜病論)”. It has been used
in various versions by adding or subtracting botanical drugs. In
Korea, BXT is produced in granules according to Korean Good
Manufacturing Practice under the regulation of theMinistry of Food
and Drug Safety. BXT (1/3 pack dose of the formula [貼] is as
follows: Pinellia ternata (Thunb.) Makino [Araceae; Pinellia ternata
rhizoma] 1.67g, Panax ginseng C.A.Mey. [Araliaceae; Panax ginseng
root] 1.00g, Zingiber officinale Roscoe [Zingiberaceae; Zingiber
officinale rhizoma] 0.83g, Coptis chinensis Franch.
[Ranunculaceae; Coptis chinensis rhizoma] 0.33g, Scutellaria
baicalensis Georgi [Lamiaceae; Scutellaria baicalensis root] 1.00g,
Ziziphus jujuba Mill. [Rhamnaceae; Zizyphus jujuba fruit] 1.00 g) is
extracted (0.91 g) in boiling water and mixed with lactose (0.52 g)
and starch (1.57 g) then given 3 g of granules (Park et al., 2010). In
traditional Chinese medicine, this formula has been administered to
treat “epigastric stuffiness,” a symptom of FD (Park et al., 2010). In
addition to FD, BXT has been administered to treat a wide range of
gastrointestinal (GI) diseases, including gastroesophageal reflux
disease (GERD), acute gastroenteritis, chronic gastritis, peptic
ulcers, and ulcerative colitis (Ji et al., 2017). A systematic review
reported that modified BXT is an efficacious treatment option for
GERD (Dai et al., 2017), and another meta-analysis reported that
BXT is more efficacious than Western medicine for treating diabetic
gastroparesis (Tian et al., 2013). BXT and combination therapy
(BXT plusWesternmedicine) had a better effect on ulcerative colitis,
according to another meta-analysis (Zhu et al., 2016). One
systematic review reported that combination therapy (BXT plus
Western medicine) was more efficacious than Western medicine
alone, in treating peptic ulcers (Chen et al., 2014).

Systematic reviews that investigated the effects of BXT on FD
have been published earlier. However, some studies only compared

BXT and Western medicine and did not investigate the effects of
combination therapy (BXT plus Western medicine) (Gan et al.,
2014; Zhang, 2015; Li and Li, 2016; Hu et al., 2020). One review was
based on a Chinese database (Li and Li, 2016). In another meta-
analysis, it was difficult to focus on the effects of BXT because of the
high heterogeneity of the experimental group (Zhang, 2015).
Consequently, limited evidence supports BXT as an efficacious
treatment option for FD. Therefore, this review aimed to
systematically investigate the efficacy and safety of BXT and
combination therapy (BXT plus Western medicine) in the
treatment of FD.

2 Methods

2.1 Protocol and registration

The study protocol was registered in the International
Prospective Register of Systematic Reviews. The registration
number is CRD42019123285 (Ko et al., 2019). This systematic
review was conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-analyses
guidelines (Liberati et al., 2009).

2.2 Inclusion and exclusion criteria

2.2.1 Types of studies
This systematic review included randomized controlled trials

(RCTs) and quasi-RCTs.

2.2.2 Types of participants
This systemic review included patients diagnosed with FD

according to the ROME criteria. No limitations were observed on
the participant’s age, sex, or ethnicity. The ROME criteria were used
as the diagnostic criteria for screening functional GI disorders
(FGID). The ROME IV criteria were finalized in 2016, after
being announced in 1992 and after several revisions. The
inclusions of studies published before adopting the ROME I
criteria in 1992 were decided by the consensus of two reviewers
(KK and SC), who assessed whether the diagnostic criteria were
compatible with the ROME I criteria. Patients with dyspepsia caused
by drugs or secondary pathologies (e.g., GERD and irritable bowel
syndrome) were excluded.

2.2.3 Types of interventions
This systematic review included studies on BXT, modified BXT,

and combination therapy (BXT and Western medicine). Modified
BXT is BXT with additional medicinal botanical drugs, for example,
Chaizhi BXT (CZBXT;柴枳半夏瀉心湯; BXT added to Bupleurum
falcatum L. [Apiaceae; Bupleurum falcatum root] and Citrus
trifoliata L. [Rutaceae; Citrus trifoliata immature fruit]. We ruled
out modified BXT if the botanical drugs added to BXT resulted in
another herbal medicine formula. Combinations of BXT and other
treatments in complementary and alternative medicine, such as
acupuncture and moxibustion, were excluded. The following
medication groups were compared in this study: a) the BXT and
modified BXT groups with Western medicine (such as PK agents

Frontiers in Pharmacology frontiersin.org02

Kim et al. 10.3389/fphar.2023.1130257

218

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1130257


and proton pump inhibitors [PPIs]); b) the BXT group with placebo
(same taste, shape, color, and odor as BXT) group; and c)
combination therapy (BXT plus Western medicine) group with
Western medicine group.

2.2.4 Types of outcome measures
The total clinical efficacy rate (TCE) was the primary

outcome. TCE is the percentage of patients who responded
to treatment (Tang, 2015; Zou, 2015). The patients’
improvements to the interventions were graded into three or
four levels after treatment, and TCE was calculated as the total
number of improved patients. TCE with three levels includes
“cured” or “excellently improved,” “improved,” and “not
improved,” while TCE with four levels includes “cured,”
“excellently improved,” “improved,” and “not improved.”
Although the number of evaluation levels differs, it is the
same standard in that the ratio of numbers excluding ‘not
improved’ from the total is calculated.

The secondary outcomes included motilin levels, symptom
checklist-90-revised (SCL-90-R) score, visual analog scale (VAS)
pain scores, and adverse events. Motilin, a GI hormone, induces

GI motor activity (Naito et al., 2002), and increased motilin
secretion might improve GI mobility. The SCL-90-R is a self-
rating scale used to evaluate psychological symptoms, and a
higher SCL-90-R score indicates greater psychiatric distress
(Faramarzi et al., 2014). The VAS was used to quantify the
degree of indigestion symptoms felt by the patient, and the
number of side effects was compared.

2.3 Search strategy

A literature search was conducted using Medline (via PubMed),
Cochrane Central Register of Controlled Trials, EMBASE, and
Allied and Complementary Medicine Databases on 1 September
2021. Medical databases in Korea, including the National Digital
Science Library, Korean Medical Database, Korean Studies
Information Service System, KoreaMed, and Oriental Medicine
Advanced Searching Integrated System, were also searched.
Additionally, other Asian databases, including China National
Knowledge Infrastructure Database in Chinese and Citation
Information by Nii in Japanese, were searched.

FIGURE 1
PRISMA flow chart of the selection process. EMBASE: Excerpta Medica Database; CENTRAL: Cochrane Central Register of Controlled Trials; AMED:
Allied and Complementary Medicine Database; NDSL: National Digital Science Library; Kmbase: Korean Medical Database; OASIS: Oriental Medicine
Advanced Searching Integrated System; KISS: Korean Studies Information Service System; CNKI: China National Knowledge Infrastructure Database;
CiNii: Citation Information by Nii; FD: Functional dyspepsia.
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TABLE 1 Characteristics of included studies.

Study
ID

Language Study
design

Intervention (n) Control (n) Duration Outcome Results

Dong et al.
(2017)

Chinese Parallel BXT (49) Domperidone (49) 4 weeks ① TCE ① 91.84% vs. 79.59% (p < 0.05)

② Symptom score ② belching

0.64 ± 0.19 vs. 0.80 ± 0.20 (p < 0.05) nausea

0.78 ± 0.24 vs. 0.83 ± 0.41 (p < 0.05) epigastric bloating

0.99 ± 0.24 vs. 1.43 ± 0.43 (p < 0.05) epigastric pain

0.78 ± 0.33 vs. 1.12 ± 0.46 (p < 0.05) epigastric burning

0.60 ± 0.18 vs. 0.95 ± 0.28 (p < 0.01)

③ Gastric MMCs ③ 20.88 ± 1.24 vs. 26.09 ± 5.31 (p < 0.05)

④ MTL ④ 410.12 ± 79.94 vs. 386.42 ± 81.62 (p < 0.05)

⑤ GE T1/2 ⑤ 25.86 ± 4.96 vs. 32.11 ± 5.02 (p < 0.05)

Feng et al.
(2015)

Chinese Parallel BXT (53) Domperidone (53) 4 weeks ① TCE ① 92.45% vs. 86.79% (p < 0.05)

② Symptom score ② The BXT group was better than the control group (p < 0.05)

③ Serum SP ③ 36.68 ± 11.89 vs. 44.28 ± 2.38 (p < 0.05)

④ CGRP ④ 1.15 ± 0.64 vs. 1.21 ± 0.20 (p < 0.05)

He (2007) Chinese Parallel CZBXT (42) Domperidone (40) 4 weeks ① TCE ① 85.7% vs. 65.0% (p < 0.05)

Hu et al.
(2006)

Chinese Parallel BXT (30) Domperidone (30) 2 weeks ① TCE ① 90.0% vs. 86.7% (p > 0.05)

② TCM SS ② 5.23 ± 3.28 vs. 7.03 ± 3.11 (p < 0.05)

③ MTL ③ 312.02 ± 29.49 vs. 311.24 ± 31.77 (p > 0.05)

Jin et al.
(2004)

Chinese Parallel BXT (90) Domperidone (90) 4 weeks ① TCE ① 90.00% vs. 88.88% (p > 0.05)

② Symptom score ② epigastric fullness

2.74 ± 1.26 vs. 2.39 ± 1.14 (p > 0.05) nausea and vomiting

1.01 ± 1.24 vs. 1.83 ± 1.54 (p < 0.05) belching

2.55 ± 0.67 vs. 3.72 ± 0.65 (p < 0.05) early satiety

1.81 ± 1.30 vs. 1.92 ± 1.25 (p > 0.05) loose stool

1.54 ± 1.43 vs. 2.75 ± 1.74 (p < 0.05)

③ GE T1/2 ③ 20.74 ± 7.42 vs. 21.01 ± 7.25 (p > 0.05)

④ EGG ④ frequency primary (FP)

2.85 ± 0.74 vs. 2.50 ± 0.51 (p < 0.05) frequency zero (FZ)

(Continued on following page)
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TABLE 1 (Continued) Characteristics of included studies.

Study
ID

Language Study
design

Intervention (n) Control (n) Duration Outcome Results

2.94 ± 0.68 vs. 2.67 ± 0.63 (p < 0.05) frequency caliz (FC)

2.63 ± 0.85 vs. 2.30 ± 0.91 (p < 0.05)

Li (2015) Chinese Parallel BXT (45) Domperidone (43) 4 weeks ① TCE ① 89% vs. 78% (p < 0.05)

② Symptom score ② total score

9.73 ± 3.95 vs. 14.25 ± 4.02 (p < 0.05) postprandial fullness

2.42 ± 1.22 vs. 3.92 ± 1.53 (p < 0.05) early satiety

2.18 ± 1.04 vs. 3.51 ± 1.20 (p < 0.05) epigastric pain

1.52 ± 0.73 vs. 2.44 ± 0.69 (p > 0.05) epigastric burning

2.54 ± 0.67 vs. 2.89 ± 0.95 (p < 0.05)

Liu 2020 Chinese Parallel BXT (60) Domperidone (60) 4 weeks ① TCE ① 91.7% vs. 75% (p < 0.05)

② Symptom score ② epigastric fullness

1.88 ± 0.53 vs.2.43 ± 0.89 (p < 0.05) regurgitation

2.11 ± 0.41 vs. 2.94 ± 0.83 (p < 0.05) coldness

1.76 ± 0.56 vs. 2.34 ± 0.62 (p < 0.05) bitter taste and dry mouth

1.15 ± 0.28 vs. 2.00 ± 0.32 (p < 0.05) loose stool

1.56 ± 0.33 vs. 2.23 ± 0.42 (p < 0.05)

③ Gastric mobility ③ normal slow wave

4.34 ± 2.56 vs.3.34 ± 2.40 (p < 0.05) amplitude (long diameter)

1.91 ± 0.20 vs. 0.67 ± 0.10 (p < 0.05) amplitude (short diameter)

0.98 ± 0.20 vs. 0.67 ± 0.10 (p < 0.05) gastric half emptying time

52.32 ± 16.32 vs. 48.46 ± 12.14 (p < 0.05) gastric emptying time

92.34 ± 13.34 vs.98.51 ± 11.21 (p < 0.05)

Qiu (2011) Chinese Parallel BXT (49) Domperidone (49) 4 weeks ① TCE ① 89.8% vs. 83.7% (p < 0.05)

② TCM SS ② 6.75 ± 2.66 vs. 8.02 ± 2.90 (p < 0.05)

Ren (2015) Chinese Parallel BXT (45) Domperidone (45) 4 weeks ① TCE ① 93.3% vs. 57.8% (p < 0.05)

② Symptom score ② 0.84 ± 0.19 vs. 1.97 ± 0.24 (p < 0.05)

Tian
(2018)

Chinese Parallel BXT (40) Domperidone (40) 1 month ① 97.5% vs. 77.5% (p < 0.05)

② physiological skills

(Continued on following page)
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TABLE 1 (Continued) Characteristics of included studies.

Study
ID

Language Study
design

Intervention (n) Control (n) Duration Outcome Results

① TCE 93.30 ± 4.13 vs. 81.35 ± 4.15(p < 0.01) somatalgia

② QOL 94.36 ± 4.17 vs. 80.44 ± 4.23(p < 0.01) physiological function

95.48 ± 4.33 vs. 82.59 ± 4.38(p < 0.05)

Wu (2008) Chinese Parallel BXT (50) Domperidone (40) 2 weeks ① TCE ① 94.0% vs. 62.5% (p < 0.01)

Yu and
Yang
(2010)

Chinese Parallel BXT (90) Domperidone (45) 1 month ① TCE ① 90% vs. 55.6% (p < 0.05)

② Effective rate ② epigastric pain

90.0% vs. 64.0% (p < 0.05) bloating

91.3% vs. 61.0% (p < 0.05) early satiety

82.9% vs. 65.8% (p < 0.05) belching

89.4% vs. 68.8% (p < 0.05) acid reflux

81.6% vs. 61.1% (p < 0.05) nausea

84.2% vs. 60.0% (p < 0.05)

③ Symptom score ③ 9.96 ± 3.52 vs. 9.22 ± 2.91 (p < 0.01)

Zhao and
Song
(2011)

Chinese Parallel BXT (48) Domperidone (48) 4 weeks ① TCE ① 89.6% vs. 83.3% (p < 0.05)

② TCM SS ② 6.17 ± 3.11 vs. 7.89 ± 3.90 (p < 0.05)

Zhao and
Su (2017)

Chinese Parallel BXT (31) Domperidone (30) 4 weeks ① TCE ① 90.32% vs. 76.67% (p < 0.05)

② TCM SS ② The BXT group was better than the control group in 5 items
(p < 0.05), and there was no difference in 2 items between groups

Zheng
(2019)

Chinese Parallel BXT (40) Domperidone (40) 1 month ① TCE ① 95% vs. 75% (p < 0.05)

② TCM SS ② The BXT group was better than the control group in 14 items
(p < 0.05)

Cai (2018) Chinese Parallel BXT (43) Trimebutine malate (43) 1 month ① TCE ① 88.37% vs. 60.77% (p < 0.05)

② Symptom score ② total score 3.5 ± 1.2 vs. 5.2 ± 1.3 (p < 0.01) abdominal
discomfort 1.3 ± 0.5 vs. 2.1 ± 0.6 postprandial fullness 1.5 ± 0.2
vs. 2.1 ± 0.1 anorexia 1.6 ± 0.1 vs. 2.2 ± 0.3

Deng
(2016)

Chinese Parallel BXT (51) Trimebutine malate (51) not reported ① TCE ① 90.20% vs. 72.55% (p < 0.05)

Fu (2017) Chinese Parallel BXT (54) Trimebutine malate (40) 4 weeks ① TCE ① 92.59% vs. 75.00% (p < 0.05)

Li et al.
(2013)

Chinese Parallel BXT (60) Trimebutine malate (52) 4 weeks ① TCE ① 93.33% vs. 75.00% (p < 0.01)

Li (2016) Chinese Parallel BXT (60) Trimebutine malate (60) 4 weeks ① 90.00% vs. 75.00% (p < 0.05)

(Continued on following page)
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TABLE 1 (Continued) Characteristics of included studies.

Study
ID

Language Study
design

Intervention (n) Control (n) Duration Outcome Results

② total score

① TCE 9.7 ± 3.3 vs. 14.2 ± 4.1 (p < 0.05) postprandial fullness

② Symptom score 2.3 ± 1.1 vs. 4.0 ± 11.4 (p < 0.05) early satiety

2.1 ± 1.0 vs. 3.5 ± 1.2 (p < 0.05) epigastric pain

1.5 ± 0.7 vs. 2.7 ± 0.9 (p < 0.05) epigastric burning

2.4 ± 0.7 vs. 3.2 ± 1.0 (p < 0.05)

③ AE ③ No serious adverse effects

Luo (2016) Chinese Parallel BXT (40) Trimebutine malate (40) 1 month ① TCE ① 97.5% vs. 80% (p < 0.05)

② Index score ② The BXT group was better than the control group (p < 0.05)

Cai (2016) Chinese Parallel BXT (30) Mosapride (30) 4 weeks ① TCE ① 93.33% vs. 86.67% (p < 0.05)

② TCM SS ② 5.67 ± 2.82 vs. 10.17 ± 3.06 (p < 0.05)

③ Symptom score (main
symptoms)

③ The BXT group was better than the control group (p < 0.05)

④ Symptom score (secondary
symptoms)

④ The BXT group was better than the control group (p < 0.05)

⑤ HAMD ⑤ 5.37 ± 1.13 vs. 7.37 ± 1.63 (p < 0.05)

⑥ AE ⑥ No adverse effects

Chen
(2010)

Chinese Parallel BXT (56) Mosapride (30) 1 month ① TCE ① 96.43% vs. 88.67% (p < 0.05)

Li and An
(2016)

Chinese Parallel BXT (44) Mosapride (40) 4 weeks ① TCE ① 95.5% vs. 77.5% (p < 0.05)

② AE ② No difference between groups

Min (2009) Chinese Parallel BXT (30) Mosapride (30) 4 weeks ① TCE ① 90% vs. 73.3% (p < 0.05)

② Symptom score ② 8.32 ± 3.14 vs.15.21 ± 4.13 (p < 0.01)

Nong
(2017)

Chinese Parallel BXT (73) Mosapride (73) 4 weeks ① TCE ① 93.15% vs. 73.97% (p < 0.05)

② Symptom score ② belching

1.31 ± 0.14 vs. 1.52 ± 0.25 (p < 0.05) bloating

0.61 ± 0.16 vs. 1.53 ± 0.37 (p < 0.05) epigastric fullness

1.52 ± 0.39 vs. 3.53 ± 0.71 (p < 0.05) epigastric pain

0.83 ± 0.15 vs. 2.43 ± 0.47 (p < 0.05) epigastric burning

(Continued on following page)
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TABLE 1 (Continued) Characteristics of included studies.

Study
ID

Language Study
design

Intervention (n) Control (n) Duration Outcome Results

0.72 ± 0.22 vs. 1.78 ± 0.52 (p < 0.05)

③ MTL ③ 397.66 ± 54.280 vs. 283.13 ± 50.173 (p < 0.05)

Tang
(2015)

Chinese Parallel BXT (37) Mosapride (37) 6 weeks ① TCE ① 94.59% vs. 75.68% (p < 0.05)

② AE ② No difference between groups

③ R6MAT ③ 20.00% vs. 42.86% (p < 0.05)

Wang and
Zhu (2007)

Chinese Parallel BXT (80) Mosapride (80) 4 weeks ① TCE ① 93.75% vs. 78.75% (p < 0.01)

Wang et al.
(2012)

Chinese Parallel BXT (43) Mosapride (43) 2 weeks ① TCE ① 88.4% vs. 83.7% (p < 0.05)

Wang
(2018)

Chinese Parallel BXT (35) Mosapride (35) 30 days ① TCE ① 94.29% vs. 74.29% (p < 0.05)

② Symptom score ② epigastric pain

1.13 ± 0.24 vs. 1.82 ± 0.26 (p < 0.05) epigastric fullness

1.12 ± 0.24 vs. 1.77 ± 0.34 (p < 0.05) acid reflux

1.33 ± 0.32 vs. 2.16 ± 0.39 (p < 0.05)

③ AE ③ 2.86% vs. 22.86% (p < 0.05)

Yi (2015) Chinese Parallel BXT (28) Mosapride (28) 30 days ① TCE (TCM symptoms aspect) ① 92.86% vs. 85.71% (p < 0.05)

② TCE (overall) ② 82.14% vs. 71.43% (p < 0.05)

③ TCM SS ③ 7.56 ± 2.35 vs. 11.69 ± 2.81 (p < 0.05)

④ TCM SS (main symptoms) ④ The BXT group was better than the control group in 2 items
(p < 0.05), and there was no difference in 1 item between groups

⑤ TCM SS (secondary
symptoms)

⑤ The BXT group was better than the control group in 4 items
(p < 0.05), and there was no difference in 2 items between groups

⑥ R3MAT ⑥ 10.71% vs. 28.57% (p = 0.005)

Zhang
(2017)

Chinese Parallel BXT (40) Mosapride (40) 28 days ① TCE ① 92.50% vs. 72.50% (p < 0.05)

② TCM SS ② belching

1.10 ± 0.25 vs. 1.78 ± 0.30 (p < 0.01) acid reflux

1.14 ± 0.22 vs. 1.71 ± 0.16 (p < 0.01) epigastric pain

1.28 ± 0.30 vs. 2.04 ± 0.31 (p < 0.01) epigastric fullness

1.34 ± 0.41 vs. 2.24 ± 0.31 (p < 0.01)
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TABLE 1 (Continued) Characteristics of included studies.

Study
ID

Language Study
design

Intervention (n) Control (n) Duration Outcome Results

Zhu and
Gu (2008)

Chinese Parallel BXT (60) Mosapride (60) 4 weeks ① TCE ① 93.33% vs. 75% (p < 0.05)

② Symptom score ② The BXT group was better than the control group in 4 items
(p < 0.05), and there was no difference in 2 items between groups

③ MTL ③ 292.23 ± 47.87 vs. 271.07 ± 48.36 (p < 0.05)

Zou (2015) Chinese Parallel BXT (64) Mosapride (64) 4 weeks ① TCE ① 95.3% vs. 82.8% (p < 0.05)

② Symptom score ② belching 1.1 ± 0.26 vs. 1.77 ± 0.31 (p < 0.05) acid reflux 1.13
± 0.23 vs. 1.70 ± 0.17 (p < 0.05) epigastric fullness 1.33 ± 0.42 vs.
2.23 ± 0.32 (p < 0.05) epigastric pain 1.27 ± 0.31 vs. 2.03 ± 0.32
(p < 0.05)

Shi (2014) Chinese Parallel BXT (35) Cisapride (35) 4 weeks ① TCE ① 94.3% vs. 62.8% (p < 0.05)

Zhang
(2010)

Chinese Parallel BXT (103) Cisapride (95) 4 weeks ① TCE ① 97.1% vs. 90.5% (p < 0.05)

② Symptom score ② The BXT group was better than the control group (p < 0.05)

Dong and
Chen
(2009)

Chinese Parallel BXT (63) Domperidone Omeprazole on
demand (46)

15 days ① TCE ① 93.65% vs. 78.26% (p < 0.05)

Fu (2010) Chinese Parallel BXT (50) Domperidone Omeprazole (50) 4 weeks ① TCE ① 100% vs. 90% (p < 0.01)

Lang and
Cheng
(2015)

Chinese Parallel CZBXT (49) Domperidone Omeprazole (49) 14 days ① TCE ① 83.67% vs. 63.27% (p < 0.05)

② Symptom score ② epigastric pain

1.04 ± 0.26 vs. 1.79 ± 0.24 (p < 0.05) bloating

0.70 ± 0.19 vs. 1.57 ± 0.26 (p < 0.05) belching

0.85 ± 0.27 vs. 1.42 ± 0.35 (p < 0.05) poor oral intake

0.98 ± 0.48 vs. 1.68 ± 0.49 (p < 0.05)

③ 24 h pH monitoring ③ 2.31 ± 0.35 vs. 2.03 ± 0.23 (p < 0.05)

④ AE ④ No serious adverse effects

Liang et al.
(2010)

Chinese Parallel CZBXT (30) Domperidone 2 weeks ① TCE ① 93.33% vs. 80.00% (p < 0.05)

Omeprazole (30) ② 24 h pH monitoring ② No change in the CZBXT group, and pH elevated in the
control group

Lu (2018) Chinese Parallel BXT (50) Domperidone Omeprazole (50) 4 weeks ① TCE ① 96% vs. 80% (p < 0.05)

② TCM SS ② epigastric pain

1.37 ± 0.31 vs. 1.69 ± 0.35 (p < 0.05) bloating

1.55 ± 0.36 vs. 1.91 ± 0.38 (p < 0.05) belching

(Continued on following page)
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TABLE 1 (Continued) Characteristics of included studies.

Study
ID

Language Study
design

Intervention (n) Control (n) Duration Outcome Results

③ MTL 1.34 ± 0.38 vs. 1.78 ± 0.41 (p < 0.05)

④ Plasma gastrin Poor oral intake

1.36 ± 0.29 vs. 1.72 ± 0.37 (p < 0.05)

③ 179.04 ± 45.27 vs. 132.45 ±40.31 (p < 0.05)

④ 127.41 ± 29.86 vs. 94.92 ± 28.67 (p < 0.05)

Su (2014) Chinese Parallel BXT (60) Domperidone Lansoprazole (60) 4 weeks ① TCE ① 86.7% vs. 61.7% (p < 0.05)

② Symptom score ② The BXT group was better than the control group (p < 0.05)

Yu (2016) Chinese Parallel BXT (30) Mosapride Rabeprazole (30) 4 weeks ① TCE ① 93. 3% vs. 70.00% (p < 0.05)

② TCM SS ② 5.93 ± 4.78 vs. 8.93 ± 4.91(p < 0.01)

③ TCM SS (main symptoms) ③ The BXT group was better than the control group in 2 items
(p < 0.05), and there was no difference in 2 items between groups

④ TCM SS (secondary
symptoms)

④ The BXT group BXT was better than the control group in 2
items (p < 0.05), and there was no difference in 1 items between
groups

⑤ AE ⑤ No adverse effects

Huang and
Long
(2004)

Chinese Parallel BXT Domperidone (60) Domperidone (60) 4 weeks ① TCE ① 93. 3% vs. 82.54% (p < 0.05)

② Symptom score change ② 3.2 ± 3.6 vs. 2.4 ± 2.0 (p < 0.05)

Li et al.
(2014)

Chinese Parallel BXT Domperidone (40) Domperidone (40) 4 weeks ① TCE ① 90% vs. 80% (p < 0.05)

② Symptom score ② abdominal pain

0.72 ± 0.06 vs. 1.94 ± 0.81 (p < 0.05) bloating

1.64 ± 0.08 vs. 3.17 ± 1.02 (p < 0.05) acid reflux

0.62 ± 0.08 vs. 1.04 ± 0.33 (p < 0.05) belching

0.95 ± 0.04 vs. 1.42 ± 0.32 (p < 0.05)

③ MTL ③ 398.68 ± 120.14 vs. 304.23 ± 98.45 (p < 0.05)

④ SCL-90 score ④ somatization

18.82 ± 2.13 vs. 32.42 ± 4.22 (p < 0.05) obsessive-compulsive

21.45 ± 2.92 vs. 32.92 ± 4.63 (p < 0.05) interpersonal sensitivity

18.27 ± 2.59 vs. 29.64 ± 4.12 (p < 0.05) depression

31.42 ± 4.52 vs. 44.51 ± 7.23 (p < 0.05) anxiety

20.49 ± 3.61 vs. 31.14 ± 4.48 (p < 0.05) hostility

(Continued on following page)
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TABLE 1 (Continued) Characteristics of included studies.

Study
ID

Language Study
design

Intervention (n) Control (n) Duration Outcome Results

21.51 ± 3.18 vs. 29.24 ± 3.61 (p < 0.05) phobic anxiety

18.42 ± 2.52 vs. 27.21 ± 3.27 (p < 0.05) paranoid ideation

16.14 ± 2.15 vs. 28.43 ± 3.44 (p < 0.05) psychoticism

21.36 ± 3.22 vs. 34.42 ± 4.62 (p < 0.05)

Zhang et
al. (2019)

Chinese Parallel BXT Domperidone (43) Domperidone (43) 4 weeks ① TCE ① 95.35% vs. 76.74% (p < 0.05)

② Symptom score ② abdominal pain

0.78 ± 0.08 vs. 2.06 ± 0.87 (p < 0.05) bloating

1.68 ± 0.42 vs. 3.21 ± 1.09 (p < 0.05) acid reflux

0.78 ± 0.15 vs. 1.17 ± 0.26 (p < 0.05) belching

0.93 ± 0.16 vs. 1.36 ± 0.47 (p < 0.05)

③ MTL ③ 396.78 ± 118.69 vs. 312.46 ± 89.52 (p < 0.05)

④ SCL-90 score ④ somatization

18.82 ± 2.35 vs. 32.24 ± 4.10 (p < 0.05) obsessive-compulsive

21.25 ± 2.87 vs. 31.25 ± 3.21 (p < 0.05) interpersonal sensitivity

18.22 ± 3.15 vs. 29.01 ± 4.03 (p < 0.05) depression

31.25 ± 3.16 vs. 44.21 ± 4.47 (p < 0.05) anxiety

25.36 ± 5.21 vs. 43.02 ± 4.11 (p < 0.05) hostility

21.08 ± 3.33 vs. 28.31 ± 3.17 (p < 0.05) phobic anxiety

18.35 ± 4.87 vs. 27.66 ± 3.25 (p < 0.05) paranoid ideation

16.25 ± 4.71 vs. 28.21 ± 4.53 (p < 0.05) psychoticism

21.37 ± 5.16 vs. 34.51 ± 4.44 (p < 0.05)

Dang
(2019)

Chinese Parallel BXT Mosapride (65) Mosapride (65) 2 weeks ① TCE ① 93.9% vs. 80.0% (p < 0.05)

② Symptom improvement time ② The experimental group was better than the control group (p
< 0.05)

He and Xie
(2012)

Chinese Parallel BXT Mosapride (62) Mosapride (62) 4 weeks ① TCE ① 93.55% vs. 77.42% (p < 0.05)

② Symptom score ② The experimental group was better than the control group in
5 items (p < 0.05), and there was no difference in 1 items
between groups

③ MTL ③ 391.26 ± 51.48 vs. 294.53 ± 52.63 (p < 0.05)

④ AE ④ No serious adverse effects

(Continued on following page)
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TABLE 1 (Continued) Characteristics of included studies.

Study
ID

Language Study
design

Intervention (n) Control (n) Duration Outcome Results

Yin (2011) Chinese Parallel BXT Mosapride (29) Mosapride (29) 4 weeks ① TCE ① 93.10% vs. 72.41% (p < 0.05)

② Symptom score ② 8.69 ± 4.89 vs. 9.52 ± 4.88 (p < 0.05)

③ Symptom score (main
symptoms)

③ The experimental group was better than the control group in
4 items (p < 0.05), and there was no difference in 2 items
between groups

④ TCM SS (secondary
symptoms)

④ The experimental group was better than the control group in
2 items (p < 0.05), and there was no difference in 2 items
between groups

Xie et al.
(2011)

Chinese Parallel BXT Mosapride Omeprazole Amitriptyline on demand
Clarithromycin on demand (42)

BXTMosapride Omeprazole Amitriptyline
on demand Clarithromycin on
demand (40)

4 weeks ① TCE ① 95.2% vs. 77.5% (p < 0.05)

② Symptom score ② The experimental group was better than the control group (p
< 0.05)

③ MTL ③ 399.52 ± 57.36 vs. 301.53 ± 65.23 (p < 0.01)

Kim (2017) English Parallel BXT (25) Placebo (23) 4 weeks ①NDI-K symptom score change ① −27.52 ± 22.11 vs. −22.83 ± 34.79 (p > 0.05)

② VAS ② 34.92 ± 17.83 vs. 45.13 ± 12.22 (p > 0.05)

③ NDI-K quality of life change ③ 8.02 ± 17.61 vs. 13.22 ± 13.38 (p > 0.05)

④ FD-QOL ④ 66.81 ± 7.80 vs. 60.98 ± 12.04 (p > 0.05)

⑤ EGG ⑤ No difference between groups

⑥ AE ⑥ No difference between groups

Kim et al.
(2021)

English Parallel BXT (15) Placebo (16) 4 weeks ① NDI-K score improvement ① 37.40 ± 27.40 vs. 22.50 ± 23.85 (p = 0.12)

② VAS (cm) change ② 3.19 ± 1.60 vs. 1.38 ± 2.85 (p = 0.03)

③ Plasma ghrelin level change ③ 105.69 ± 287.89 vs. −142.31 ± 314.32 (p = 0.03)

④ AE ④ No difference between groups

⑤ VAS (mm) ⑤ 42.56 ± 16.35 vs. 54.4 ± 20.2 (p = 0.082)

Park et al.
(2013)

English Parallel BXT (50) Placebo (50) 6 weeks ① GIS score (total) ① 8.77 ± 6.87 vs. 6.83 ± 5.42 (p > 0.05)

② GIS score (symptoms) ② The experimental group was better than the control group in
1 item (p < 0.05), and there was no difference in 9 items between
groups

③ VAS ③ 41.32 ± 18.21 vs. 34.54 ± 20.62 (p > 0.05)

④ FD-QOL ④ 18.91 ± 17.58 vs. 18.51 ± 14.68 (p > 0.05)

⑤ EGG ⑤ No difference between groups

⑥ AE ⑥ No difference between groups
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TABLE 1 (Continued) Characteristics of included studies.

Study
ID

Language Study
design

Intervention (n) Control (n) Duration Outcome Results

Dong
(2018)

Chinese Parallel BXT Domperidone Flupentixol Melitracen (45) Domperidone Flupentixol Melitracen (45) 4 weeks ① TCE ① 97.78% vs. 68.89% (p < 0.05)

② QOL ② 98.56 ± 2.21 vs. 81.72 ± 2.53 (p < 0.05)

③ Digestive function score ③ 8.19 ± 1.35 vs. 6.14 ± 1.12 (p < 0.05)

④ Symptom disappearance time ④ The experimental group was better than the control group (p
< 0.05)

⑤ AE ⑤ No difference between groups

Huang
(2011)

Chinese Parallel CZBXT (45) Omeprazole (45) 2 weeks ① TCE ① 88.9% vs. 77.8% (p < 0.05)

② AE ② The CZBXT group was better than the control group (p
< 0.05)

Wang et al.
(2019)

Chinese Parallel BXT (52) Mosapride Estazolam (51) 4 weeks ① TCE ① 90.4% vs. 84.3% (p < 0.05)

② Dyspepsia-related symptom
score

② 4.58 ± 3.40 vs. 5.98 ± 3.39 (p < 0.05)

③ PSQI ③ 4.60 ± 2.46 vs. 7.60 ± 3.18 (p < 0.05)

④ AE ④Onlymild adverse effects in the BXT group, and 1 incomplete
intestinal obstruction due to aggravation of constipation in the
control group

Yu and Yu
(2017)

Chinese Parallel BXT (100) Trimebutine malate (100) not reported ① Excellence rate ① 93% vs. 81% (p < 0.05)

② AE ② 6% vs. 17% (p < 0.05)

Li and Li
(2004)

Chinese Parallel BXT (30) Cisapride (20) 30 days ① TCE ① 100% vs. 40% (p < 0.001)

Liang et al.
(2008)

Chinese Parallel CZBXT (30) Domperidone 2 weeks ① Symptom score (overall) ① 6.6000 ± 3.5389 vs. 11.633 ± 3.6717 (p < 0.01)

Omeprazole (30) ② Symptom score (each
symptoms)

② The CZBXT group was better than the control group in 3
items (p < 0.01), and there was no difference in 3 items between
groups

Wang
(2001)

Chinese Parallel BXT (60) Domperidone Ranitidine (60) 4 weeks ① TCE ① 95.00% vs. 73.33% (p < 0.01)

Yang
(2019)

Chinese Parallel BXT (25) Octylonium Bromide (25) 4 weeds ① TCE ① 92.0% vs. 72.0% (p < 0.05)

② epigastric pain

1.24 ± 0.15 vs. 1.87 ± 0.19 (p < 0.05) belching

② Symptom score 1.25 ± 0.21 vs. 1.68 ± 0.28 (p < 0.05) irritability

1.47 ± 0.22 vs. 2.12 ± 0.25 (p < 0.05) bitter taste

0.92 ± 0.32 vs. 1.68 ± 0.37 (p < 0.05)

(Continued on following page)
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TABLE 1 (Continued) Characteristics of included studies.

Study
ID

Language Study
design

Intervention (n) Control (n) Duration Outcome Results

Yang
(2019)

Chinese Parallel BXT (48) Compound Azintamide enteric-
coated tablet (48)

1 month ① 95.83% vs. 68.75% (p < 0.05)

② 3.91 ± 0.28 vs. 7.78 ± 0.62 (p < 0.05)

① TCE ③ quality of sleep

② Symptom score (overall) 69.45 ± 6.12 vs. 49.48 ± 6.09 (p < 0.05) mental state

③ QOL 84.78 ± 8.62 vs. 63.91 ± 7.28 (p < 0.05) activity

62.84 ± 5.83 vs. 51.48 ± 5.94 (p < 0.05) appetite

70.54 ± 6.96 vs. 52.61 ± 7.02 (p < 0.05)

Tang
(2014)

Chinese Parallel BXT Domperidone Omeprazole (29) Domperidone Omeprazole (29) 4 weeks ① TCE ① 93.10% vs. 75.86% (p < 0.05)

② Symptom score ② The experimental group was better than the control group (p
< 0.05)

Ding
(2018)

Chinese Parallel BXT Domperidone Flupentixol Melitracen (45) Domperidone Flupentixol
Melitracen (45)

4 weeks ① Satisfaction rate ① 95.56% vs. 80.00% (p < 0.05)

② CRH ② 7.71 ± 0.32 vs. 10.14 ± 0.69 (p < 0.05)

③ MTL ③ 172.21 ± 20.51 vs. 125.92 ± 20.25 (p < 0.05)

④ TCM SS ④ 0.72 ± 0.11 vs. 2.11 ± 0.42 (p < 0.05)

Zhao et al.
(2013)

English Parallel BXT (67) Placebo (34) 4 weeks ① TDS ① gastroenterologist score

2.37 ± 2.15 vs. 5.09 ± 3.00 (p < 0.01) patient score

2.43 ± 1.98 vs. 5.13 ± 3.32 (p < 0.01)

② SDS ② gastroenterologist score

The BXT group was better than the placebo group (p < 0.05)
patient score

The BXT group was better than the placebo group (p < 0.05)

Tian
(2017)

Chinses Parallel BXT (44) Placebo (21) 4 weeks ① Water load test ① No difference between groups

② Anxiety depression self-rating
scale

② No difference between groups

③ TCM SS ③ The BXT group was better than the control group in 3 items
(p < 0.05), and there was no difference in 10 items between
groups

④ Symptom score ④ No difference between groups

BXT, Banxia-xiexin tang; TCE, Total clinical efficacy rate; MMC, Mucosal mast cell; MTL, Motilin; GE T1/2, Gastric emptying 1/2 time; SP, Substance P; CGRP, Calcitonin gene-related peptide; CZBXT, Chaizhi-Banxia-xiexin tang; TCM SS, Traditional Chinese

medicine symptom scale; EGG, Electrogastrography; QOL, Quality of life; AE, Adverse effect; HAMD, Hamilton depression rating scale; R6MAT, Recurrence 6 months after treatment; SCL-90, Symptom checklist-90; NDI-K, Nepean dyspepsia index; VAS, Visual

analog scale; FD-QOL: Functional dyspepsia-related quality of life; GIS, Gastrointestinal symptom; PSQI, Pittsburgh sleep quality index; CRH, Corticotropin-releasing hormone; TDS, Total dyspepsia symptom; SDS, Single dyspepsia symptom.
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The search terms were composed of disease- and intervention-
related terms. Disease-related terms included “indigestion,”
“dyspepsia,” “discomfort,” “disturbance,” “pain,” “dysfunction,”
“intestine,” “stomach,” and “gut.” Terms such as “Banha sasim,”
“Banxia xiexin,” “Hange shashin,” “herbal medicine,” and
“botanical” were used as intervention-related terms. Language
and publication dates were not restricted.

2.4 Selection and data extraction

Two authors (KK and SC) independently screened the studies to
evaluate their eligibility for inclusion. The selected paper’s titles,
abstracts, and full texts were screened. Endnote X9 (Clarivate
Analytics, Philadelphia, PA, United States) was used to manage
the search results. Furthermore, these authors independently
extracted data from the studies and filled out a standard data
extraction form. The form included information on the studies,
such as the first authors, titles, publication years, journals, research
design, interventions, sample sizes, treatment period, and outcomes.
Disagreements between the two reviewers (KK and SC) were
resolved through discussion. If the two reviewers could not reach
an agreement, an arbiter (SK) intervened and resolved the
discrepancies.

2.5 Quality assessment

Two reviewers (KK and SC) independently evaluated the risk
of bias (RoB) using the Cochrane RoB tool 2.0 with the following
items: a) bias arising from the randomization process, b) bias
due to deviations from intended interventions, c) bias due to
missing outcome data, d) bias in the measurement of the
outcome, e) bias in the selection of the reported result, and f)
overall bias. The assessment results were divided into three
categories: low, high, and some concerns. All disagreements
between the two evaluators (KK and SC) were discussed.
When needed, the arbiter (SK) intervened and resolved the
disagreement.

2.6 Data analysis and synthesis

Review Manager (V5.3 Copenhagen: The Nordic Cochrane
Center, The Cochrane Collaboration, 2014) was used for data
analysis. Dichotomous data were assessed for relative risk (RR)
with a 95% confidence interval (CI), and continuous data were
evaluated using the mean difference (MD) with 95% CI. A random-
effects model was used for meta-analysis. TCE, the only ordinal scale
in this study, was treated as a dichotomous scale by dividing it into
“not improved” and “improved.” To judge the heterogeneity of the
selected studies, we used the chi-squared (χ2) test and I-squared
statistics (I2). A p-value < 0.1 and I2 ≥ 50 indicated substantial
heterogeneity. Subgroup analyses were performed. The subgroups
were formed based on the type ofWestern medicine administered. A
funnel plot was used to present small-study effects or
publication bias.

2.7 Level of evidence

The level of evidence was examined using the Grading of
Recommendations, Assessment, Development, and Evaluation
approach. The level of evidence was classified as high, moderate,
low, or very low. The evaluation was performed for domains such as
the RoB, imprecision, inconsistency, and indirectness.

3 Results

3.1 Selection of study

The initial search identified 504 studies, of which 83 duplicates
were excluded. After screening the titles and abstracts, 340 studies
were excluded. Fifteen studies were excluded because 14 did not
meet the inclusion criteria, and one presented inaccurate data.
Finally, 66 studies were included, and 57 were selected for the
meta-analysis (Figure 1).

3.2 Characteristics of included studies

We included 66 studies published between 2001 and 2021. All
articles were RCTs and parallel-design studies. Four studies were
written in English and 62 in Chinese. Three randomized trials were
conducted in Korea and 63 in China. BXT was compared with
Western medicine in 51 RCTs. In 10 articles, combination therapy
(BXT plus Western medicine), and Western medicine were
compared. BXT was also compared with a placebo in five RCTs.
The total number of patients included in the meta-analysis was
5,615. In each study, 31–200 patients were included. Table 1 shows a
summary of the analyzed RCTs.

3.3 Assessment of risk of bias

Figure 2 shows the quality assessment results of the 57 studies
selected for this meta-analysis using the RoB 2 tool. Table 2 shows
the ratings for the individual domains at the study level for the
66 included studies.

3.3.1 Bias arising from the randomization process
Concerns were raised in 55 of the RCTs. These randomization

studies did not report the sequence of allocation concealment. Two
studies (Park et al., 2013; Kim et al., 2021) used a center-controlled
method to randomize participants and were assessed to have a low RoB.

3.3.2 Bias due to deviations from intended
interventions

Three trials (Park et al., 2013; Kim, 2017; Kim et al., 2021) had
low RoB because the participants and personnel were blinded to the
placebo. Fifty-five studies had high RoB because participants and
those delivering the interventions were aware of their assigned
interventions. Deviations from the intended intervention
occurred in these studies because of the trial context and group
balance, which probably affected the outcome.
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3.3.3 Bias due to missing outcome data
(Wang et al., 2019) conducted a per-protocol analysis and had a

high RoB. However, the other studies had a low RoB. Fifty-four trials
did not have missing patients (Park et al., 2013). conducted an
intention-to-treat analysis, while (Kim, 2017) had one missing
patient before administering the test drug.

3.3.4 Bias in measurement of the outcome
While three RCTs (Park et al., 2013; Kim, 2017; Kim et al.,

2021) blinded outcome assessment, 54 did not report
blinding of statistical analyses, and the outcome assessment
was probably influenced by knowledge of the intervention
received.

3.3.5 Bias in selection of the reported result
Two RCTs (Park et al., 2013; Kim et al., 2021) with published

study protocols had a low RoB. The remaining 55 studies were
biased due to insufficient information.

3.3.6 Overall bias
Of the 57 studies included in this meta-analysis, two had a

low risk, one had a moderate risk, and 54 had a high overall RoB.

3.4 Primary outcome: total clinical efficacy
rate

This systematic review examined the efficacy of BXT and
combination therapy (BXT plus Western medicine) in treating
FD using TCE.

3.4.1 BXT versus western medicine
Western medicine groups were subdivided into PK agent

groups, such as domperidone, trimebutine maleate, mosapride,
and cisapride, as well as combinations of the PK and PPI groups.
BXT was more efficacious than domperidone (RR: 1.19; 95% CI:
1.11–1.21; p < 0.001), trimebutine maleate (RR: 1.24; 95% CI:
1.15–1.33; p < 0.001), mosapride (RR: 1.18; 95% CI: 1.13 to 1.24;

p < 0.001), and combinations of PK and PPI (RR: 1.20; 95% CI:
1.12–1.29; p < 0.001). Heterogeneity was not significant in the
trimebutine maleate (p = 0.99; I2 = 0%), mosapride (p = 0.89;
I2 = 0%), or the combination of the PK and PPI groups (p =
0.31; I2 = 16%).

In the integrated analysis of the five groups, 43 RCTs with
4,183 patients were included. They showed that BXT was more
efficacious than Western medicine against FD (RR: 1.19; 95% CI:
1.15–1.23; p < 0.001) and had moderate heterogeneity (p = 0.02; I2 =
33%) (Figure 3).

3.4.2. Combination of BXT and western medicine
versus western medicine

The Western medicine group was divided into two subgroups:
domperidone and mosapride. The combination of BXT and
Western medicine was more efficacious than domperidone (RR:
1.16; 95%CI: 1.06–1.27; p = 0.002) andmosapride (RR: 1.21; 95% CI:
1.10–1.33; p < 0.001). Heterogeneity was insignificant in either
subgroup (p = 0.66, I2 = 0%; p = 0.79, I2 = 0%).

Six studies with 601 patients were analyzed by integrating the
subgroups. Combination therapy (BXT plus Western medicine) was
more efficacious (RR: 1.18; 95% CI: 1.11–1.26; p < 0.001) and had
lower heterogeneity (p = 0.88; I2 = 0%) than Western medicine
(Figure 4).

3.5 Motilin

The meta-analysis included only plasma motilin levels (pg/ml)
measured using radio-immunoassays before meals. Analysis of three
RCTs with 286 participants showed that combination therapy (BXT
plus Western medication) was more efficacious than Western
medicine alone in boosting motilin secretion (MD: 96.89; 95%
CI: 82.49–111.30; p < 0.001). Western medicine groups included
domperidone (Li et al., 2014), mosapride (He and Xie, 2012), and a
combination of mosapride, omeprazole, amitriptyline (on demand),
and clarithromycin (on demand) (Xie et al., 2011). Heterogeneity
was high (p < 0.001; I2 = 0%) (Figure 5).

FIGURE 2
Risk of bias assessment graph.
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TABLE 2 Risk of bias summary.

Study ID Randomization
process

Deviations from
the
Intended
Interventions

Missing
outcome data

Measurement of the
outcome

Selection of the
reported result

Overall

Dong et al.
(2017)

Some concerns Some concerns Low risk High risk Some concerns High risk

Feng et al. (2015) Some concerns Some concerns Low risk High risk Some concerns High risk

He (2007) Some concerns Some concerns Low risk High risk Some concerns High risk

Hu et al. (2006) Some concerns Some concerns Low risk High risk Some concerns High risk

Jin et al. (2004) Some concerns Some concerns Low risk High risk Some concerns High risk

Li (2015) Some concerns Some concerns Low risk High risk Some concerns High risk

Liu 2020 Some concerns Some concerns Low risk High risk Some concerns High risk

Qiu (2011) Some concerns Some concerns Low risk High risk Some concerns High risk

Ren (2015) Some concerns Some concerns Low risk High risk Some concerns High risk

Tian (2018) Some concerns Some concerns Low risk High risk Some concerns High risk

Wu (2008) Some concerns Some concerns Low risk High risk Some concerns High risk

Yu and Yang
(2010)

Some concerns Some concerns Low risk High risk Some concerns High risk

Zhao and Song
(2011)

Some concerns Some concerns Low risk High risk Some concerns High risk

Zhao and Su
(2017)

Some concerns Some concerns Low risk High risk Some concerns High risk

Zheng (2019) Some concerns Some concerns Low risk High risk Some concerns High risk

Cai (2018) Some concerns Some concerns Low risk High risk Some concerns High risk

Deng (2016) Some concerns Some concerns Low risk High risk Some concerns High risk

Fu (2017) Some concerns Some concerns Low risk High risk Some concerns High risk

Li et al. (2013) Some concerns Some concerns Low risk High risk Some concerns High risk

Li (2016) Some concerns Some concerns Low risk High risk Some concerns High risk

Luo (2016) Some concerns Some concerns Low risk High risk Some concerns High risk

Cai (2016) Some concerns Some concerns Low risk High risk Some concerns High risk

Chen (2010) Some concerns Some concerns Low risk High risk Some concerns High risk

Li and An (2016) Some concerns Some concerns Low risk High risk Some concerns High risk

Min (2009) Some concerns Some concerns Low risk High risk Some concerns High risk

Nong (2017) Some concerns Some concerns Low risk High risk Some concerns High risk

Tang (2015) Some concerns Some concerns Low risk High risk Some concerns High risk

Wang and Zhu
(2007)

Some concerns Some concerns Low risk High risk Some concerns High risk

Wang et al.
(2012)

Some concerns Some concerns Low risk High risk Some concerns High risk

Wang (2018) Some concerns Some concerns Low risk High risk Some concerns High risk

Yi (2015) Some concerns Some concerns Low risk High risk Some concerns High risk

Zhang (2017) Some concerns Some concerns Low risk High risk Some concerns High risk

Zhu and Gu
(2008)

Some concerns Some concerns Low risk High risk Some concerns High risk

(Continued on following page)
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TABLE 2 (Continued) Risk of bias summary.

Study ID Randomization
process

Deviations from
the
Intended
Interventions

Missing
outcome data

Measurement of the
outcome

Selection of the
reported result

Overall

Zou (2015) Some concerns Some concerns Low risk High risk Some concerns High risk

Shi (2014) Some concerns Some concerns Low risk High risk Some concerns High risk

Zhang (2010) Some concerns Some concerns Low risk High risk Some concerns High risk

Dong and Chen
(2009)

Some concerns Some concerns Low risk High risk Some concerns High risk

Fu (2010) Some concerns Some concerns Low risk High risk Some concerns High risk

Lang and Cheng
(2015)

Some concerns Some concerns Low risk High risk Some concerns High risk

Liang et al.
(2010)

Some concerns Some concerns Low risk High risk Some concerns High risk

Lu (2018) Some concerns Some concerns Low risk High risk Some concerns High risk

Su (2014) Some concerns Some concerns Low risk High risk Some concerns High risk

Yu (2016) Some concerns Some concerns Low risk High risk Some concerns High risk

Huang and Long
(2004)

Some concerns Some concerns Low risk High risk Some concerns High risk

Li et al. (2014) Some concerns Some concerns Low risk High risk Some concerns High risk

Zhang et al.
(2019)

Some concerns Some concerns Low risk High risk Some concerns High risk

Dang (2019) Some concerns Some concerns Low risk High risk Some concerns High risk

He and Xie
(2012)

Some concerns Some concerns Low risk High risk Some concerns High risk

Yin (2011) Some concerns Some concerns Low risk High risk Some concerns High risk

Xie et al. (2011) Some concerns Some concerns Low risk High risk Some concerns High risk

Kim (2017) Some concerns Low risk Low risk Low risk Some concerns Some
concerns

Kim et al. (2021) Low risk Low risk Low risk Low risk Low risk Low risk

Park et al. (2013) Low risk Low risk Low risk Low risk Low risk Low risk

Dong (2018) Some concerns Some concerns Low risk High risk Some concerns High risk

Huang (2011) Some concerns Some concerns Low risk High risk Some concerns High risk

Wang et al.
(2019)

Some concerns Some concerns High risk High risk Some concerns High risk

Yu and Yu
(2017)

Some concerns Some concerns Low risk High risk Some concerns High risk

Li and Li (2004) Some concerns Some concerns Low risk High risk Some concerns High risk

Liang et al.
(2008)

Some concerns Some concerns Low risk High risk Some concerns High risk

Wang (2001) Some concerns Some concerns Low risk High risk Some concerns High risk

Yang (2019) Some concerns Some concerns Low risk High risk Some concerns High risk

Yang (2019) Some concerns Some concerns Low risk High risk Some concerns High risk

Tang (2014) Some concerns Some concerns Low risk High risk Some concerns High risk

Ding (2018) Some concerns Some concerns Low risk High risk Some concerns High risk

(Continued on following page)

Frontiers in Pharmacology frontiersin.org18

Kim et al. 10.3389/fphar.2023.1130257

234

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1130257


3.6 Symptom checklist-90-revised

Two studies (Li et al., 2014; Zhang et al., 2019) compared
combination therapy (BXT plus domperidone) with domperidone
alone and used the SCL-90-R to evaluate psychological symptoms.
These studies included 166 patients. The SCL-90-R has nine
subscales. Combination therapy (BXT plus domperidone) was
more efficacious than domperidone alone in all aspects of the
SCL-90-R.

The somatization score was significantly lower in the
combination therapy group (BXT plus domperidone) than in the
domperidone group (MD: –13.51; 95% CI: [–14.52]—[–12.49]; p <
0.001). Obsessive-compulsive symptoms improved remarkably in
the combination therapy group (BXT plus domperidone) than in the
domperidone group (MD: –10.63; 95% CI: [–12.05]- [–9.20]; p <
0.001), and interpersonal sensitivity was found to be more
significantly improved in the combination therapy group than in
the domperidone group (MD: –11.08; 95% CI: [–12.16] -[–10.01];
p < 0.001). Depression scores were significantly lower in the
combination therapy group (BXT plus domperidone) than in the
domperidone group (MD: –13.00; 95% CI: [–14.39]—[–11.60]; p <
0.001). Combination therapy (BXT plus domperidone) was found to
be remarkably more efficacious against anxiety than domperidone
(MD: –14.14; 95% CI: [–21.01]—[ −7.27]; p < 0.001) and reduced
hostile symptoms more significantly than domperidone (MD: –7.46;
95% CI: [–8.47]—[–6.45]; p < 0.001). Combination therapy (BXT
plus domperidone) was more efficacious in reducing phobic anxiety
than domperidone (MD: –8.97; 95% CI [–10.00] - [–7.94]; p <
0.001). The paranoid ideation score was significantly lower in the
combination therapy group (BXT plus domperidone) than in the
domperidone group (MD: –12.19; 95% CI: [–13.25]—[–11.14]; p <
0.001). Combination therapy (BXT plus domperidone) was more
efficacious in reducing the psychoticism score than domperidone
(MD: –13.09; 95% CI [–14.42] - [–11.77]; p < 0.001) (Figure 6).

3.7 Visual analog scale

Three RCTs (Park et al., 2013; Kim, 2017; Kim et al., 2021) with
179 participants compared the BXT and placebo groups using the
VAS. No significant difference was observed between the BXT and
placebo groups (MD: –4.31; 95% CI: [–17.40]—[–8.77]; p = 0.52).
Heterogeneity was high (p = 0.01; I2 = 78%) (Figure 7).

3.8 Subgroup analysis: Chaizhi-BXT versus
western medicine

In this meta-analysis, the modified BXT group was integrated
with the BXT group. A subgroup analysis was performed to
minimize heterogeneity in the experimental groups. Three RCTs
(He, 2007; Liang et al., 2010; Lang and Chen, 2015) with
240 participants showed that Chaizhi-BXT had a significantly
higher TCE than Western medicine (RR: 1.25; 95% CI: 1.09–1.43;
p = 0.001) (Figure 8).

3.9 Adverse events

Of the 66 studies, 54 did not report any adverse events. The
experimental group included BXT and Western medicine, and the
control group included Western medicine and placebo. Two articles
(He and Xie, 2012; Li, 2016) reported no adverse events, and one
(Tang, 2015) reported the number of occurrences alone. The
remaining nine RCTs reported mild adverse events. The number
of adverse events was significantly lower in the experimental group
than in the control group (RR: 0.53; 95% CI: 0.35–0.81; p = 0.003)
(Figure 9).

Relatively mild adverse events such as nausea, vomiting,
diarrhea, abdominal pain, acid reflux, epigastric fullness,
dizziness, headache, urticaria, and insomnia were reported in
the experimental groups. Adverse events in the control group
were similar to those in the experimental groups and were mostly
mild. However (Wang et al., 2019), reported intestinal
obstruction (n = 1) due to progressive aggravation of
constipation in the Western medicine (mosapride and
estazolam) group.

3.10 Publication bias

Figure 10 shows a funnel plot of TCE comparing BXT and
Western medicine. It is possible that smaller studies with lower
estimates of benefits have not been published. However, the
asymmetry is difficult to equate with publication bias because
most of the included RCTs were published in Chinese, and the
overall methodological quality of the studies was low.

TABLE 2 (Continued) Risk of bias summary.

Study ID Randomization
process

Deviations from
the
Intended
Interventions

Missing
outcome data

Measurement of the
outcome

Selection of the
reported result

Overall

Zhao et al.
(2013)

Some concerns Some concerns Low risk High risk Some concerns High risk

Tian (2017) Some concerns Low risk Low risk Some concerns Some concerns Some
concerns
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3.11 Level of evidence

Table 3 shows the level of evidence for each outcome. Regarding
TCE, BXT was more efficacious than Western medicine against FD.
Because of the high RoB, the level of evidence was moderate. In the

subgroup analysis, the level of evidence for BXT was lower than that
of domperidone, considering the unexplained heterogeneity. The
level of evidence for BXT was lower than that of cisapride due to
unexplained heterogeneity and the small sample size. Combination
therapy (BXT plus Western medicine) was more efficacious than

FIGURE 3
Forest plot of TCE between BXT and Western medicine. BXT: Banxia-xiexin tang; CI: confidence interval; TCE: total clinical efficacy rate.
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Western medicine against FD. A high RoB led to a moderate level of
evidence. In the subgroup analysis, the level of evidence was low
because of the small sample size. Combination therapy (BXT plus
Western medicine) was more efficacious than Western medicine
alone in boosting motilin secretion. Because of the high RoB and the
small sample size, the level of evidence was low. Combination
therapy (BXT plus domperidone) had significantly better efficacy
than domperidone in all aspects of the SCL-90-R. The level of
evidence was low because of the high RoB and small sample size. The
VAS scores showed no significant differences between the BXT and
placebo groups. The RoB was low in the VAS; however, the small
sample size led to a moderate level of evidence. The number of
adverse events was significantly lower in the experimental group
than in the control group. The level of evidence was moderate
because of the high RoB.

4 Discussion

4.1 Summary of the main findings

This systematic review investigated the efficacy and safety of BXT
and combination therapy (BXT plus Western medicine) against FD.

The TCE results showed that BXT and combination therapy (BXT plus
Western medicine) had a stronger therapeutic effect on FD than
Western medicine alone. The motilin assays results showed that the
combination therapy (BXT plus Western medicine) had more clinical
benefits thanWestern medicine alone. Combination therapy (BXT plus
domperidone) was more efficacious than domperidone alone in SCL-
90-R. In the subgroup analysis, the Chaizhi-BXT group was more
efficacious than the Western medicine group based on TCE. No
significant difference was observed between the BXT and placebo
groups regarding the VAS scores. None of the included RCTs
reported severe adverse events in the BXT and combination
therapy (BXT plus Western medicine) groups. The incidence
of adverse reactions was lower in the BXT and combination
therapy (BXT plus Western medicine) groups than in the
Western medicine and placebo groups.

4.2 Comparison with previous reviews

Several previous studies have reported the efficacy and safety of
BXT for treating FD. One meta-analysis, including 10 RCTs,
reported that BXT was more efficacious than Western medicines
(domperidone, mosapride, and a combination of domperidone and

FIGURE 4
Forest plot of TCE between combination therapy and Western medicine alone. BXT: Banxia-xiexin tang; CI: confidence interval; TCE: total clinical
efficacy rate.

FIGURE 5
Forest plot of variation inmotilin levels between combination therapy andWesternmedicine alone. BXT: Banxia-xiexin tang; SD: standard deviation;
IV: inverse-variance; CI: confidence interval.
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omeprazole) against FD. No adverse events were reported in the
BXT group. However, side effects, such as GI symptoms and
headaches, occurred in the control group (Gan et al., 2014).
Another systematic review involving 30 studies from Chinese
databases compared BXT with Western medicines, including PK
agents (domperidone, mosapride, trimebutine, and cisapride), PPIs
(omeprazole and lansoprazole), and H2 receptor antagonists
(famotidine). The review reported that BXT was better than
Western medicine in terms of TCE, recovery rate, and symptom

improvement. However, there were no significant differences
between the groups when plasma motilin levels and gastric
dynamics (Li and Li, 2016) were considered. A systematic review
of 20 trials indicated that Chinese herbal medicines, including
modified BXT, were more efficacious than conventional Western
medicines against FD and did not cause side effects (Zhang, 2015). A
systematic review of 28 RCTs reported that BXT was more
efficacious than Western medicine in increasing the TCE,
reducing several symptoms and recurrence rates. However, BXT

FIGURE 6
Forest plot of SCL-90-R between combination therapy and Western medicine alone. BXT: Banxia-xiexin tang; SD: standard deviation; IV: inverse-
variance; CI: confidence interval.
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was less efficacious than Western medicine in reducing symptoms,
such as early satiation and plasma motilin levels (Hu et al., 2020).

4.3 Components of BXT

BXT is a complex of seven botanical drugs: Pinellia ternata
(Thunb.) Makino [Araceae; Pinellia ternata rhizoma], Panax ginseng
C.A.Mey. [Araliaceae; Panax ginseng root], Zingiber officinale Roscoe
[Zingiberaceae; Zingiber officinale rhizoma], Coptis chinensis Franch.
[Ranunculaceae; Coptis chinensis rhizoma], Scutellaria baicalensis

Georgi [Lamiaceae; Scutellaria baicalensis root], Glycyrrhiza uralensis
Fisch. ex DC. [Fabaceae; Glycyrrhiza uralensis root], Ziziphus jujuba
Mill. [Rhamnaceae; Zizyphus jujuba fruit] (Park et al., 2010). The
pharmacological effects of Pinellia ternata (Thunb.) Makino [Araceae;
Pinellia ternata rhizoma], such as anti-vomiting, anti-coughing,
antidepressant, anti-inflammatory, and sedative-hypnotic activities,
have been demonstrated in modern pharmacological studies (Mao
and He, 2020). Scutellaria baicalensis Georgi [Lamiaceae; Scutellaria
baicalensis root] contains several flavones, including baicalin, baicalein,
wogonin, and wogonoside, and is known to have anti-inflammatory,
anti-tumor, and anticonvulsant effects (Li and Zuo, 2011). Zingiber

FIGURE 7
Forest plot of VAS between BXT and placebo. BXT: Banxia-xiexin tang; SD: standard deviation; IV: inverse-variance; CI: confidence interval.

FIGURE 8
Forest plot of TCE between Chaizhi-BXT and Western medicine. BXT: Banxia-xiexin tang; CI: confidence interval; TCE: total clinical efficacy rate.

FIGURE 9
Adverse events. CI: confidence interval.
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officinale Roscoe [Zingiberaceae; Zingiber officinale rhizoma], the root
of ginger, has anti-emetic, anti-diarrheal, anti-oxidative, anti-
inflammatory, anti-tumor, and anti-lipidemic effects (Chrubasik
et al., 2005). The therapeutic effects of BXT against FD may be
attributed to the efficacy of each BXT component. Combinations
of various active ingredients may have advantages over other
treatment options against FD, considering its heterogeneous
pathophysiology and symptoms (Rösch et al., 2006).
Additionally, interactions between multiple bioactive
components in the herbal medicine formula can create
synergistic effects, and further studies are required to reveal
these interactions (Zhou et al., 2016).

4.4 Implication for the clinical practice

The pathophysiology of FD is unknown; however, the deterioration
of gastric motility is considered one of the leading causes of FD
symptoms (Vanheel and Farré, 2013). GI hormones, such as gastrin,
somatostatin, and motilin, regulate secretion, digestion, absorption,
appetite, and GI motility (Ahmed and Ahmed, 2019). Motilin
stimulates antral contractions and improves gastric emptying (Van
den Houte et al., 2020). This systematic review showed that BXT
increases motilin secretion. In a previous pharmacological study, BXT
enhanced somatostatin- and motilin-immunoreactive substances levels
in human plasma (Naito et al., 2002). These results suggest that BXT
may affect FD by normalizing gastric motility. However, further studies
using sensitive measurements of gastric emptying, such as scintigraphy,
isotope respiration tests, ultrasonography, and magnetic resonance
imaging, are required to investigate the association between BXT
and gastric motility.

The brain-gut axis plays an essential role in the pathophysiology
of FD (Wauters et al., 2020). FD is associated with central
modulation (brain-to-gut) and visceral sensory signaling (gut-to-

brain). Bidirectional pathways are likely regulated by psychological
influences and stress responses of the hypothalamic-pituitary-
adrenal (HPA) axis (Van Oudenhove and Aziz, 2013; Wauters
et al., 2020). Several epidemiological studies have reported a
higher prevalence of psychiatric disorders in patients with FD
than in healthy individuals (Van Oudenhove and Aziz, 2013). In
some patients, mood or anxiety disorders precede the occurrence of
FGID (Jones et al., 2017), and FD symptoms can induce anxiety and
depression. A previous prospective study reported that anxiety was
an independent predictor of FGID (Koloski et al., 2012).

The SCL-90-R is a self-rating clinical symptom scale of 90 questions
associated with nine psychiatric subsections. In a previous study, the
SCL-90-R was used to evaluate psychiatric distress in patients with FD,
and the FD group had significantly higher scores than the healthy
control group in all subsections (Faramarzi et al., 2014). In this
systematic review, combination therapy (BXT plus domperidone)
was better than domperidone alone in improving the SCL-90-R
scores in patients with FD. The therapeutic effects of BXT on
dyspeptic symptoms may relieve stress in patients and decrease their
SCL-90-R scores. However, BXT exerts regulatory effects on the HPA
axis by regulating the plasma cortisol and adrenocorticotropic hormone
levels under stressful conditions (Naito et al., 2003).

Furthermore, a recent network pharmacological study reported
that BXT could influence the process of depression by modulating
the 5-hydroxytryptamine synaptic signaling pathway, arachidonic
acid metabolism, and hypoxia-inducible factor-1 signaling pathway
(Yu et al., 2020). One RCT suggested that combination therapy with
BXT and antidepressants (paroxetine) had a more rapid effect than
antidepressants (paroxetine) alone in female patients with
somatoform disorders (Sun and Li, 2014). In another trial,
combination therapy (BXT, flupentixol, and melitracen) was
found to be more efficacious than Western medicines (flupentixol
and melitracen) in reducing anxiety and depression, as well as
improving the quality of life of perimenopausal depressed

FIGURE 10
Funnel plot of TCE between BXT and Western medicine. BXT: Banxia-xiexin tang; RR: relative risk; TCE: total clinical efficacy rate.
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TABLE 3 Level of evidence.

Variable Certainty assessment Effect Certainty

Number
of
studies

Risk
of
bias

Inconsistency Indirectness Imprecision Relative
(95% CI)

Absolute
(95% CI)

Total clinical
efficacy

BXT vs.
Western medicine

43 Serious Not serious Not serious Not serious RR 1.19
(1.15–1.23)

145 more per
1,000 (from
115 more to
176 more)

Moderate

BXT vs.
Domperidone

15 Serious Serious Not serious Not serious RR 1.19
(1.11–1.29)

145 more per
1,000 (from
84 more to
221 more)

Low

BXT vs.
Trimebutine maleate

6 Serious Not serious Not serious Not serious RR 1.24
(1.15–1.33)

179 more per
1,000 (from
112 more to
246 more)

Moderate

BXT vs. Mosapride 13 Serious Not serious Not serious Not serious RR 1.18
(1.13–1.24)

140 more per
1,000 (from
101 more to
187 more)

Moderate

BXT vs. Cisapride 2 Serious Serious Not serious Serious RR 1.24
(0.85–1.83)

199 more per
1,000 (from
125 fewer to
690 more)

Very low

BXT vs.
Prokinetics + PPI

7 Serious Not serious Not serious Not serious RR 1.20
(1.12–1.29)

149 more per
1,000 (from
89 more to
215 more)

Moderate

CZBXT vs. Western
medicine

3 Serious Not serious Not serious Serious RR 1.25
(1.09–1.43)

More per
1,000 (from
61 more to
1293 more)

Low

BXT + Western
medicine vs.
Western medicine

6 Serious Not serious Not serious Not serious RR 1.18
(1.11–1.26)

142 more per
1,000 (from
87 more to
205 more)

Moderate

BXT +
Domperidone vs

3 Serious Not serious Not serious Serious RR 1.16
(1.06–1.27)

128 more per
1,000 (from
48 more to
216 more)

Low

Domperidone

BXT + Mosapride vs 3 Serious Not serious Not serious Serious RR 1.21
(1.10–1.33)

163 more per
1,000 (from
78 more to
256 more)

Low

Mosapride

Motilin BXT + Western
medicine vs

3 Serious Not serious Not serious Serious - MD
96.89 higher
(82.49 higher
to
111.3 higher)

Low

Western medicine

SCL-90-R BXT + Western
medicine vs

Western medicine

Somatization
2 Serious Not serious Not serious Serious - MD

13.51 lower
(14.52 lower
to
12.49 lower)

Low

Obsessive-
compulsive

2 Serious Not serious Not serious Serious - MD
10.63 lower
(12.05 lower
to 9.2 lower)

Low

(Continued on following page)
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patients (Chen, 2019). BXT improved the psychological state of the
patients and provided symptomatic relief. However, human data
supporting the brain-gut axis are limited (Wauters et al., 2020).
Further studies are required to investigate the interaction between
the gut and brain in humans and the effects of BXT on bidirectional
pathways.

4.5 Strengths of this study

This study has several strengths. First, it included the latest
results on the effects of BXT against FD. Although a previous meta-
analysis published in 2016 used Chinese databases alone (Li and Li,
2016), we searched global databases and did not apply language
restrictions. Second, the superior effect of combination therapy (BXT
plus Western medicine) against FD was indicated in this systematic
review. Previous studies have compared the effect of BXT versus
Western medicine or placebo; however, this analysis examined the
synergistic effect of BXT and Western medicine on FD. Conventional

medications are less efficacious in managing the symptoms of FD, and
the demand for complementary medicine, such as herbal medicine, is
increasing (Suzuki et al., 2009). In some patients, herbal and
conventional Western medicines are being co-administered.
Therefore, it is important to investigate the efficacy and safety of
combination therapy (herbal medicine plus conventional Western
medicine) for treating FD. Third, a subgroup analysis was
performed for both the BXT and control groups. Chaizhi-BXT was
found to be more efficacious than Western medicine. The Western
medicine group was further subcategorized into domperidone,
trimebutine maleate, mosapride, cisapride, and a combination of PK
and PPI groups. Although cisapride was withdrawn from the global
market because of its severe side effects on the cardiovascular system, it
was included in the subgroup analysis to focus on the therapeutic effects
of BXT against FD. Fourth, this review suggests that BXT could treat FD
in addition to conventional Western medicine.

The American College of Gastroenterology and Canadian
Association of Gastroenterology guidelines on dyspepsia recommend
H. pylori eradication, if positive, as the first line of treatment. As

TABLE 3 (Continued) Level of evidence.

Variable Certainty assessment Effect Certainty

Number
of
studies

Risk
of
bias

Inconsistency Indirectness Imprecision Relative
(95% CI)

Absolute
(95% CI)

Interpersonal
sensitivity

2 Serious Not serious Not serious Serious - 11.08 lower
(12.16 lower
to
10.01 lower)

Low

Depression 2 Serious Not serious Not serious Serious - MD 13 lower
(14.39 lower
to 11.6 lower)

Low

Anxiety 2 Serious Not serious Not serious Serious - MD
14.14 lower
(21.01 lower
to 7.27 lower)

Low

Hostility 2 Serious Not serious Not serious Serious - MD
7.46 lower
(8.47 lower to
6.45 lower)

Low

Phobic
anxiety

2 Serious Not serious Not serious Serious - MD
8.97 lower
(10 lower to
7.94 lower)

Low

Paranoid
ideation

2 Serious Not serious Not serious Serious - MD
12.19 lower
(13.25 lower
to
11.14 lower)

Low

Psychoticism
2 Serious Not serious Not serious Serious - MD

13.09 lower
(14.42 lower
to
11.77 lower)

Low

VAS BXT vs. placebo 3 Not
serious

Not serious Not serious Serious - MD
4.31 lower
(17.4 lower to
8.77 higher)

Moderate

Adverse
effect

Experimental vs.
control

12 Serious Not serious Not serious Not serious RR 0.53
(0.35–0.81)

51 fewer per
1,000 (from
70 fewer to
21 fewer)

Moderate

CI, confidence interval; BXT, Banxia-xiexin tang; RR, Relative risk; PPI, Proton pump inhibitor; CZBXT, Chaizhi-Banxia-xiexin tang; MD, Mean difference; SCL-90-R, Symptom checklist-90-

revised.
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secondary strategies, PPI, tricyclic antidepressants, and PK agents have
been recommended for treating FD (Moayyedi et al., 2017). The Korean
clinical guidelines strongly recommend PK agents and PPIs for treating
FD. As a first-line treatment, PK agents for patients with postprandial
distress syndrome (PDS) and PPI for patients with epigastric pain
syndrome (EPS) have been suggested (Oh et al., 2020). PK agents
constitute a significant part of the Western medicine used in this study.
BXT and combination therapy (BXT plus Western medicine) were
more efficacious than Western medicine alone. Furthermore, the
psychological effects of BXT may benefit patients with FD.

4.6 Limitations and implications for further
research

This systematic review has some limitations. First, the general
methodological quality of the included RCTs was low because of
moderate or high RoB in the randomization process, deviations from
intended interventions, and measurement of the outcome domains.
Most studies did not have a pre-published study protocol or sufficient
information to assess the risk of reporting bias. Double-blinding was
performed in five of the 66 studies, which resulted in poor
methodological quality. Second, all the included studies were
published in Asia, and most of them were from China. Third,
clinical heterogeneity may exist among the intervention groups.
Modified BXTs, which varied by species and the number of added
botanical drugs, were included in the meta-analysis. High
heterogeneity was observed in VAS scores among the outcomes. It
is difficult to resolve the heterogeneity because of the small sample
size; therefore, it is necessary to include more participants in future
studies. In addition, the effects of different doses of BXT could not be
compared due to the heterogeneity of constituent herbs and their
doses. Fourth, in the included RCTs, there is lack of description of
extraction procedure and quality control of the botanical drugs.
Finally, pattern identification was not considered in the meta-
analysis. In traditional Chinese medicine, FD can be differentiated
into several patterns based on clinical signs and symptoms. BXT has
often been regarded as an herbal formula treating “Mixed cold and
heat” FD patterns (Ji et al., 2017). However, it might have different
effects on other FD patterns. Consequently, well-designed RCTs with
clear randomization and double-blinding are required.

5 Conclusion

BXT and combination therapy (BXT plus Western medicines)
may have therapeutic effects against FD. BXT can be considered a
treatment option for FD with fewer adverse events. However, the
methodological quality of the included studies was low; hence, the
validity of the evidence obtained is controversial. More robust, large-
scale, high-quality RCTs are required for more credible evidence.
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Effect of dexmedetomidine on liver
transplantation: a meta-analysis

Degong Jia1†, Shanshan Guo2†, Xinyi Wu1, Minjie Zhao1, Jiefu Luo1,
Mingxiang Cheng1 and Yajun Qin1*
1Department of Hepatobiliary Surgery, The Second Affiliated Hospital of Chongqing Medical University,
Chongqing, China, 2Department of Nephrology, The First Affiliated Hospital of Anhui Medical University,
Hefei, China

Background: Dexmedetomidine (DEX), an adjuvant anesthetic, may improve the
clinical outcomes of liver transplantation (LT).

Methods:Wesummarized the relevant clinical trials ofDEX in patients undergoing LT.
As of 30 January 2023, we searched The Cochrane Library, MEDLINE, EMBASE,
Clinical Trial.gov and the WHO ICTRP. The main outcomes were postoperative liver
and renal function. The random effect model or fixed effect model was used to
summarize the outcomes across centers based on the differences in heterogeneity.

Results: The meta-analysis included nine studies in total. Compared with the
control group, the DEX group had a reduced warm ischemia time (MD-4.39; 95%
CI-6.74−-2.05), improved postoperative liver (peak aspartate transferase: MD-75.77,
95% CI-112.81−-38.73; peak alanine transferase: MD-133.51, 95% CI-235.57−-31.45)
and renal function (peak creatinine: MD-8.35, 95% CI-14.89−-1.80), and a reduced risk
ofmoderate-to-extreme liver ischemia-reperfusion injury (OR 0.28, 95%CI 0.14-0.60).
Finally, thehospital stay of thesepatientswas decreased (MD-2.28, 95%CI-4.00−-0.56).
Subgroup analysis of prospective studies showed that DEX may have better efficacy in
living donors and adult recipients.

Conclusion: DEX can improve short-term clinical outcomes and shorten the
hospital stay of patients. However, the long-term efficacy of DEX and its interfering
factors deserves further study.

Systematic Review: identifier CRD42022351664.

KEYWORDS

liver transplantation, dexmedetomedine, liver function, complication, meta-analysis

1 Introduction

Solid organ transplantation is currently a recognized treatment for end-stage organ
disease. Due to the particularity of this operation, ischemia-reperfusion injury (IRI) is an
inevitable problem (Yamada et al., 2020). In the process of liver transplantation (LT), IRI can
cause graft dysfunction and vascular and biliary complications and ultimately lead to
multiple organ injury (Peralta et al., 2013; Olivo et al., 2018). At the same time,
inflammation and damage to the microvascular system caused by liver IRI are important
factors affecting the short-term and long-term prognosis of LT (Ali et al., 2015). Therefore,
effective prevention and treatment of transplanted liver IRI is crucial to the success of LT.

Perioperative hemodynamic stability during LT has a positive impact on graft function
and patient recovery (Sharma et al., 2022). Dexmedetomidine (DEX) is a high-efficiency and
high-selectivity alpha-2 adrenaline receptor agonist. As an auxiliary drug for general
anesthesia, DEX has good perioperative hemodynamic stability and an intraoperative
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anesthesia retention effect. It was approved for sedation and
analgesia in intensive care unit (ICU) patients in the
United States in 1999 (Damian et al., 2020). Preclinical studies
have shown that DEX can improve IRI in various tissues, including
the liver, thus providing organ protection (Tang et al., 2020; Yu et al.,
2020; Liu et al., 2022; Tao et al., 2022). However, its effectiveness and
safety in IRI of transplanted livers still lack definite conclusions.

To further study and clarify the role of this convenient and
economic intervention in LT, we conducted this meta-analysis. In
addition, we evaluated the factors affecting the efficacy of DEX. This
may provide a more effective and accurate treatment strategy for IRI
of transplanted liver.

2 Materials and methods

This study is a summary and analysis of the clinical outcomes of
DEX in patients undergoing LT. This systematic review and meta-
analysis was previously registered in the International Prospective
Register of Systematic Reviews (PROSPERO [CRD42022351664])
and conducted according to the PRISMA guidelines (Moher et al.,
2009).

2.1 Search strategy

As of 30 January 2023, we searched relevant databases such as
The Cochrane Library, MEDLINE, EMBASE, and online trial
registration platforms such as Clinical Trial.gov and the World
Health Organization International Clinical Trials Registry Platform.

The retrieval was not limited by the time of publication or any other
characteristics; the results were limited to English language results.
See Supplementary Table S1 for the complete retrieval strategy. A
total of 168 documents were retrieved, and the results were imported
into Endnote X9 for further screening. Since this study only used
published clinical data and did not study new human subjects, no
application was submitted to IRB.

2.2 Selection criteria

We used Endnote X9 to remove 49 duplicate documents. Next, two
independent reviewers (D.J. and S.G.) screened the title/abstract and full
text of the remaining articles and recorded the number and reasons for
their removal in the screening stage. The references of the included
studies and related reviews were manually identified to find potential
qualified tests. Any conflict between the two reviewers was resolved
through discussion or the participation of a third reviewer (Y.Q.).

Before literature retrieval, we formulated the inclusion/exclusion
criteria. We included original studies related to LT. The study needs
to take DEX as the intervention measure, and placebo or non-DEX
as the control. The related original studies about multiple organ
transplantation, retransplantation and not containing the clinical
data required for this study were excluded.

2.3 Research outcomes

The outcomes were predefined before the start of the meta-
analysis and adjusted according to the actual reported data in the
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included studies. The main outcomes were postoperative liver
function and renal function. The secondary outcomes were graft
ischemia time (min), duration of surgery (h), ICU stay (d), hospital
stay (d), and the occurrence of moderate-to-extreme hepatic IRI and
postreperfusion syndrome (PRS). Postoperative liver function is
expressed by peak aspartate transferase (AST) and alanine
transferase (ALT) within 7 days after the operation, and
postoperative renal function is expressed by peak blood urea
nitrogen (BUN) and creatinine (CRE). Hepatic ischemia
reperfusion injury (HIRI) severity was evaluated by the Rahman
standard (Rahman et al., 2017).

2.4 Data extraction and quality assessment

The standardized formwas used by two reviewers independently
to extract the data included in the study, and the differences were
resolved through discussion or the participation of the third
reviewer. The continuous variables of each study are summarized
as the mean and SD, and the dichotomous variables are summarized
as the number of positive and total events. If the mean and SD of
continuous variables were not reported, they were estimated based
on the sample size, median, range or quartile range by using the
formula proposed by Wan et al. (2014). When necessary, we
contacted the original author to try to solve the ambiguity of the
report data.

The quality evaluation of the randomized controlled trial was
conducted independently by two authors using the Cochrane risk
assessment tool (Cumpston et al., 2019); the quality evaluation of the
retrospective cohort study was conducted using the Newcastle-
Ottawa Quality Assessment scale.

2.5 Data synthesis and analysis

The data synthesis and analysis were conducted by Review
Manager version 5.4, and the results report follows PRISMA
guidelines. Dichotomous variables are expressed by OR values
and 95% CIs; continuous variables are represented by MDs and
95% CIs, and the analysis results are visualized by forest plots. To
avoid the interference of multiple comparisons on DEX efficacy
judgment, we adjusted the traditional p-value. We obtained the
multiple adjusted p values although 0.05 divided by the mean of 1
(no adjustment) and the number of main outcomes (Bonferroni
adjustment). That is, p = 0.05 was used for a main outcome, and p =
0.033 was used for two main outcomes. Therefore, when
summarizing the main outcomes, we believe that when the
p-value is 0.033 (calculated by dividing 0.05 by [(2 + 1)/2]) or
less, it is statistically significant. For the secondary outcomes, we
believe that when the p-value is 0.014 (calculated by dividing 0.05 by
[(6 + 1)/2]) or less, it is statistically significant (Jakobsen et al., 2014;
Jakobsen et al., 2016). Two in the above equation represents two
main outcomes (postoperative liver function and renal function); six
means six secondary outcomes (graft ischemia time, duration of
surgery, ICU stay, hospital stay, and the occurrence of moderate-to-
extreme hepatic IRI and PRS).

The statistical heterogeneity among the studies was evaluated by
the chi2 and I2 tests. Heterogeneity was considered when P

Heterogeneity< 0.1 or I2 >50%. When statistical heterogeneity
existed among the studies, the random effect model was used to
summarize the data; otherwise, the fixed effect model was used (Jia
et al., 2023). At the same time, we plan to use subgroup analysis to
find the influencing factors of DEX efficacy.

2.6 Subgroup analysis

This study is the first to explore the factors affecting the
efficacy of DEX. It is planned to conduct hierarchical analysis
based on different countries (developed or non-developed),
research types (retrospective or prospective), donor types
(deceased donor or living donor) and different populations
(adult or pediatric) to find potential sources of differences and
the best clinical environment for DEX in LT. This study also
aimed to identify the applicable population for DEX to avoid
wasting medical resources.

3 Results

3.1 Summary of included studies

A total of 168 documents were retrieved from the database, and
49 duplicate documents were removed. The title/abstract and full
text of the remaining 119 documents were reviewed. Finally,
110 documents were excluded because they did not meet the
preset inclusion criteria. No new clinical trial was found after
searching the clinical trial registration platform ClinicalTrial.gov
and WHO ICTRP. Finally, nine studies were included in the meta-
analysis, with a total of 648 participants (Choi et al., 2016; Fayed
et al., 2016; Sayed and Yassen, 2016; Xu et al., 2016; Lee et al., 2020;
Lee et al., 2021; Ustun et al., 2021; Zhang et al., 2021; Zhang et al.,
2022). See Figure 1 for the combined search results. Table 1 describes
the basic characteristics of the included studies. The nine included
studies were all single-center trials, including four prospective
randomized controlled trials and five retrospective cohort studies.
Two studies were conducted in children, and the other seven studies
were conducted in adults. Table 2 is a detailed description of all
expected research results. Table 3 is a detailed description of all
subgroup analysis results.

We found the risk of ambiguous bias in some studies because
the author did not describe any relevant details. Figure 2
describes the quality evaluation results of the included studies.
The overall bias of each study was low. The quality of all the
included studies was generally good, and none of them showed
poor design.

3.2 Primary outcome

3.2.1 Postoperative liver function
We used the peak AST/ALT within 7 days after transplantation

to reflect postoperative liver function. Three studies recorded the
level of peak AST/ALT after LT, and 110 participants received DEX.
Meta-analysis showed that compared with the control group, the
group with perioperative DEX infusion had significantly reduced
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peak AST (MD -75.77; 95% CI-112.81−-38.73) and ALT levels (MD
-133.51; 95% CI-235.57−-31.45) (Figure 3) and improved
postoperative liver function. Subgroup analysis of prospective
studies showed that the results were stable in living donors and
adult recipients (Table 3).

3.2.2 Postoperative renal function
We used the peak BUN and CRE levels within 7 days after

transplantation to reflect postoperative renal function. Two
studies described the level of peak BUN after LT, and
90 participants received DEX. Meta-analysis showed that the
infusion of DEX did not significantly improve the peak BUN
(MD 0.06; 95% CI-2.71-2.82) level (Figure 4A). Three studies
described the level of peak CRE after surgery, and 110 people
received DEX. Meta-analysis showed that the DEX group had
significantly reduced peak CRE levels (MD -8.35; 95% CI-
14.89−-1.80) (Figure 4B) after the operation compared with
the control group. Subgroup analysis showed that donor type
could affect the role of DEX in postoperative renal function
(Table 3).

3.3 Secondary outcome

3.3.1 Graft ischemia time
We analyzed the effect of DEX on warm ischemia time (WIT)

and cold ischemia time (CIT). Three studies recorded WIT during
the operation, and 110 people received DEX. Meta-analysis showed
that the DEX group had a significantly shortened WIT compared
with the control group (MD -4.39; 95% CI-6.74−-2.05) (Figure 5A).
Subgroup analysis showed that the study type had an impact on this
result, and it was more stable among child recipients (Table 3).

Four studies recorded CIT, and 121 participants received DEX.
Meta-analysis did not show any effect of DEX on the CIT (MD -7.08;
95% CI-15.95-1.78) (Figure 5B). Subgroup analysis showed that the
study type and age of the recipients had a significant impact on this
result (Table 3).

3.3.2 Duration of surgery
Four studies recorded the duration of surgery, and 180 people

received DEX. Meta-analysis showed that DEX did not change the
operation duration (MD 0.09; 95% CI-0.28-0.45) (Figure 6A).

FIGURE 1
PRISMA flow chart of the literature retrieval and screening process.
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TABLE 1 Characteristics of the included studies.

Author,
year

No. of
patients
DEX

control

Age DEX
control

Male%
DEX

control

MELD
score DEX
control

Intervention Control Study type

Fayed NA.
2016

20 20 50.6 52.47 85 90 15.7 16.1 a continuous intraoperative infusion of 0.8 l g/kg/h of DEX;
infusion was started after the induction of anesthesia and continued

until the end of surgery

placebo RCT

J.Y. Choi. 2016 16 26 53.83 49.45 81.2 84.6 22 23.26 DEX was administrated at a continuous intravenous infusion rate of
0.3 mg/kg/h without a loading dose

haloperidol was administrated as an intravenous bolus or
intramuscular injection of 3 mg–5 mg

retrospective
cohort study

Lee, C. F. 2021 23 26 53.0 58.5 69.6 57.7 14 16 administered DEX through continuous infusion (0.2 mcg/kg/h) to
the recipients upon arrival to the ICU after operation. The

maximum infusion time was 24 h

without the use of DEX when undergoing LT. retrospective
cohort study

Lee, H. 2020 100 101 56.35 55.70 71.0 72.3 11.70 12.35 DEX (0.1 mcg/kg/h) was administered for patients during
anesthesia and through postoperative day 2

0.9% saline (0.1 mcg/kg/h) was administered for patients during
anesthesia and through postoperative day 2

RCT

Sayed, E. 2016 20 20 43.3 44.8 70 80 14.3 14.2 a continuous infusion of DEX starting at 0.5 mic/kg/h
(0.2–0.7 mic/kg/h); started with the induction of anesthesia and

continued until the end of skin wound closure

saline boluses and placebo infusions RCT

Ustun, Y. B.
2021

11 10 49.01 51.17 82 60 17.40 19.58 DEX infusions were titrated between 0.2 and 0.7 mcg/kg/h and
0.03 and 0.05 mg/kg/h, respectively, to maintain a stable
cardiopulmonary response and continued for 12 h in the

postoperative ICU.

Midazolam infusions were titrated between 0.2 and 0.7 mcg/kg/h
and 0.03 and 0.05 mg/kg/h, respectively, to maintain a stable
cardiopulmonary response and continued for 12 h in the

postoperative ICU.

retrospective
cohort study

Xu, G. 2016 40 40 51.03 48.83 50 55 16.60 18.13 an initial dose of DEX at 1 μg/kg for 10 min followed by a
continuous infusion at 0.3 μg/kg/h until the end of surgery

a saline treatment RCT

Zhang, L. 2021 28 26 3.57 2.82 71.4 53.8 N/S N/S DEX at 0.4 μg/kg/h from incision to the end of the operation Nothing retrospective
cohort study

Zhang, L. 2022 62 59 1.87 1.94 50 49.2 N/S N/S a continuous infusion of DEX at 0.4 g/kg/h without a loading dose
from incision to the end of surgery

Nothing retrospective
cohort study

Abbreviations: DEX: dexmedetomidine; N/S: not stated; RCT: randomized controlled trial; ICU: intensive care unit.
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Subgroup analysis showed that the study type, country type and
recipient age could change the effect of DEX on the operation
duration (Table 3).

3.3.3 ICU stay
Seven studies described the ICU stay of recipients, and

289 people received DEX. Meta-analysis did not show that DEX
had a significant effect on the ICU stay of patients (MD -0.05; 95%
CI-0.24-0.14) (Figure 6B). The result was stable in all subgroups
(Table 3).

3.3.4 Hospital stay
Four studies described the impact of DEX on the hospital stay of

patients, and 230 participants received DEX. Meta-analysis showed
that DEX significantly reduced the hospital stay of patients
compared with the control group (MD -2.28; 95% CI-4.00−-0.56)
(Figure 6C). Subgroup analysis of the retrospective study showed
that this result was stable in non-developed countries and child
recipients (Table 3).

3.3.5 Moderate-to-extreme hepatic IRI
Two studies described the occurrence of moderate-to-extreme

liver IRI, of which 90 participants received DEX. Meta-analysis
showed that the DEX group had a significantly reduced incidence of
moderate-to-extreme hepatic IRI compared with the control group
(OR 0.28; 95% CI 0.14-0.60) (Figure 7A). The result remained stable
in all subgroups (Table 3).

3.3.6 Postreperfusion syndrome
Three studies described the occurrence of PRS, and 110 people

received DEX treatment. Meta-analysis showed that DEX did not
affect the occurrence of PRS (OR 0.72; 95% CI 0.19-2.74)
(Figure 7B). Subgroup analysis showed that donor type had an
impact on this result (Table 3).

4 Discussion

This meta-analysis is a comprehensive analysis of the clinical
prognosis data of nine studies on DEX treatment of LT, involving
648 participants from South Korea, China and other countries.
Encouragingly, the infusion of DEX significantly reduced the levels
of peak AST/ALT and CRE in the early postoperative period. DEX
can significantly reduce WIT and the incidence of moderate-to-
extreme hepatic IRI and ultimately significantly reduce the length of
hospital stay of patients. In general, DEX plays an active role in LT,
which is more stable in living donors, prospective studies and adult
recipients. However, considering the small number of participants in
this study, the above results still need to be interpreted with caution.
Further prospective, double-blind, multicenter studies are essential
to confirm the efficacy of DEX in LT and its influencing factors.

DEX can alleviate early postoperative liver function, which is
reflected in DEX significantly reducing the level of peak AST/ALT.
On the one hand, this effect may be because DEX can reduce the
level of the leukocyte adhesion molecule ICAM-1 and the migration

TABLE 2 Summary of meta-analysis results of DEX in LT.

Outcomes No. of included
studies

Total number of participants in the DEX and
control groups

Heterogeneity Effect
estimation

p-value

Peak AST (U/L) 3 110 in the DEX group and 105 in the control group I2 0% MD -75.77 95%
CI-112.81−-38.73

<0.0001

Peak ALT (U/L) 3 110 in DEX and 105 in control I2 60% MD -133.51 95%
CI-235.57−-31.45

0.01

Peak BUN (mmol/L) 2 90 in the DEX group and 85 in the control group I2 89% MD 0.06 95%
CI-2.71–2.82

0.97

Peak CRE (µmol/L) 3 110 in the DEX group and 105 in the control group I2 67% MD -8.35 95%
CI-14.89−-1.80

0.01

Warm ischemia
time (min)

3 110 in the DEX group and 105 in the control group I2 19% MD -4.39 95%
CI-6.74−-2.05

0.0002

Cold ischemia
time (min)

4 121 in the DEX group and 115 in the control group I2 7% MD -7.08 95%
CI-15.95–1.78

0.12

Hospital stay d) 4 230 in the DEX group and 226 in the control group I2 35% MD -2.28 95%
CI-4.00−-0.56

0.01

ICU stay d) 7 289 in the DEX group and 298 in the control group I2 48% MD -0.05 95%
CI-0.24–0.14

0.60

Duration of surgery h) 4 180 in the DEX group and 181 in the control group I2 0% MD 0.09 95%
CI-0.28–0.45

0.64

moderate-to-extreme
HIRI

2 90 in the DEX group and 85 in the control group I2 0% OR 0.28 95%
CI 0.14–0.60

0.001

Postreperfusion
syndrome

3 110 in the DEX group and 105 in the control group I2 68% OR 0.72 95%
CI 0.19–2.74

0.63

Abbreviations: DEX: dexmedetomidine; AST: aspartate transferase; ALT: alanine transferase; BUN: blood urea nitrogen; CRE: creatinine; ICU: intensive care unit; HIRI: hepatic ischemia

reperfusion injury.
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TABLE 3 Summary of the effects of different factors on the efficacy of DEX.

Outcome Subgroup No. of studies Population size Effect estimation (95% CI) I2 statistic (%)

Peak AST (U/L) Retrospective 2 175 -264.09-18.52 0

Prospective 1 40 -110.68−-33.92 -

Non-developed 3 215 -112.81−-38.73 0

Deceased donor 1 54 -1,275.23-486.77 -

Living donor 2 161 -112.28−-38.13 0

Adult 1 40 -110.68−-33.92 -

Pediatric 2 175 -264.09-18.52 0

Peak ALT (U/L) Retrospective 2 175 -508.38-24.44 60

Prospective 1 40 -114.30−-56.10 -

Non-developed 3 215 -235.57−-31.45 60

Deceased donor 1 54 -770.09−-93.69 -

Living donor 2 161 -122.37−-57.94 4

Adult 1 40 -114.30−-56.10 -

Pediatric 2 175 -508.38-24.44 60

Peak BUN (mmol/L) Retrospective 2 175 -2.71-2.82 89

Non-developed 2 175 -2.71-2.82 89

Deceased donor 1 54 -0.10-3.26 -

Living donor 1 121 -1.94−-0.56 -

Pediatric 2 175 -2.71-2.82 89

Peak CRE (µmol/L) Retrospective 2 175 -9.12−-1.14 0

Prospective 1 40 -25.14−-8.45 -

Non-developed 3 215 -14.89−-1.80 67

Deceased donor 1 54 -11.39-1.15 -

Living donor 2 161 -21.87-0.89 82

Adult 1 40 -25.14−-8.45 -

Pediatric 2 175 -9.12−-1.14 0

Warm ischemia time (min) Retrospective 2 175 -10.58−-0.54 58

Prospective 1 40 -11.20-4.20 -

Non-developed 3 215 -6.74−-2.05 19

Deceased donor 1 54 -15.22−-2.78 -

Living donor 2 161 -6.16−-1.11 0

Adult 1 40 -11.20-4.20 -

Pediatric 2 175 -10.58−-0.54 58

Cold ischemia time (min) Retrospective 3 196 -19.77−-0.18 0

Prospective 1 40 -14.83-26.83 -

Non-developed 4 236 -15.95-1.78 7

Deceased donor 1 54 -76.67-46.67 -

Living donor 2 161 -16.25-1.71 48

(Continued on following page)
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TABLE 3 (Continued) Summary of the effects of different factors on the efficacy of DEX.

Outcome Subgroup No. of studies Population size Effect estimation (95% CI) I2 statistic (%)

Adult 2 61 -13.03-28.11 0

Pediatric 2 175 -20.24−-0.59 0

Hospital stay (d) Retrospective 2 175 -10.21−-1.16 0

Prospective 2 281 -3.57-0.16 24

Developed 1 201 -3.28-2.34 -

Non-developed 3 255 -5.55−-1.19 3

Deceased donor 1 54 -9.98-2.26 -

Living donor 2 322 -10.68-3.63 75

Adult 2 281 -3.57-0.16 24

Pediatric 2 175 -10.21−-1.16 0

ICU stay (d) Retrospective 4 266 -0.58-0.22 64

Prospective 3 321 -0.23-0.20 26

Developed 2 243 -0.18-0.30 79

Non-developed 5 344 -0.55-0.08 13

Deceased donor 1 54 -0.85-0.65 -

Living donor 4 411 -0.21-0.20 50

Adult 5 412 -1.03-0.16 65

Pediatric 2 175 -0.43-0.42 0

Duration of surgery (h) Prospective 4 361 -0.28-0.45 0

Developed 1 201 -0.51-0.37 -

Non-developed 3 160 -0.22-1.09 0

Living donor 3 281 -0.37-0.44 0

Adult 4 361 -0.28-0.45 0

Moderate-to-Extreme HIRI Retrospective 2 175 0.14-0.60 0

Non-developed 2 175 0.14-0.60 0

Deceased donor 1 54 0.05-0.84 -

Living donor 1 121 0.14-0.79 -

Pediatric 2 175 0.14-0.60 0

Post-reperfusion syndrome Retrospective 2 175 0.07-6.50 84

Prospective 1 40 0.19-3.13 -

Non-developed 3 215 0.19-2.74 68

Deceased donor 1 54 0.05-0.84 -

Living donor 2 161 0.54-3.50 9

Adult 1 40 0.19-3.13 -

Pediatric 2 175 0.07-6.50 84

Intraoperative 3 215 0.19-2.74 68

Abbreviations: DEX: dexmedetomidine; AST: aspartate transferase; ALT: alanine transferase; BUN: blood urea nitrogen; CRE: creatinine; ICU: intensive care unit; HIRI: hepatic ischemia

reperfusion injury.
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of leukocytes to the inflammatory region, which reduces the damage
to liver endothelial cells, and DEX also inhibits the activation of the
intrinsic apoptotic cascade reaction, which ultimately restores liver
function (Vollmar et al., 1995; Fayed et al., 2016; Hemsinli et al.,
2022). On the other hand, this result is consistent with the finding
that DEX reduces moderate-to-extreme hepatic IRI, which is the
inducing factor of graft dysfunction. DEX has been shown to reduce
hepatic IRI through multiple pathways, including decreasing
oxidative stress, endoplasmic reticulum stress, and apoptotic
pathways (Zhang et al., 2023). Notably, the total sample size of
the current study may not be sufficient to reveal the role of DEX in
postoperative liver function. Therefore, this result should be
interpreted with caution.

Because of the high incidence rate of kidney injury after LT, it is
necessary to explore this field. This study is the first summary of
clinical evidence related to DEX in renal function after LT and shows
that DEX has a certain protective effect, which is reflected in that
DEX reduces the level of peak CRE. According to previous research

reports, this effect may be related to DEX as an alpha-2 adrenergic
receptor agonist. Alpha-2 adrenergic receptors are widely
distributed in renal tubules and their surrounding vascular
systems, and their activation can regulate endothelial nitric oxide
synthase to induce vasodilation, thus increasing the glomerular
filtration rate and urine volume and improving the damage to
renal function caused by LT (Nong et al., 2016). However, our
study did not find an effect of DEX on BUN, which may be because
the mechanism of organ dysfunction caused by liver IRI is relatively
complex, and it is difficult to play a complete protective role through
a single drug or medium.

Studies have shown that shortening the WIT can reduce the risk
of early graft dysfunction and graft loss at 1 and 5 years after surgery
and play a protective role in the prognosis of LT (Al-Kurd et al.,
2021). Meanwhile, the WIT is closely related to the surgical skills of
LT and is basically considered a fixed time in the clinical
environment of contemporary LT. Instead, we found that the
non-mechanical intervention “drug injection” reduced the WIT

FIGURE 2
Quality assessment results of the included studies. RCTs were assessed using the Cochrane Risk of Bias Assessment Tool. Retrospective cohort
studies were assessed using the Newcastle-Ottawa Quality Assessment scale.
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during the operation. This may be due to the small number of
studies and participants, and 66.67% of the included studies were
retrospective studies, resulting in the deviation of the research
results. In the future, more and larger prospective clinical trials
are needed to confirm whether DEX can reduce the
intraoperative WIT.

Furthermore, we found that DEX shortened the hospital stay of
patients. The length of hospital stay is considered to be closely
related to infection risk, medical care expenditure and other
postoperative outcomes (Du et al., 2022). A previous study
showed dexmedetomidine acted as an alpha-2 receptor agonist
and sodium channel inhibitor to regulate the function of locus
coerulus and dorsal horn, reducing postoperative stress response
and alleviating anxiety (Weerink et al., 2017; Wiatrowski, 2021).
Thereby it could accelerate postoperative recovery in transplant
patients. This efficacy of DEX has many clinical benefits. On the one
hand, the reduction in hospital stay can effectively reduce the
incidence of complications such as nosocomial infection and the

overall hospital costs of patients and ultimately reduce the
economic, physical and mental burden of patients. On the other
hand, the short length of hospitalization has accelerated the turnover
rate of hospital beds, enabling candidates on the waiting list for LT to
undergo surgery as soon as possible and promoting the efficient use
of medical resources.

At the same time, we analyzed the influencing factors of DEX
treatment for LT. From the results of the subgroup analysis, DEX seems
more effective and stable in living donors, prospective studies, and adult
recipients. Compared with deceased donors, living donors have many
advantages, such as a shorter CIT and more opportunities for medical
optimization before transplantation (Tran and Humar, 2021). It is not
surprising that living donors have better postoperative recovery. With
regard to different types of studies, the retrospective study did not
develop a standard anesthesia and surgical plan before the study, and the
dosage and use of DEX were not determined, so the evaluation of the
efficacy of DEX was inevitably biased. Moreover, there is no unified
standard for the perioperative treatment and nursing of liver transplant

FIGURE 4
Forest plots of the effect of DEX on postoperative peak blood urea nitrogen (A) and creatinine (B).

FIGURE 3
Forest plots of the effect of DEX on postoperative peak aspartate transferase (A) and alanine transferase (B).
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patients, whichmay lead to relatively poor results in retrospective studies.
Regarding different groups of liver transplant recipients, compared with
children, the intraoperative and postoperative nursing technology in
adults is relatively more mature. Moreover, due to the characteristics of
physical structure, it is more difficult for children to match the liver of
proper size, and the formation rate of hepatic vein thrombosis after
transplantation is higher (Rawal and Yazigi, 2017; Nickel et al., 2022).
Therefore, the prognosis of LT in children may be relatively poor.

In addition, preclinical studies have shown that other commonly
used anesthetics and anesthesia adjuncts, such as sevoflurane, isoflurane
and propofol, could also alleviate IRI (Hausburg et al., 2020; Chen et al.,
2022; Benoit et al., 2023). For example, sevoflurane alleviates hepatic cell
death induced by IRI by reducing oxidative stress, inhibiting the
formation or opening of mitochondrial permeability transition pore
andNF-κB signaling pathway, and increasing the expression of hypoxia-
inducing factors (Benoit et al., 2023). Therefore, sevoflurane is also a

FIGURE 6
Forest plots of the effect of DEX on the duration of surgery (A), ICU stay (B) and hospital stay (C).

FIGURE 5
Forest plots of the effect of DEX on warm ischemia time (A) and cold ischemia time (B).
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potential drug for reducing hepatic IRI. In LT, pharmacological methods
with the same efficacy seem more applicable compared to invasive
surgical strategies such as ischemic preconditioning (Jeong et al., 2017).
However, it is uncertainwhether these anesthetic drugs have any benefits
in the clinical outcomes of liver transplant patients, and further
prospective clinical trials are needed to further verify.

4.1 Strengths and limitations

To the best of our knowledge, this is the first systematic review
and meta-analysis to study the role of DEX in LT. Compared with
any individual study, this study followed known guidelines and
standards in the review and reporting process and provided clinical
evidence for DEX in LT through rigorous meta-analysis. Our results
support clinicians in choosing this economic and convenient
intervention method in the process of LT. We found the possible
factors that affect the efficacy of DEX. Of course, this study also has
certain deficiencies. First, the documents included in this study are
all single-center studies. The surgical and nursing skills of the
transplant center and the basic clinical characteristics of patients
inevitably lead to potential differences between the studies. Second,
this study lacks objective evaluation indicators of DEX in LT, such as
its impact on anesthesia demand, intraoperative hemodynamic
stability and blood glucose level. Third, clinical data on adverse
drug reactions associated with DEX and its effects on the heart,
pancreas and other organs after LT were not reported. Fourth, there
were no crucial short-term and long-term follow-up data after the
operation, including the description of graft survival and patient
survival. Fifth, the dose-dependent effect of DEX on LT was not
reported, and the optimal injection time of DEX was also not clear in
this study. In addition, it is not clear whether preoperative
prophylactic medication and postoperative continuous
medication have better protective effects. Finally, this study
contains clinical data from multiple countries and different years,

and there is inevitably heterogeneity between studies. Although we
tried to find the potential confounding factors that affect the efficacy
of DEX, the existence of heterogeneity and the lack of understanding
of the relevant mechanisms that affect the prognosis of LTmean that
our research may still be biased.

5 Conclusion

In this study, we evaluated the efficacy of DEX on LT. In general,
DEX improves the postoperative liver function and renal function of
patients, reduces the postoperative hospitalization time of patients,
and plays a favorable role in the prognosis of LT. Its role in living
donors and adult recipients is more stable. DEX, as a low-cost
intervention with few side effects, is a promising protective factor for
LT. However, before DEX is widely used, more and larger clinical
trials are still needed to further confirm its efficacy and side effects.
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diet-induced obesity syndrome by
reducing intestinal and hepatic
absorption
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Background: A high-fat Western diet is a risk factor for obesity and steatosis.
Reducing intestinal absorption of a high-fat diet (HFD) is a feasible strategy to
control obesity. Sulfosuccinimidyl oleate (SSO) inhibits intestinal fatty acid
transport. Therefore, the aim of this study was to investigate the effects of SSO
on HFD-induced glucose and lipid metabolism in mice and its possible underlying
mechanisms.

Methods: Male C57/BL were fed a HFD (60% calories) for 12 weeks and were
administered an oral dose of SSO (50 mg/kg/day). The expression of lipid
absorption genes (CD36, MTTP, and DGAT1) and the serum levels of
triglycerides (TGs), total cholesterol (TC), and free fatty acids (FFAs) were
detected. Lipid distribution in the liver was detected by oil red and hematoxylin
and eosin staining. In addition, serum levels of inflammatory factors, alanine
aminotransferase (ALT), and aspartate aminotransferase (AST) were measured
to detect side effects.

Results: SSO was effective in the treatment of obesity and metabolic syndrome
induced by HFD in mice. It attenuated the assembly of intestinal epithelial
chylomicrons by inhibiting intestinal epithelial transport and absorption of fatty
acids, thereby reducing the gene expression levels of MTTP and DGAT1, resulting
in decreased plasma TG and FFA levels. At the same time, it inhibited the transport
of fatty acids in the liver and improved the steatosis induced by a HFD. The results
of oil red staining showed that SSO treatment can reduce lipid accumulation in the
liver by 70%, with no drug-induced liver injury detected on the basis of interleukin-
6, C-reactive protein, ALT, and AST levels. In addition, SSO treatment significantly
improved insulin resistance, decreased fasting blood glucose levels, and improved
glucose tolerance in HFD-fed mice.

Conclusion: SSO is effective in the treatment of obesity and metabolic syndrome
induced by a HFD inmice. SSO reduces intestinal fatty acid absorption by reducing
the inhibition of intestinal CD36 expression, followed by decreased TG and FFA
levels, which attenuates HFD-induced fatty liver.
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1 Introduction

The global epidemic of obesity and its associated metabolic
syndrome has stimulated the interest of researchers in the
therapeutic outcomes of targeted interventions (Collaborators
et al., 2017). Long-term severe obesity can lead to complications,
such as type 2 diabetes, steatosis, insulin resistance, and
hyperlipidemia (Liu et al., 2017; Liu et al., 2020; Gancheva et al.,
2022). Currently, the most effective treatment for obesity is
metabolic surgery. In bariatric surgery, gastric bypass and vertical
sleeve gastroplasty lead to sustained weight loss through altered
body satiety, intestinal nutrient absorption, and endocrine
hormones (Cavin et al., 2016; Xie et al., 2019; Anhe et al., 2023).
However, people with mild or moderate obesity are resistant to
bariatric surgery (Juo et al., 2018; Dolan et al., 2019; Garcia et al.,
2022). Thus, pharmacotherapy is accepted as an alternative and
promising treatment for many overweight individuals (Alvarez-mon
et al., 2021).

Sulfosuccinimidyl oleate (SSO), an inhibitor of fatty acid
transporter (CD36), inhibits long-chain fatty acid uptake and
glucose uptake in the gut (Baillie et al., 1996; Chien et al., 2011).
Recent studies have shown that SSO delays tumor progression by
inhibiting lipid transport by tumor cells (Lemberger et al., 2022) and
attenuates stroke-induced neuroinflammation (Dhungana et al.,
2017). However, few studies have focused on the intestinal lipid
absorption phenotype and obesity treatment. The main function of
CD36 protein in the intestine (mainly jejunum) is to absorb
medium- and long-chain fatty acids, which are transported from
the intestinal lumen to intestinal epithelial cells via transmembrane
transport. In comparison, absorbed fatty acids are converted into
chylomicrons after secondary packaging by MTTP and DGAT1 in
intestinal epithelial cells, which subsequently enter the lymphatic
system or portal vein (Zhang et al., 2021; Zhou et al., 2022). SSO
inhibits CD36. Therefore, we hypothesized that it may affect
intestinal lipid absorption through inhibition of the intestinal
CD36 expression, thereby improving the metabolic phenotypes
induced by lipid excess, such as blood and liver lipid accumulation.

In the present study, we evaluated the effects of SSO on intestinal
lipid absorption and the possible underlying mechanisms in mice on
a regular diet, high-fat diet (HFD), and leptin-deficient diet. In
addition, the therapeutic effects of hyperlipemia [high triglycerides
(TGs), total cholesterol (TC), and free fatty acids (FFAs)] and
hepatic fat accumulation caused by increased lipid absorption
were further investigated.

2 Materials and methods

2.1 Animal experiments

C57BL mice (20 ± 2 g) and leptin-deficient mice (OB) used in
the present study were obtained from the experimental animal
center of Gannan Medical College (Ganzhou, China). The
animals were maintained at a controlled temperature (22°C ±
1°C), humidity (50%), and light (12-h light/dark). All animal

experiments were approved by the experimental animal ethics
committee of Gannan Medical College. A HFD consists of 20%
carbohydrates, 35% protein, and 45% fat (according to D12492;
Research Diets Inc.; 60% of total calories). The SSO drug was
obtained from MCE (Hy-112847) and was fed at a dose of
50 mg/kg/day. Blood glucose level was measured using equipment
and glucose test strips provided by Sinocare.

2.2 Serological tests

After fasting for 12 h, the blood samples from the orbit of mice
were collected for serological detection. The fresh blood samples
were centrifuged at 6,000 g. Serum levels of C-reactive protein (CRP;
H126-1-2), interleukin-6 (IL-6; H007-1-2), aspartate
aminotransferase (ALT; C009-2-1), and alanine aminotransferase
(AST; C010-2-1) were measured. All reagents were purchased from
Nanjing Institute of Biological Engineering, and the test operation
was conducted according to the instruction manual. Mouse TGs
(F001-1-1), TC (F002-1-1), and FFAs (A042-2-1) were purchased
fromNanjing Institute of Biological Engineering and used according
to the manufacturer’s instructions. The insulin ELISA test kit
purchased from Abcam (AB277390) and used according to the
manufacturer’s instructions. HOMA-IR was determined according
to the following equation: HOMA-IR = FBG (mmol/L − 1) × fasting
insulin (mu/L − 1)/22.5 (Shen et al., 2023).

2.3 Glucose tolerance and insulin resistance
tests

Before the glucose tolerance test, mice were fasted for 16 h and
injected with 2 g/kg of glucose. Blood glucose levels (rat tail blood)
were measured at 0, 15, 30, 60, and 120 min after administration.
Mice were fasted for 6 h before the insulin resistance test. Blood
glucose levels were measured at 0, 15, 30, 60, and 120 min after
injection of 0.55 µ/kg.

2.4 Real-time fluorescent quantitative
RT-PCR

Fresh tissues were grounded and crushed, and the total RNAwas
extracted using the TRIzol reagent (Ambion). The amplified
products were labeled with SYBR (Yeasen; 10222ES60). RT-PCR
was performed using the Bio-Rad RT-PCR system. The relative
mRNA levels were determined using the comparison threshold cycle
method. The primer sequences are presented in Table 1.

2.5 Histological staining

Fresh liver and intestines were fixed with 4% paraformaldehyde
for 24 h and embedded with Oct. Then, the samples were sectioned
using a Thermo Fisher Scientific slicer with a thickness of 4 µm and
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set aside at −80°. For hematoxylin and eosin staining, the tissue
sections were washed three times with phosphate-buffered saline
(PBS), placed in hematoxylin solution for 1 min, washed three times
with PBS, placed in eosin solution for 1 min, washed three times
with PBS, and sealed with xylene transparent and neutral gum.
Photographs of the sections were captured using a Leica microscope.
For oil red staining, the tissue sections were washed three times with
PBS, stained with oil red solution for 1 min, washed three times with
PBS, washed three times with hematoxylin solution for 1 min,
washed three times with PBS, and sealed with glycerol gelatin.
Photographs of the sections were captured using a Leica
microscope. ImageJ software was used to calculate the oil red-
stained area.

2.6 Western blot analysis

RIPA lysis buffer was used to extract intestinal epithelial
tissue protein. BCA protein assay kit was used to determine the
protein concentrations (Beyotime, Shanghai, China). The
membrane was sealed with 5% BSA for 2 h. The membrane
was subsequently compared with the target AMPK-alpha 1
(phospho T183) (1:1,000, AB133448) at 4°C. GAPDH (1:
1,000) was used as a loading control. Then, the secondary
antibody (1:2,000) was allowed to bind to the primary
antibody for 2 h at room temperature. The signal was
captured using an emitter-coupled logic substrate (pierce
chemical). ImageJ software was used to quantitatively analyze
the band intensity.

2.7 Statistical analysis

Data are expressed as the mean ± standard error of the
mean (SEM). Furthermore, significant differences were
determined by performing a t-test with least significant
difference (LSD) post hoc tests, and statistical significance
was set at p < 0.05.

3 Results

3.1 SSO could improve the metabolism of
glucose and lipid in normal diet-fed mice

To explore the effects of SSO on glycolipid metabolism in mice
on a regular diet, we fed SSO (50 mg/kg) to mice on a regular diet for
8 weeks, whereas the control group was fed an equal quantity of PBS
solvent. The results showed that SSO-fed mice developed weight loss
(p < 0.05) at 7 weeks compared to the control group (Figure 1A). At
the end of the 8-week experiment, we tested the glucose tolerance of
mice and found that SSO-fed mice had significantly improved
glucose tolerance. In addition, the area under the glucose
tolerance test curve suggested improved glucose tolerance in
SSO-fed mice (p < 0.05) (Figure 1B). Subsequently, insulin
sensitivity tests were performed, which showed that SSO-fed mice
had significantly increased insulin sensitivity (Figure 1C). To
determine the side effects of SSO, we examined the blood levels
of CRP, IL-6, ALT, and AST. The results showed that SSO had
significant side effects inmice (Figures 1D–F). To further explore the
effect of SSO on fat absorption, we measured the blood levels of TG,
TC, and FFA. The results showed that SSO-fed mice had lower TG
and FFA levels (p < 0.05), but no significant change in the TC level
(Figure 1G). We examined the expression of genes related to lipid
absorption in mouse intestinal epithelial cells to determine the effect
of SSO on the gut. The expression of intestinal lipid absorption genes
(CD36, MTTP, DGAT1, and FABP4) was significantly decreased in
SSO-fed mice (p < 0.05), whereas the expression of the reverse lipid
excretion gene was not changed (Figure 1H). Furthermore, we did
not find any changes in the epididymal fat and brown fat in the SSO
mice (Figure 1I).

3.2 SSO reduced body weight by decreasing
lipid absorption in HFD-fed mice

To observe the effect of SSO on inhibiting intestinal lipid
absorption, we fed SSO to mice on a HFD. The results showed

TABLE 1 Primer information table.

Gene name Forward Reverse

Cd36 TTCCAGCCAATGCCTTTGC TGGAGATTACTTTTTCAGTGCAG

Mttp ATACAAGCTCACGTACTCCACT TCTCTGTTGACCCGCATTTTC

Dgat1 CTGATCCTGAGTAATGCAAGGTT TGGATGCAATAATCACGCATGG

Fabp1 GTCAGAAATCGTGCATGAAGGG GAACTCATTGCGGACCACTTT

Fatp4 ACTGTTCTCCAAGCTAGTGCT GATGAAGACCCGGATGAAACG

Acat CAGGAAGTAAGATGCCTGGAAC TGCAGCAGTACCAAGTTTAGTG

Got2 GGACCTCCAGATCCCATCCT GGTTTTCCGTTATCATCCCGGTA

Abcg5 AGGGCCTCACATCAACAGAG GCTGACGCTGTAGGACACAT

Abcg8 CTGTGGAATGGGACTGTACTTC GTTGGACTGACCACTGTAGGT

Il-6 CCGGAGAGGAGACTTCACAGA AGAATTGCCATTGCACAACTCTT

Tnf-α GGTGCCTATGTCTCAGCCTCTT GCCATAGAACTGATGAGAGGGAG
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that, during the 12-week observation period, SSO-fed HFDmice had
significantly lower body weight than controls at week 5, suggesting
that SSO can attenuate HFD-induced weight gain (p < 0.05)
(Figure 2A). We subsequently performed an intraperitoneal
glucose tolerance test (IPGTT) and an intraperitoneal insulin
tolerance test (IPITT) test on HFD mice to observe the effects of
SSO on glucose tolerance and insulin resistance. We found that,
compared to controls, HFD mice fed SSO had significantly
improved glucose tolerance and were more sensitive to the
hypoglycemic effects of insulin (Figures 2B, C). To directly
observe the effect of SSO on the inhibition of intestinal lipid
absorption in mice, we sectioned the jejunum of mice on a HFD
and stained it with oil red. The results showed that the lipid
absorption in the intestine of mice on a HFD was significantly
reduced after SSO intake, suggesting that lipids were attached to the
lumen. Some lipids were absorbed into the intestinal epithelium. The
control group showed a strong ability to absorb lipids, especially for
the HFD containing 60% animal fat, which further stimulated the

lipid absorption of the intestine. SSO reduced intestinal lipid
absorption by 75% (p < 0.05) in HFD-fed mice, as measured by
the percentage of intestinal oil red staining (Figures 2D, E). These
findings suggest that SSO reduces weight gain in HFD-fed mice by
inhibiting intestinal lipid absorption.

3.3 SSO inhibits lipid absorption by
decreasing the intestinal CD36 expression

To explore the inhibitory effect of SSO on intestinal lipid
absorption by inhibiting the intestinal fatty acid transporter
CD36, we quantified intestinal lipid absorption genes in HFD-fed
mice. The results showed that the expression of some lipid genes
(CD36, MTTP, and DGAT1) was significantly decreased (p < 0.05)
(Figure 2F). In addition, to understand the adverse effects of drugs
on the gut, we examined the expression of related inflammatory
genes and found that SSO did not induce intestinal inflammation.

FIGURE 1
SSO improves the glycolipid metabolic phenotype of mice fed a normal diet. (A)Weekly weight gain in mice on a normal diet; (B)Glucose tolerance
test; (C) Insulin sensitivity test; (D) Serum CRP and IL-6 expression levels; (E) and (F) Serum aspartate aminotransferase and alanine aminotransferase
levels, (G) Serum triglyceride, cholesterol, and free fatty acid levels; (H) Intestinal epithelial cell lipid absorption-related gene expression levels; (I)Weight
of epididymal fat and brown fat. Significant differences are indicated as *p-value <0.05. n = 4–6/group.
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Interestingly, IL-6 expression was lower in SSO-fed HFD mice than
in controls (p < 0.05). To further explore the reliability of the
reduction of intestinal lipid absorption, we measured the levels of
TG, TC, and FFA in the blood of HFD-fed mice. The results were
consistent with the phenotype of mice fed a normal diet. Compared
with the control group, SSO-fed HFD mice had lower levels of TG
and FFA in their blood (p < 0.05) (Figure 2G). To further investigate
the excretion of TG, we examined the fecal TG content in HFDmice.
The results showed that the fecal TG content of SSO-fed HFD mice
was significantly higher than that of control mice (p < 0.05)
(Figure 2H). These results suggest that SSO reduces circulating
lipid levels by inhibiting intestinal lipid absorption.

3.4 SSO treatment reduced fatty
degeneration of mice liver induced by HFD

To confirm the change in the liver AMPK protein expression level,
we detected the liver AMPK protein of ND and HFD mice by Western

blot. The results showed that SSO-fed ND or HFD mice had a higher
AMPK level than controls (p< 0.05) (Figures 3A, B). These results suggest
that SSO inhibits lipid synthesis by increasing the liver AMPK expression.
To further investigate the effect of SSO on lipid accumulation in the liver
ofmice fedwithHFD, liver slices were sectioned and stainedwithHE and
oil red. The results showed that HFD-fed mice, as controls, developed
severe lipid accumulation and vacuolar degeneration of the liver. In
comparison, SSO-fed HFD mice exhibited significantly ameliorated
hepatic steatosis. Quantitative analysis of oil red staining of the liver
also showed that SSO attenuated hepatic lipid accumulation inHFDmice
(p < 0.05) (Figures 3C, D). These results suggest that SSO ameliorates
HFD-induced hepatic steatosis.

3.5 SSO had no effect on leptin-deficient
mice

To explore the relationship between the regulation of
glycolipid metabolism in mice by SSO and leptin, we used

FIGURE 2
SSO treatment of a HFD-induced glycolipid metabolic phenotype in obese mice. (A) Weekly weight gain in mice on a HFD; (B) Glucose tolerance
test; (C) Insulin sensitivity test; (D) Jejunum oil red staining of mice on a HFD (20 ×); (E) Lipid proportion statistics of jejunum oil red staining in mice on a
HFD; (F) Lipid absorption- and inflammation-related gene expression levels in intestinal epithelial cells; (G) Serum levels of triglyceride, cholesterol, and
free fatty acids in mice fed a high-fat diet; (H) Fecal triglyceride levels in mice fed a high-fat diet. Significant differences are indicated as
*p-value <0.05. n = 4–6/group.
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leptin-deficient mice (OB mice) as subjects for SSO feeding. The
results showed that SSO-fed OB mice showed a slight weight loss
(p < 0.05) at week 8 (Figure 4A). However, no differences were
observed in the glucose tolerance tests and area under the curve
(Figures 4B, C). Next, OB mice were tested for insulin resistance;
no therapeutic effect of SSO was found in OB mice (Figure 4D).
To further validate the effect of SSO on intestinal lipid
absorption genes in OB mice, we dissected the jejunal
epithelium of OB mice and examined the associated lipid
absorption genes. The results showed that there was no
difference in the lipid genes except for CD36 (Figure 4E).
These results suggest that SSO has a minor effect on
intestinal absorption in OB mice and is not sufficient to
ameliorate or compensate for the impaired glucose and lipid
metabolism associated with leptin deficiency. Figure 5.

4 Discussion

The present results showed that SSO treatment is highly
effective in mice with HFD-induced obesity and the related
metabolic syndrome. SSO attenuates the assembly of intestinal
epithelial chylomicrons by inhibiting the transport and
absorption of fatty acids by the intestinal epithelium. It also
reduces the gene expression levels of MTTP and DGAT1,
resulting in a decrease in plasma TG and FFA levels. In
addition, SSO treatment inhibited the gene expression level of

CD36 in the liver and ameliorated hepatic steatosis induced by
HFS. It also reduced lipid accumulation by 70%, with no evidence
of drug-induced liver injury (normal IL-6, CRP, ALT, and AST
levels). At the same time, SSO treatment significantly improved
insulin resistance, decreased fasting blood glucose levels, and
improved glucose tolerance in HFD-fed mice. In addition, SSO
was also found to have a small effect on intestinal absorption in
leptin-deficient mice, which was not sufficient to ameliorate or
compensate for the abnormalities in glycolipid metabolism
caused by leptin deficiency.

Globally, the number of obese people is continuously
growing. Studies predict that, by 2030, the number of obese
people worldwide will reach 1.12 billion (Kelly et al., 2008; Ng
et al., 2021). Furthermore, the prevalence of obesity-related
metabolic syndromes, such as type 2 diabetes, steatosis, and
hyperlipidemia, is also increasing (Luukkonen et al., 2022). A
Western diet high in fat and fructose is a risk factor for obesity
and the development of non-alcoholic fatty liver disease
(NAFLD) (Chen et al., 2023). Therefore, reducing the intake
and intestinal absorption of HFD is a feasible strategy for
obesity control. HFDs are mostly absorbed by the fatty acid
transporter CD36 in the upper jejunum after ingestion by
humans and are assembled into chylomicrons by MTTP and
DGAT1 within the intestinal epithelial cells. Then, it enters the
lymphatic vessels or portal vein through the mediation of
apolipoprotein B. CD36 plays an important role in fat
absorption.

FIGURE 3
Liver staining results and AMPK protein expression levels in HFD-induced obesemice treatedwith AMPK. (A,B)Western blot plots and statistical plots
for AMPK, respectively; (C,D) Liver HE staining and oil red staining results and their statistical plots for mice on a HFD. Significant differences are indicated
as *p-value <0.05. n = 4–6/group.
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According to data from 1908 to 1989 in the United States,
calorie intake from fat increased from 32% to 45% (Malesza et al.,
2021). High intake of fatty acids causes an increase in plasma TG

level, which may accumulate in the cytoplasm of hepatocytes in
the form of lipid droplets. This, in turn, leads to a fatty liver
(Alves-bezerra and Cohen, 2017; Gerges et al., 2021). By

FIGURE 4
SSO treatment of the glycolipidmetabolic phenotype in leptin-deficientmice. (A)Weekly weight gain inmice on a normal diet; (B)Glucose tolerance
test; (C) Area under the glucose tolerance test curve statistics; (D) Insulin sensitivity test; (E) Expression levels of intestinal lipid absorption genes in leptin-
deficient mice. Significant differences are indicated as *p-value <0.05. n = 4/group.

FIGURE 5
Possible mechanism of reduced intestinal lipid absorption by SSO.

Frontiers in Pharmacology frontiersin.org07

Ma et al. 10.3389/fphar.2023.1193006

266

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1193006


reducing the absorption of fatty acids in the intestine and thus
causing weight loss, lactobacillus (Chung et al., 2016),
methotrexate (Fijlstra et al., 2013), piperine (Wang et al.,
2021), and β-glucan secreted by Rhizobium pusense (Zhang
et al., 2022) reduce the intestinal absorption of fatty acids. As
a result, there is reduced intestinal absorption of fatty acids and
reduction in blood TG level, which ameliorates the diseases
caused by TGs (Wang et al., 2021). SSO, an inhibitor of
CD36, inhibits cellular uptake of long-chain fatty acids and
reduces neuroinflammation after stroke (Chien et al., 2011;
Dhungana et al., 2017). However, there are few studies on the
intestinal lipid absorption phenotype and the treatment of
obesity. Therefore, we hypothesized that SSO might affect
intestinal lipid absorption by inhibiting the expression of
intestinal CD36, as it can inhibit the absorption of long-chain
fatty acids. To test our hypothesis, we used mice fed on a regular
diet, a HFD, and leptin-deficient diet. The results showed that
mice fed with SSO lost weight on a regular diet, a HFD, and a
leptin-deficient diet. In addition, SSO treatment improved
glucose tolerance and insulin sensitivity in mice fed a normal
diet and a HFD, but not in leptin-deficient mice. Regular diets
contain less fat than HFD. HFD contains 45% fat, so SSO has a
greater effect on weight loss when mice are fed HFD. A possible
reason for our observation is that SSO directly inhibits long-
chain fatty acid uptake by intestinal epithelial cells, as suggested
by a reduction in lipid absorption from jejunal sections of mice
on a HFD (Chien et al., 2011). Weight loss leads to improved
glucose tolerance and increased insulin sensitivity (Pareek et al.,
2018). To further clarify the effect of SSO on fat absorption, we
examined serum lipid content and the expression of genes related
to lipid absorption in mouse intestinal epithelial cells in mice on a
regular diet and on a HFD. The results showed that the serum
concentrations of TG and FFA were lower, but the serum
concentration of TC was unchanged. In comparison, the
expression of intestinal lipid absorption genes (CD36, MTTP,
and DGAT1) was significantly decreased in mice fed with SSO.
These results suggest that SSO decreases serum TG and FFA
levels by inhibiting fatty acid absorption in the intestinal
epithelium.

Serum TG level is closely related to hepatic steatosis (Kaneko
et al., 2019; Li et al., 2023). Under normal conditions, the liver
stores only a small amount of fatty acids as TGs, whereas under
conditions of malnutrition and obesity, elevated serum TG level
causes changes in the fatty acid metabolism of the liver. This
usually results in the accumulation of intracellular TGs and leads
to a clinical condition called NAFLD (Cohen et al., 2011; Alves-
Bezerra and Cohen, 2017; Semova and Biddinger, 2021).
Therefore, it remains to be explored whether SSO has a
therapeutic effect on NAFLD by reducing the serum TG level.
To further explore the therapeutic effect of SSO on lipid
accumulation in the liver of mice fed a HFD, we sectioned the
liver of such mice for HE and oil red staining. The results showed
that the control group had severe lipid accumulation and
vacuolar degeneration, whereas the HFD mice fed with SSO
had significantly improved hepatic steatosis. SSO was also
shown to reduce hepatic lipid accumulation in HFD mice.
These results suggest that SSO can ameliorate HFD-induced
hepatic steatosis.

Some drugs have therapeutic effects on NAFLD, with
adverse effects, such as hepatotoxicity (Liu et al., 2022; Geng
et al., 2023). To determine the adverse effects of SSO, we
detected the serum levels of CRP, IL-6, ALT, and AST. The
results showed that CRP, IL-6, ALT, and AST levels did not
change significantly after being fed SSO. Because the drug was
absorbed directly into the intestine, we examined the expression
levels of inflammatory genes (IL-6 and TNF-α) in the intestinal
epithelial cells. SSO did not increase the levels of inflammatory
genes and reduced the IL-6 expression in the intestinal
epithelium of HFD-fed mice. These results suggest that SSO
treatment is not associated with hepatotoxicity or other adverse
effects.

5 Conclusion

SSO is effective in the treatment of obesity and metabolic
syndrome induced by a HFD in mice. SSO reduces intestinal
fatty acid absorption by reducing the inhibition of intestinal
CD36 expression, followed by decreased TG and FFA levels,
which attenuates HFD-induced fatty liver.
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Ferulic acid (FA) is a natural polyphenol, a derivative of cinnamic acid, widely found
in Angelica, Chuanxiong and other fruits, vegetables and traditional Chinese
medicine. FA contains methoxy, 4-hydroxy and carboxylic acid functional
groups that bind covalently to neighbouring adjacent unsaturated Cationic C
and play a key role in many diseases related to oxidative stress. Numerous studies
have shown that ferulic acid protects liver cells and inhibits liver injury, liver fibrosis,
hepatotoxicity and hepatocyte apoptosis caused by various factors. FA has
protective effects on liver injury induced by acetaminophen, methotrexate,
antituberculosis drugs, diosbulbin B and tripterygium wilfordii, mainly through
the signal pathways related to TLR4/NF-κB and Keap1/Nrf2. FA also has protective
effects on carbon tetrachloride, concanavalin A and septic liver injury. FA
pretreatment can protect hepatocytes from radiation damage, protects the
liver from damage caused by fluoride, cadmium and aflatoxin b1. At the same
time, FA can inhibit liver fibrosis, inhibit liver steatosis and reduce lipid toxicity,
improve insulin resistance in the liver and exert the effect of anti-liver cancer. In
addition, signalling pathways such as Akt/FoxO1, AMPK, PPAR γ, Smad2/3 and
Caspase-3 have been shown to be vital molecular targets for FA involvement in
improving various liver diseases. Recent advances in the pharmacological effects
of ferulic acid and its derivatives on liver diseases were reviewed. The results will
provide guidance for the clinical application of ferulic acid and its derivatives in the
treatment of liver diseases.

KEYWORDS

ferulic acid, liver injury, liver fibrosis, molecular mechanisms, pharmacology

1 Introduction

Ferulic acid (FA), also known as 4-hydroxy-3-methoxycinnamic acid (C10H10O4, MW
194.19), exists in a variety of crops and Chinese herbal medicines, and the content of FA in a
crop is an important indicator of quality (Ou and Kwok, 2004). FA has multiple biological
functions, such as inhibiting the release of inflammatory mediators, protecting the
cardiovascular system, preventing tumours and diabetes, and alleviating neurological
diseases (Li C. et al., 2021; Li D. et al., 2021; Gupta et al., 2021; Neto-Neves et al., 2021)
(Figure 1).

The liver is a vital part of the digestive system and controls the functions of biochemical
synthesis, metabolism, detoxification and so on. At the same time, the liver is a relatively
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fragile organ that is most vulnerable to biological and chemical
toxins (Trefts et al., 2017). Free radicals in human body are
divided into oxygen free radicals and non-oxygen free radicals
(Di Meo and Venditti, 2020) (PMID: 32411336). Oxygen free
radicals are dominant, accounting for about 95% of the total free
radicals. Oxygen free radicals include hydrogen peroxide,
hydroxyl radical, alkyl peroxy, peroxynitrite, superoxide anion
O2-and so on (Di Meo and Venditti, 2020). They are collectively
called reactive oxygen species (active oxygen species, ROS),
which are the most important free radicals in the human
body. Non-oxygen free radicals mainly include hydrogen free
radicals and organic free radicals. Excessive oxygen free radicals
can attack the cell membrane of liver tissue, cause lipid
peroxidation and form lipid peroxides (Alkadi, 2020). Human
antioxidant system is a barrier to protect the body from the
damage of free radicals, delay the aging of the body and reduce
the incidence of chronic diseases. The antioxidant system in the
body mainly includes enzymatic reaction system and non-
enzymatic reaction system (Alkadi, 2020). Enzymatic reaction
system mainly refers to the antioxidant enzymes that the body is
born with, such as superoxide dismutase (SOD), glutathione
peroxidase (GPX), catalase (CAT) and so on. Non-enzymatic
reaction system mainly refers to the intake of antioxidants from
the outside through food or drugs, such as plant extracts
(seabuckthorn oil, resveratrol, etc.), vitamins and sulfur
compounds, which can control the production of free radicals
in the body (Alkadi, 2020). Under normal physiological

conditions, the enzymatic and nonenzymatic antioxidant
systems in the body can quickly transform or eliminate free
radicals, maintaining the stable state of the body. Superoxide
dismutase (SOD) is a vital type of enzyme that can eliminate the
excessive superoxide anion free radicals produced in the
metabolic process of the body (Xu et al., 2018). Glutathione
peroxidase (GSH-PX) is also a major peroxidase decomposition
enzyme (Liang et al., 2011). GSH-PX activity can also reflect the
degree of liver damage to some extent. Catalase (CAT), one of the
key enzymes in the antioxidant defence system, can catalyse the
breakdown of hydrogen peroxide and is widely present in various
tissues, especially in the liver, at high concentrations (Li et al.,
2018). Aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) are important amino transferases in
the liver (Sookoian and Pirola, 2015). When liver tissue is
injured, a large amount of AST and ALT are released into the
blood, resulting in an increase in AST and ALT. Therefore,
elevated serum AST and ALT are markers of liver injury.
Malondialdehyde (MDA) is the final product of lipid
peroxidation caused by free radicals (Gawel et al., 2004). The
MDA content in tissue and serum can reflect the strength of lipid
oxidation of the hepatocyte membrane and the degree of liver
injury.

Ferulic acid, a kind of dietary flavonoid, is found in many
plants such as Umbelliferae, Ranunculaceae and Gramineae,
such as Angelica sinensis, Ligusticum chuanxiong, cohosh,
trigonium, etc., (Babbar et al., 2021). The names, families

FIGURE 1
Ferulic acid and its derivatives are widely distributed and can protect the liver by inhibiting liver injury in various ways. In the hepatitis-liver fibrosis/
liver cirrhosis-liver cancer trilogy, various damage factors including viral infection, toxicants and drugs, alcoholic hepatitis, non-alcoholic steatohepatitis,
cholestatic cirrhosis, autoimmune liver disease, genetic metabolic diseases, etc., cause hepatocyte necrosis or apoptosis, release a variety of cytokines,
activate hepatic stellate cells and Kupffer cells, and lead to chronic inflammation. Liver fibrosis is the early stage of inflammatory stimulation and
injury repair, which is reversible to some extent. When the pathogenic factors were removed, apoptosis occurred in activated hepatic stellate cells,
collagen synthesis decreased and degradation increased, and liver structure and function recovered. If the injury and chronic inflammation persist, it can
eventually develop into liver cirrhosis and liver cancer. Ferulic acid can play a protective effect on many types of liver diseases in many ways.
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and genera of various plants that contain FA are shown in
Table 1.

FA has been proven to play a major role in the treatment of
various diseases (Chaudhary et al., 2019). In addition to regulating
liver-related signalling pathways, FA can also play a role through
its strong antioxidant and anti-inflammatory effects (Zdunska
et al., 2018). FA stays in the blood longer than other dietary
polyphenols and antioxidants. With the exploration and use of
a new drug delivery system, the encapsulation of FA into chitosan
triphosphate nanoparticles or its salt form significantly enhanced
its cytocompatibility, solubility and clinical application potential
(He et al., 2021; Romeo et al., 2021). Many studies have confirmed
the antioxidant, anticancer, anti-inflammatory, antifibrotic,
antiviral and vascular endothelial protective effects of FA.
However, there is no systematic review on the relationship of
FA with liver-related diseases. Therefore, we reviewed the
therapeutic potential of FA in liver-related diseases and
elaborated its protective mechanism in liver injury, liver
fibrosis, liver cancer, hepatitis and liver lipotoxicity in detail to
provide a theoretical basis for the further development and
application of FA.

2 Protective effect on liver injury

Liver damage refers to the process of liver stress, immune
response, and tissue lesions in which the liver is abnormal in
liver function under the action of various pathogenic factors
(physical, chemical and biological, etc.). Clinically, pathogen
infection, alcohol abuse, drug overdose and adverse reactions,
radiation damage, and industrial chemical poisons, among others,
can induce pathological changes in the liver, which in turn leads to
the occurrence of liver injury (Table 2).

2.1 Protective effect on drug-induced liver
injury

Drug-induced liver injury (DILI) refers to liver injury caused by
toxic side effects or allergic reactions caused by drugs and their
metabolites (Andrade et al., 2019). In recent years, the incidence of
DILI has been increasing and has attracted increasing attention.
Studies have found that antibiotics, anti-inflammatory drugs,
antidepressants and many other common types of drugs can
cause DILI.

2.1.1 Liver injury induced by paracetamol
(acetaminophen)

Acetaminophen (APAP), also known as paracetamol, is a widely
used antipyretic analgesic and anti-inflammatory drug
(Ramachandran and Jaeschke, 2019). APAP is safe and effective
at therapeutic doses, but overuse or long-term use can cause liver
injury (Lee, 2017).

At the therapeutic dose, 90% of APAP is metabolized through
the liver and binds to sulfuric acid or glucuronic acid to be excreted
(Ramachandran and Jaeschke, 2019). Approximately 5%–9% of
them are metabolized by cytochrome P450 oxidase (CYP450,
including CYP2E1, CYP1A2, CYP2A6, CYP2D6 and CYP3A4) to
produce highly active N-acetyl-p-benzoquinone imine (NAPQI),
which covalently binds to GSH and is inactivated and excreted
through the kidney (Ramachandran and Jaeschke, 2019). After
taking too much APAP, the metabolic pathway of glucuronic
acid or sulfuric acid is saturated, and a large amount of APAP is
oxidized by CYP450, resulting in rapid depletion of GSH. At this
time, the remaining NAPQI covalently binds to hepatocyte proteins
(especially mitochondrial proteins), resulting in oxidative stress,
mitochondrial dysfunction, DNA damage and other toxic
reactions and finally leading to hepatocyte apoptosis and

TABLE 1 Plant source information of ferulic acid.

Plant name Family and genus

Angelic Sinensis Diels The genus of Umbelliferae

Ligusticum chuanxiong Hort Umbelliferae subfamily apricinae

Cimicifuga foetida L Ranunculaceae

Sparganium stoloniferum Buch. -Ham Black trigonous genus of black trigonous family

Phragmites communis Trin Reed of Gramineae

Lycium chinense Mill Lycium barbarum L. of Solanaceae

Notopterygium incisum Ting ex H. T. Chang Notopterygium of Umbelliferae

Ferula sinkiangensis K. M. Shen Ferula of Umbelliferae

Melia toosendan Sieb. Et Zucc Azadirachta

Rosmarinus officinalis Rosemary of Labiatae

Taraxacum mongolicum Hand. -Mazz Genus dandelion of Compositae

Triticum aestivum L Arbor precocious grass subfamily Triticum aestivum

Allium cepa Allium L. of Liliaceae

Zea mays Zea Mays L. of the subfamily Gramineae
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TABLE 2 Molecular mechanisms of the pharmacological activity of ferulic acid.

Author/year Animals or cells Models Dose/concentration of
FA/MFA/SF

Course of treatment Molecular mechanism

Protective effect on drug-induced liver injury

Yuan et al. (2016) 6-8 week old BALB/c mice
weighting 18- 22 g

acetaminophen-induced 10, 30, or 100 mg/kg every 8 h one time for three times within
24 h prior to APAP exposure

inhibited the expression of
cytochrome P450 2E1
(CYP2E1), enhanced the
activities of superoxide
dismutase (SOD) and catalase
(CAT) as well as the contents of
glutathione (GSH);suppressed
Toll-like receptor (TLR)
4 expression and dampened
p38 mitogen-activated
(MAPK) and nuclear factor
kappa (NF-κB) activation

hepatotoxicity

Wu et al. (2022) C57BL/6J mice (22-24 g, male
and female)

acetaminophen-induced acute
liver injury

25, 50, 100 mg/kg once per 12 hr for three times associated with anti-oxidant
and anti-apoptosis, regulate
AMPK signal pathway and
autophagy

Roghani et al. (2020) Male Swiss albino mice
(22–25 g)

Methotrexate-Induced
Hepatotoxicity

50, 100 mg/kg once every day for one week reduce the levels of nitric oxide
(NO), malondialdehyde
(MDA), interleukin-6 (IL-6),
and tumor necrosis factor-α
increased (TNF-α) and
increase glutathione (GSH),
catalase (CAT), total
antioxidant capacity (TAC),
superoxide dismutase (SOD),
and glutathione peroxidase
(GPx) content

Mahmoud et al. (2020) Twenty-four male Wistar rats
(150–160 g) aged 7-8 weeks

a single dose of MTX at day 16 25 and 50 mg/kg 15 days activating Nrf2/HO-1 signaling
and PPARγ, and attenuating
oxidative stress, inflammation,
and cell death

Yi, 2015 (in Chinese) Male SD rats weighed
180~220g

Liver injury model induced by
antituberculous drugs in rats

30, 60, 120g/kg 8 weeks inhibit NF-κB

Niu et al. (2016) Specific pathogen free male
ICR mice (18-22 g body
weight)

Diosbulbin B (DB) induced
acute liver injury

20, 40, 80 mg/kg once daily for 6 consecutive days inhibiting intrahepatic
inflammation and liver
apoptosis

Liu Wei, 2006 (in Chinese) male Kunming mice, weight
18-22 g

Liver injury model of mice
induced by tripterygium
wilfordii glycosides

150 mg/kg 9 days decrease ALT and AST activity

(Continued on following page)
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Table 2 (Continued) Molecular mechanisms of the pharmacological activity of ferulic acid.

Author/year Animals or cells Models Dose/concentration of
FA/MFA/SF

Course of treatment Molecular mechanism

Protective effect on experimental liver injury

Cheng et al. (2018) Sprague Dawley (SD) rats (8-
10 weeks) weighing 250-300 g

Carbon tetrachloride-induced
acute liver injury

25, 50 or 100 mg/kg body
weight

a week modulate the NOX4/p22phox/
ROS-JNK/p38 MAPK
signaling pathway

Kim et al. (2011) Male ICR mice weighing
25-30g

CCl4-induced liver injury 20, 40, and 80 mg/kg 1 h before and 2h after CCl4 injection down-regulated the
expressions of COX-2, TNF-α,
TLR4, TLR2 and TLR9, and
inhibited JNK, ERK and
P38 signaling pathways

Zhou Qin, 2020 (in Chinese) Male Balb/C mice weighing
18-22g

Concanavalin A-induced
immune liver injury model in
mice

10, 30, 100 mg/kg once per 8 hr for three times inhibit the activation of CD4+T
lymphocytes and the release of
cytokines, reduce
inflammation and apoptosis of
liver tissue

Zhong and Zhengling, 2018 (in Chinese) BALB/C mice, male, (20 ± 2) g D-galactosamine/
lipopolysaccharide induced
acute liver injury in mice

30、15、7.5 mg/kg 21 days antioxidation

Li Chen (2017) adult male C57BL/6 mice,
weighing 20±2 g

alcohol-induced liver oxidative
injury

5, 10, 20 mg/kg 4 weeks inhibited the expression of
inflammatory factors tumour
necrosis factor (TNF)- α,
monocyte chemoattractant
protein 1 (MCP-1), interleukin
(IL)-1β and IL-6; attenuated
both mRNA and protein
expression of NOX4, p22phox,
CYP2E1, Bax/Bcl-2; inhibited
the activation of caspase 3 and
9 and downregulated the levels
of p-JNK, p-p38 MAPK and
p-ERK in liver.

Cao et al. (2021a) C57BL/6 mice (18–22 g); cecal ligation and perforation
(CLP)-induced murine ALI
and lipopolysaccharide (LPS)-
induced cellular ALI models

6 or 12 mg/kg; 5 days; through the GSK-3β/NF-κB/
CREB pathway

RAW264.7 cells 25, 50, 100 μM 24 h

Xie et al., 2004 (in Chinese) Male ICR mice, 16-18g Inflammatory liver injury
induced by lipopolysaccharide
(LPS) combined with Bacillus
Calmette-Guerin (BCG)

100 mg/kgw 10 days inhibit the expression of
adhesion molecules (ICAM-
1 and e-selectin) in
inflammatory tissues

(Continued on following page)
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Table 2 (Continued) Molecular mechanisms of the pharmacological activity of ferulic acid.

Author/year Animals or cells Models Dose/concentration of
FA/MFA/SF

Course of treatment Molecular mechanism

Protective effect on liver injury induced by physical and chemical factors

Srinivasan et al. (2006) primary culture of isolated rat
hepatocytes

γ-irradiated and FA pretreated
hepatocytes

1,5,10 ug/ml 30 min decrease the levels of TBARS
and DNA damage; increased
antioxidant enzymes, GSH,
Vitamins A, E and C, uric acid
and ceruloplasmin levels

Panneerselvam et al. (2013) Male Wistar rats (130-140 g) Fluoride-Induced Oxidative 20 mg/kg 12 weeks reduced the degree of
histological abberations and
rescued lipid peroxidationHepatotoxicity

Sanjeev et al. (2019) male Wistar rats, weighing
approximately180–190 g

cadmium-induced liver and
renal oxidative damage

50 mg/kg body weight 15 and 30 days decrease liver oxidative stress
markers (MDA, LOOH, NO,
TOS, PCC, OSI); inhibit
inflammatory cells infiltration;
reduce inflammation markers
(TNF-α, COX-2, HSP-70);
regulate antioxidant defense
System (TTH, TSH, GSH,
SOD, CAT, GPx)

Wang Z et al. (2021) Six-week-old male Wistar rats aflatoxin B1-induced liver
injury

120 mg/kg 30 days Inhibiting cytochrome
P450 enzyme, activating Nrf2/
GST pathway and regulating
mitochondrial pathway

Inhibition of liver fibrosis

Xu et al. (2015) HSC-T6 cells Hepatic stellate cells (HSCs) 3–30 uM 0-72h Blocking transforming growth
factor-b by a neutralizing
antibody caused a marked
reduction in both ERK1/2 and
Smad signaling

Wang Z et al., 2021 (in Chinese) Male SD rats (6 weeks, 180-
220 g)

Carbon tetrachloride (CCl4)
-induced liver fibrosis model

15, 30mg/kg 6 weeks inhibited mitogen-activated
protein kinase (MAPK)
signaling pathway and NF-κB/
IκBα pathway

Wu et al. (2021) C57BL/6J mice (22–24 g, male
and female, SPF grade); RAW
264.7 cells and LX-2 cells,
Mouse primary hepatocytes
(MPHs)

carbon tetrachloride (CCl4)-
induced chronic inflammation
and liver fibrosis

FA (25, 50 and 100 mg/kg); FA
or MF (both 50, 100, and
200 μM), FA or MF (both 12.5,
25 and 50 μM)

4 weeks; through PTP1B-AMPK
signaling pathways

24 h

Li Chen, 2017 (in Chinese) Male SD rats, body weight 180-
220 g

Carbon tetrachloride (CCl4)
-induced liver fibrosis rat
model

20、10、5 mg/kg 2 w improve the oxidative stress
injury of liver and reduce the
accumulation of extracellular
matrix

(Continued on following page)
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Table 2 (Continued) Molecular mechanisms of the pharmacological activity of ferulic acid.

Author/year Animals or cells Models Dose/concentration of
FA/MFA/SF

Course of treatment Molecular mechanism

Guo Ling, 2019 (in Chinese) Rat hepatocytes BRL Transforming growth factor-β
(TGF-β) -induced hepatocyte
injury

100, 200, 400 μmol 12 h inhibit the expression of
Smad3 induced by TGF-β1,
promote the expression of
MMP-2 and MMP-9, and
reduce the apoptosis of
hepatocytes

Mu et al. (2018) Human hepatic stellate cell line
(HSC) LX-2;Male Wistar rats
(180±20g)

CCl4-induced rat liver fibrosis 30 µM 8 weeks inhibit the TGF-β1/Smad
pathway in vitro and in vivo

10 mg/kg

Cheng et al. (2019b) Male Sprague-Dawley (SD) rats
(180 ± 20 g); Human hepatic
stellate cells (LX-2)

CCl4 induced liver fibrosis MFA (20 and 5 mg/kg); 5, 10,
20 μM

5 weeks; inhibiting the TGF-β1/Smad
and NOX4/ROS signalling
pathways48 h

Xiong Meili, 2016 (in Chinese) Human hepatic stellate cell line
HSC-LX-2

Transforming growth factor
(TGF) -β1 stimulates human
hepatic stellate cell (HSCS)
-LX-2

1.25、2.5、5 mg/L 72h decreased the expression of α
-SMA and PC I, and inhibited
the synthesis of HSC-LX-
2 extracellular matrix and
phenotype transformation of
HSC-LX-2

Zhao H et al. (2020) Male Wistar rats (200-230 g) Bile Duct-Ligated Cirrhotic
Rats

FA (4.8, 10.8 mg/kg) 28 days inhibition of the TGF-β
pathway and activation of the
Nrf2 pathway

Juan Yang, 2014 (in Chinese) Wistar rats, 180-200 g Experimental hepatic fibrosis
model induced by bile duct
ligation in rats

50 mg/kg 1 week decrease the expression of α-
SMA in liver

Liu et al. (2015) Male Wistar rats with
approximate body weight of
180–200 g

Bile duct ligation method was
used to induce cirrhosis

50 mg/kg/day 1 week inhibits hepatic RhoA/Rho-
kinase signaling and activates
the NO/PKG pathway

Wei et al. (2014) Male Wistar rats
(180–200 g; n=73)

bile duct ligation (BDL) model
of portal hypertension

50 mg/kg/day 1 week inhibits the activation of the
RhoA/Rho-kinase signaling
pathway

Hussein et al. (2020) male albino Wistar rats
weighing from 180 to 220 g

thioacetamide-induced fibrosis 20 mg/kg 6 weeks inhibit TGF-β1/
Smad3 signaling and
differentially regulate the
hepatic expression level of
miR-21, miR-30 and miR-200

Inhibiting liver steatosis and reducing lipid toxicity

Xu et al. (2021) AML-12, a nontransformed
mouse hepatocyte cell line

AML-12 mouse hepatocytes
were exposed to palmitate to
mimic lipotoxicity

25, 50, and 100 μM 2h regulate the SIRT1/autophagy
pathway

(Continued on following page)
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Table 2 (Continued) Molecular mechanisms of the pharmacological activity of ferulic acid.

Author/year Animals or cells Models Dose/concentration of
FA/MFA/SF

Course of treatment Molecular mechanism

Cheng et al. (2018) Human hepatocyte L-02 cells
(human normal liver cells; no

ethanol-induced hepatic
steatosis

12.5, 25, 50, 100, 200, 400 μM 24 h activate AMPK-ACC/MAPK-
FoxO1 pathway and up-
regulating the expression levels
of SIRT1, PPAR-α, and
CPT-1α

GDC079); Sprague-Dawley
(SD) rats weighing 180–220 g

5, 10, 20mg/(kg day) 16 weeks

Wang X et al. (2021) C57BL/6 mice (male, 4-week-
old); HepG2 cells

oleic acid (OA)-treated
HepG2 cells and C57BL/6 mice
fed a high fat diet (HFD)

FA (20 mg/kg bw·day); FA
(25 and 50 μg/mL)

17 weeks; 24 h suppress of ERK1/2, JNK1/2/3,
and HGMB1 expression

Improving insulin resistance in the liver and anti-liver cancer

Cheng et al. (2019b) Male Sprague-Dawley (SD) rats
(180–220 g); Human
hepatocyte L-02 cells

Ethanol-Induced Hepatic
Insulin

MFA (5, 10, 20 mg/kg/day);
MFA (20 mg/kg/day)

4 weeks; activated the hepatic
phosphatidylinositol 3-kinase
(PI3K)/AKT pathway

Resistance 24h

Zhang et al. (2022) Four-week-old male C57BL/6J
mice

alcohol-induced hepatic
insulin resistance

5, 10, 20 mg/kg 2 weeks attenuate the inhibition of
miR-378b on IR/p110α and
activate the insulin signaling

Ezhuthupurakkal et al. (2018) Huh-7 and HepG2 cells; hepatocellular cancer 0.05, 0.1, 1, 5, 10 and 20 μg/ml; 24 h promote intracellular ROS
generation, induce DNA
damage, promote cell apoptosisWistar rats of 4-5 weeks old

and weighing 80-120 g
5mg/kg/b.wt 4 weeks

Das et al. (2019) The HepG2, A549, CT26 and
WI-38 cells

lung (A549) and liver (HepG2)
carcinoma cells by treatment
with ferulic acid (FA) prior to
irradiation

10-400 mM 6 h, 72 h collapse redox homeostasis and
regulate Akt/p38 MAPK
signaling pathway

Other mechanisms

Kim and Lee (2012) Male ICR mice (24–26 g) ischemia/reperfusion-induced
hepatocyte apoptosis

50, 100, 200mg/kg 30 min inhibit JNK activation and
apoptosis

RUKKUMANI et al. (2012) Male Wistar albino rats strain
of body weight ranging 140-
160g

alcohol and PUFA induced
toxicity

20 mg/kg body weight 45 days decreased the levels of collagen,
tissue inhibitors of
metalloproteinases (TIMPs)
and promote the expression of
matrix metalloproteinases
(MMPs).

WANG et al. (2014) ICR male mice (18–22 g) diosbulbin B-induced 8 mg/kg 12 d increase the enzymatic
activities of CuZn-SOD
and CAT
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necrosis, which is the initial stage of liver injury. It is generally
believed that mitochondrial oxidative stress is the main event of
APAP-induced acute liver injury. Subsequently, dead hepatocytes
release a large number of damage-related molecular patterns
(DAMPs) (Minsart et al., 2020). Studies have shown that high
mobility group protein B1 (HMGB1) and mitochondrial DNA
(mtDNA) are the main DAMPs released from the damaged liver
induced by APAP (Minsart et al., 2020). HMGB1 released by
damaged liver cells can be recognized by TLR4 on the surface of
macrophages and activates downstream signalling pathways.
Activated immune cells then release inflammatory cytokines and
chemokines and recruit peripheral immune cells into the liver, thus
initiating the inflammatory cascade reaction. Cascade-activated
immune responses cause secondary damage to hepatocytes and
result in a large amount of hepatocyte death. Knockout of
TLR4 or the use of TLR4 antagonists reduced APAP-induced
hepatotoxicity. In addition, inflammation, apoptosis and
autophagy may also play an important role (Table 2; Figure 2)
(Chao et al., 2018).

FA can reduce APAP-induced hepatotoxicity by downregulating
both CYP2E1 expression and TLR-4 signal pathway activation.
Junhui Yuan et al. found that FA decreased the levels of ALT
and AST and reduced liver apoptosis (Yuan et al., 2016).
Haematoxylin-eosin (HE) staining results showed that FA
reduced the degree of necrosis and bleeding, alleviating the
pathological changes caused by APAP. The results of TUNEL
staining and Caspase-3 activity detection showed that the degree
of apoptosis decreased significantly in the FA pretreatment
group. FA significantly inhibited the mRNA and protein
expression of CYP2E1 and suppressed oxidative stress. After the
intervention of FA, both the content of GSH in liver tissue and the
activity of SOD and CAT increased significantly. FA significantly
decreased the expression of TNF-α and IL-1βand downregulated the
protein expression of TLR-4, p-IRAK1 and p-p38 induced by APAP
(Yuan et al., 2016). Meanwhile, FA can inhibit the secretion of
inflammatory factors and mediate the anti-inflammatory effect.

FA could alleviate the damage caused by APAP by activating
AMPK and inducing autophagy. In another study, an APAP-
induced acute liver injury (ALI) mouse model was established. It
was found that APAP treatment could lead to liver necrosis (Wu
et al., 2022). APAP can cause a significant increase in serum ALT,
AST and oxidative stress. However, the liver injury of mice in the FA
treatment group was significantly relieved. FA substantially reduced
the activities of ALT, AST and MDA and increased the level of SOD.
FA also suppressed liver cell necrosis and inflammatory cell
infiltration. FA increased the expression of hepatocyte nuclear
factor 4 alpha (HNF4a), forkhead box A2tbox2 (Foxa2) and
albumin, which are important molecules in liver cells. FA further
inhibited APAP-induced hepatocyte apoptosis by increasing Bcl-2
and decreasing caspase-3 and Bax protein levels. The results of
functional enrichment suggest that FA is involved in the regulation
of the mitogen-activated protein kinase (MAPK) signalling pathway
and other metabolic processes (Wu et al., 2022).

2.1.2 Liver injury induced by methotrexate (MTX)
Methotrexate (MTX) is a commonly used drug in the clinical

treatment of skin diseases and autoimmune diseases (Rihacek et al.,
2015). MTX is also a folic acid antagonist and can be used as an

anticancer drug. However, long-term use of MTX is likely to cause
the accumulation of metabolites in the liver, leading to liver damage
(Rihacek et al., 2015). Mtx-polyglutamate (MTX-PG) is one of the
most important metabolites that causes liver injury (Ezhilarasan,
2021). MTX-PG can induce oxidative stress in the liver by inducing
lipid peroxidation and promote the release of inflammatory factors
(Ezhilarasan, 2021). At the same time, MTX-PG inhibits the
synthesis of 5-imidazole-4-carboxamide ribonucleotide converting
enzyme and folic acid and reduces the synthesis of intracellular
nucleic acids, resulting in the activation of hepatic stellate cells
(HSCs) and liver cell death (Table 2; Figure 3). Mozhdeh Roghani
et al. established a drug injury model by intraperitoneal
administration of methotrexate (20 mg/kg) in mice (Roghani
et al., 2020). The expression levels of liver biochemical markers,
oxidative stress markers and proinflammatory cytokines were
further measured. The results showed that ALT, AST, ALP,
MDA, nitric oxide (NO), TNF-α and IL-6 were significantly
increased in the model group, while the expression levels of GPx,
SOD, CAT, GSH and TAC were significantly decreased. All of the
above indicators were reversed in the FA treatment group, with
reduced activation and damage to inflammatory cells and liver cells
in mouse tissues compared to the model group (Roghani et al.,
2020).

FA can reduce oxidative stress, inflammation and cell death by
activating Nrf2/HO1 signalling and PPAR-γ, preventing
methotrexate-induced hepatotoxicity. The nuclear factor E2-
related factor 2 (Nrf2) signalling pathway is the main antioxidant
mechanism in eukaryotic cells (Bellezza et al., 2018). Nrf2 is
commonly present in the cytoplasm and interacts with Kelch-like
Ech-associated protein 1 (Keap1) (Bellezza et al., 2018). Keap1 is the
adaptor of the cullin-3 (Cul3) ubiquitin ligase. In the resting state,
Keap1 binds Nrf2 and promotes Nrf2 ubiquitination and
proteasome degradation through Cul3 ubiquitin ligase complexes.
After activation, Nrf2 is translocated into the nucleus and binds with
antioxidant response elements (AREs) to promote the transcription
of various antioxidant and detoxification enzyme genes, including
haem oxygenase-1 (HO1, also known as HMOX1), NAD(P)
H-quinone oxidoreductase 1 (NQO1), Y-glutamyl cysteine ligase
catalytic subunit (GCLC) and Y-glutamyl cysteine ligase modified
subunit (GCLM), to combat oxidative damage (Bellezza et al., 2018).
Ayman M. Mahmoud et al. found that FA prevents a variety of
histological changes caused by methotrexate (MTX), including
steatosis, inflammatory cell infiltration and bleeding (Mahmoud
et al., 2020). FA also induces changes in serum transaminase,
bilirubin and albumin. FA improves liver function, inhibit
oxidative stress and enhances the expression level of antioxidants.
FA decreased serum TNF-α and IL-1β, decreased NF-κBp65, Bax
and caspase-3 in liver tissue, and increased Bcl-2, Nrf-2, NQO1,
HO-1 and PPAR-γ. Therefore, based on the above studies,
(Mahmoud et al., 2020).

2.1.3 Liver injury induced by antituberculosis drugs
Tuberculosis is an ancient and well-known disease that still

threatens human health (Zhao X M et al., 2020). Tuberculosis
treatment requires a combination of drugsand long-term
continuous treatment which is prone to cause liver damage.
Isoniazid is the main tuberculosis drug causing liver toxicity, and
most other reported drug-induced liver injuries are associated with
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isoniazid (Zhao H et al., 2020). In one study, SD male rats were
treated with an intraperitoneal injection of isoniazid 70 mg/kg and
intragastric administration of rifampicin to establish an animal
model of liver injury induced by antituberculosis drugs (Yi,
2015). Serum levels of ALT, AST, IL-1β, IL-6 and TNF-α were
significantly lower in the medium- and high-dose sodium ferulate
intervention groups than in the model group. The protein
expression of TNF-α and NF-κB was also decreased in the liver.
It is suggested that sodium ferulate has a protective effect on liver
injury induced by anti-tuberculosis drugs by inhibiting the
expression of NF-κB (Yi, 2015).

2.1.4 Liver injury induced by diosbulbin B
Diosbulbin B (DB) is a diterpene lactone extracted from

Dioscorea bulbifera L (DBL). That has antitumour activity (Li C.
et al., 2021; Li D. et al., 2021). The liver is the main toxic target organ
of diosbulbin B (Ma et al., 2014). It has been reported that FA can
prevent acute liver injury caused by diosbulbin B by inhibiting
intrahepatic inflammation and hepatocyte apoptosis (Niu et al.,
2016). Histological evaluation showed that FA (80 mg/kg) reduces
hepatocyte degeneration and lymphocyte infiltration induced by
diosbulbin B (Niu et al., 2016). TUNEL staining showed that FA
(80 mg/kg) reduced hepatocyte apoptosis (Niu et al., 2016). FA (40,
80 mg/kg) reduced the content of MDA in the liver induced by
diosbulbin B, the levels of TNF-α and IFN-γ in serum and the
activity of myeloperoxidase in liver tissue induced by diosbulbin B
(Niu et al., 2016). FA (80 mg/kg) reversed the downregulated
expression of kappa B inhibitor (IκB) and promoted nuclear
translocation of NF-κBp65 induced by diosbulbin B (Niu et al.,
2016).

2.1.5 Liver injury induced by tripterygium wilfordii
Polyglycosides of Tripterygium wilfordii (Tripterygium

Glycosides) are extracted from Tripterygium wilfordii and are
often used to treat rheumatoid arthritis, chronic
glomerulonephritis, systemic lupus erythematosus and other
diseases (Zhang et al., 2021). Clinical studies have shown that
Tripterygium wilfordii polyglycosides can cause liver injury. In
one study, the liver injury model of mice induced by
polyglycosides of Tripterygium wilfordii was established by
continuous treatment with Tripterygium wilfordii polyglycosides
1.8 g/(kg·d) for 6 days, and the effect of sodium ferulate on the injury
was explored (Liu Wei, 2006). Experimental results indicated that
the liver index and serum ALT increased significantly in the model
group, while the serum ALT and AST activities decreased
significantly in the sodium ferulate group, suggesting that sodium
ferulate exerted a protective effect (Liu Wei, 2006).

2.2 Protective effect on experimental liver
injury

2.2.1 Liver injury induced by CCL4
Carbon tetrachloride (CCl4) is widely used to induce liver injury

in animal models (Unsal et al., 2021). CCl4 produces highly active
free radicals mediated by cytochrome P450. CCl4-induced liver
injury is characterized by an inflammatory reaction, the
formation of trichloromethyl radicals and excessive production of

ROS(Unsal et al., 2021). These free radicals eventually lead to
hepatotoxicity. Anti-apoptosis, antioxidation and anti-
inflammation may play vital roles in protecting the body from
CCl4-induced liver injury.

MFA alleviates CCl4-induced apoptosis of liver cells through the
JNK and P38 MAPK signalling pathways, reducing necrosis of
hepatocytes and infiltration of inflammatory cells. Chengfang
Yang et al. constructed a liver injury model using CCl4(Yang
et al., 2018). It was found that serum ALT, AST and liver tissue
MDA decreased significantly, while liver tissue SOD and GSH-Px
increased significantly in the methyl ferulic acid (MFA) group
(50 mg/kg, 100 mg/kg, 200 mg/kg). The results of liver
pathological sections showed that MFA improved the
pathological injury of the liver. Western blotting and RT-PCR
indicated that MFA effectively inhibited the expression of
NOX4 and Caspase-3 in the liver. MFA has a strong quenching
effect on ROS and can reduce the peroxidation damage of
hepatocytes. MFA alleviated liver injury by downregulating the
NOX4/ROS-p38 MAPK signalling axis and alleviating the
damage caused by oxidative stress. Meanwhile, MFA exerts a
protective effect by reducing the levels of aspartate-specific
cysteine protease-3 in hepatocytes and inhibiting hepatocyte
apoptosis. MFA suppresses the expression of the inflammatory
factors TNF-α and IL-1β(Yang et al., 2018). In another study, it
was reported that FA could significantly attenuate the increase in
serum transaminase activity and liver MDA levels after
CCl4 treatment and reduce cyclooxygenase-2 and nitric oxide
synthase levels (Kim et al., 2011). In addition, FA markedly
suppressed the levels of p-JNK, p-p38 and TLR4 and exerted a
protective effect by inhibiting inflammation and oxidative damage
(Kim et al., 2011).

2.2.2 Immune liver injury induced by
concanavalin A

Concanavalin A-induced liver injury is an immune liver injury
caused by T-cell-mediated cytokine imbalance and can mimic the
pathologic characteristics of multiple viral and autoimmune
hepatitis (Ibrahim et al., 2021). Concanavalin A-induced liver
injury model is a widely used model of immune liver injury.
Zhou Qin et al. established a model of immune liver injury by
using concanavalin A and intervened with FA (Zhou Qin, 2020).
The results showed that FA inhibited the activation of CD4+ T
lymphocytes and reduced the release of inflammatory cytokines
(TNF-α and IFN-γ). FA inhibits the activation of caspase-3, which is
a key molecule in apoptosis, and reduces liver tissue necrosis. FA not
only inhibited local inflammation in tissues but also reduced
apoptosis injury in liver cells, restored normal levels of ALT and
AST in serum, and alleviated immune liver injury (Zhou Qin, 2020).

2.2.3 D-galactosamine/lipopolysaccharide-
induced acute liver injury

Lipopolysaccharide is the most important pathogenic agent of
G-bacteria, causing the release of inflammatory factors and leading
to an overactive systemic inflammatory response and tissue damage
(Park and Lee, 2013; Zhou Qin, 2020). D-galactosamine is an
interfering agent of uracil phosphate in hepatocytes, which can
cause necrosis and inflammation of hepatocytes (Yang et al., 2022).
D-galactosamine was found to increase the inflammatory effect of
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lipopolysaccharide. Therefore, D-galactosamine/lipopolysaccharide
can be used to establish a model of acute liver injury (Yang et al.,
2022). Zhengling Zhong et al. found that compared with the
D-galactosamine/lipopolysaccharide model group, the liver index
and serum ALT and AST levels of mice in the high-, medium- and
low-dose FA groups decreased (Zhong Zhengling, 2018). The
activity of SOD and GSH-Px in liver tissue increased, while the
level of MDA decreased to different degrees. The results of liver
pathological examination showed that the high-, medium- and low-
dose groups of FA could reduce the degeneration and necrosis of
hepatocytes to varying degrees (Zhong Zhengling, 2018).

It is generally believed that tumour necrosis factor α (TNF-α) is
not only an important immune response molecule but also an
important inflammatory mediator with a wide range of biological
effects (Zelova and Hosek, 2013). Adhesion molecules are important
membrane proteins that mediate the contact and binding between
cells and the extracellular matrix. These molecules play a major role
in the maintenance of normal tissue structure, wound healing and
other pathophysiological processes. Among them, ICAM-1 and
E-selectin are particularly important. In one study, a mouse
model of acute inflammatory liver injury was established by
lipopolysaccharide combined with Bacillus Calmette Guerin
(BCG) (Xie et al., 2004). Experimental results showed that

sodium ferulate significantly inhibited lipopolysaccharide-induced
liver inflammation by regulating the expression of E-selectin and
ICAM-1 in inflammatory tissue (Xie et al., 2004).

2.2.4 Liver injury caused by alcohol
The liver is the dominant target organ of ethanol toxicity

(Louvet and Mathurin, 2015). Increased alcohol intake will
increase its metabolism through the nicotinamide adenine
phosphate dinucleotide-dependent CYP2E1 oxidation pathway,
leading to excessive production of ROS(Louvet and Mathurin,
2015). Excessive alcohol intake can trigger a variety of liver
injury events, including cell membrane phospholipid
peroxidation. It has been reported that FA has a protective effect
on ethanol- and polyunsaturated fatty acid-induced hepatotoxicity
by regulating the activities of liver iconic enzymes, such as alkaline
phosphatase, glutamyl transaminase, glutamic pyruvic transaminase
and AST (Li et al., 2017). Chen Li et al. established a liver injury
model by intragastric administration of alcohol into C57BL/6 mice
(Li et al., 2017). Further studies on serum transaminase activity,
ADH and ALDH levels in the supernatant of liver tissue
homogenate, lipid peroxidation levels of liver tissue samples, liver
lipid metabolism levels (TG, TC, LDL and HDL) and liver
inflammatory cytokine levels (TNF-α, McP-1, IL-1β and IL-6)

FIGURE 2
Multitarget role of ferulic acid in Apap-mediated hepatotoxicity. Abbreviations: APAP, acetaminophen; CYP2E1, Cytochrome P450 Family
2 Subfamily E Member 1; ROS, Reactive Oxygen Species; NAPQ1, NAD(P)H Quinone Dehydrogenase 1; GSH, glutathione, r-glutamyl cysteingl + glycine;
TLR4, Toll Like Receptor 4; MAL, Mal, T Cell Differentiation Protein; MYD88, MYD88 Innate Immune Signal Transduction Adaptor; IRAK4, Interleukin
1 Receptor Associated Kinase 4; IRAK1, Interleukin 1 Receptor Associated Kinase 1; IRAK2, Interleukin 1 Receptor Associated Kinase 2; TRAF6, TNF
Receptor Associated Factor 6; TAK1, Mitogen-Activated Protein Kinase Kinase 7; TAB2, TGF-Beta Activated Kinase 1 (MAP3K7) Binding Protein 2; TAB3,
TGF-Beta Activated Kinase 1 (MAP3K7) Binding Protein 3; MKKs, Mitogen-Activated Protein Kinase; JNK, Mitogen-Activated Protein Kinase 8; NEMO,
Inhibitor Of Nuclear Factor Kappa B Kinase Regulatory; IKK, Inhibitor Of Nuclear Factor Kappa B Kinase; IκB, Inhibitor Of Nuclear Factor Kappa B Kinase;
NF-κB, Nuclear Factor Kappa B; CREB, CAMP Responsive Element Binding Protein; AP-1, Jun Proto-Oncogene, AP-1 Transcription Factor Subunit.
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were conducted. The results showed that MFA reduced alcohol-
induced oxidative stress by downregulating NOX4, P22Phox, MDA,
ROS, ALT and AST levels. MFA alleviates oxidative stress metabolic
disorder induced by alcohol by reducing CYP2E1 levels and
increasing ADH and ALDH levels. In addition, MFA inhibits the
expression and activation of apoptosis-related proteins (Bax/Bcl-2,
caspase-3/9) and inhibits the expression of inflammatory factors.
NOX4/ROS and MAPK signalling pathways were found to be
involved in the MFA-mediated liver protective effect (Li et al., 2017).

2.2.5 Septic liver injury
The mortality rates of sepsis and septic shock are high, and the

main cause of death is secondary multiple organ dysfunction.
Glycogen synthase kinase 3 (GSK3) regulates inflammation and
cytokine expression by regulating the activity of a variety of
transcription factors(Cao et al., 2021a; Cao et al., 2021b). In
general, the function of GSK3 depends on the phosphorylation
form of tyrosine residues (GSK3α is Tyr279, GSK3β is Tyr216).
When serine residues are phosphorylated (GSK3α is Ser21, GSK3 β
is Ser9), the activity of GSK3 is inhibited. Liping Cao et al.
confirmed that FA pretreatment markedly reduces the ratio of
liver to body weight, decreases the activities of MPO, AST and
ALT, reduces inflammatory reactions, and improves the
histopathological changes in the liver induced by caecal ligation
and perforation (CLP) (Cao et al., 2021a; Cao et al., 2021b). The
results showed that FA increases the viability of RAW264.7 cells
and reduce proinflammatory cytokines. FA promotes the
expression of p-GSK-3β and CREB protein, decreases the level
of p-NF-κB, improves the inflammatory response induced by acute
liver injury (ALI) through the GSK-3β/NF-κB/CREB pathway, and
protects the liver from acute liver injury (ALI) (Cao et al., 2021a;
Cao et al., 2021b) (Figure 4).

2.3 Protective effect on liver injury induced
by physical and chemical factors

2.3.1 Radiation-induced liver injury
Ionizing radiation has been proven to lead to the imbalance of

pro-oxidative and antioxidant activities through the production of
ROS(Srinivasan et al., 2006). In one study, primary hepatocytes were
isolated in vitro and treated with different doses of γ-irradiation (1,
2, 4 Gy) (Srinivasan et al., 2006). The results showed that with
increasing γ-radiation dose, the level of TBARS and the severity of
DNA damage increased markedly, and the activities of CAT, SOD
and GPx decreased significantly. Compared with the model group,
the expression of antioxidant enzymes in the FA treatment group
was significantly increased, while the levels of DNA damage and
TBARS were significantly decreased. These results suggest that FA
pretreatment can protect hepatocytes from radiation
damage(Srinivasan et al., 2006).

2.3.2 Fluoride-induced liver injury
Fluoride is a vital trace element that spreads through the cell

membrane and enters the soft tissue, causing soft tissue
damage(Panneerselvam et al., 2013). Chronic fluoride intake will
directly affect the biochemical function of the liver, resulting in
hepatocyte necrosis, degenerative changes, liver hyperplasia, central
lobular necrosis, inflammation and hepatocyte infiltration. It has
been reported that FA protects male Wistar rats against fluoride-
induced hepatotoxicity(Panneerselvam et al., 2013). In this study,
hepatotoxicity was induced by oral administration of 25 mg/L
fluoride for 12 weeks. Liver injury was evaluated by detecting
pathophysiological indices, total protein content and
histopathological changes. The results indicated that fluoride
markedly reduced the body weight of rats, and the changes

FIGURE 3
Multitarget role of ferulic acid in MTX-mediated hepatotoxicity. Abbreviations: MTX, Methotrexate; GGH, Gamma-Glutamyl Hydrolase; FPGS,
Folylpolyglutamate Synthase; MTX-PG, Mtx-polyglutamate; ROS, Reactive Oxygen Species; Keap1, Kelch Like ECH Associated Protein 1; Nrf2, NFE2 Like
BZIP Transcription Factor 2; HO-1, Heme Oxygenase 1; Maf, MAF BZIP Transcription Factor; NQO1, NAD(P)H Quinone Dehydrogenase 1.
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caused by fluorosis returned to the normal level after oral
administration of FA. The histopathological results also showed
that fluoride treatment could cause obvious abnormalities in liver
structure compared with normal liver, including periportal vein,
central lobule, focal parenchyma inflammation and necrotic area
with portal vein hyperaemia. FA treatment markedly decreased the
levels of lipid hydrogen peroxide, restored the levels of antioxidants,
and alleviated liver injury(Panneerselvam et al., 2013).

2.3.3 Cadmium-induced liver injury
Cadmium (Cd) is a highly toxic pollutant. Acute or chronic

exposure to Cd causes serious damage to multiple organs(Sanjeev
et al., 2019). Among them, the liver is one of the most vulnerable
organs. Sanasam Sanjeev et al. found that subcutaneous
administration of Cd (10 mg/kg) for 15 and 30 days could induce
obvious hepatotoxicity, leading to liver parenchyma disorder, focal
necrosis and hepatocyte swelling, while TNF-α, COX-2 and
HSP70 proteins were markedly increased(Sanjeev et al., 2019). At
the same time, the ratio of AST, ALT, ALP, LDH and the level of
oxidative stress markers in the liver increased. Supplementation with
FA (50 mg/kg) significantly reduced the concentration of Cd in liver
tissue, protected the normal tissue structure of liver tissue, and
restored serum total protein levels, serum NO levels and liver
marker enzyme activity to normal levels(Sanjeev et al., 2019).

2.3.4 Liver injury induced by aflatoxin b1
Aflatoxin b1, the most toxic mycotoxin in nature, has strong

carcinogenicity to the liver (Rushing and Selim, 2019).
Hepatotoxicity and carcinogenicity can only be produced after
catalytic decomposition by a key enzyme (CYP450) in
vivo(Rushing and Selim, 2019). One of the products of
AFB1 catalysed by a specific CYP450 enzyme is aflatoxin 8d9-
epoxide (AFBO) (Deng et al., 2018; Wang Z et al., 2021). The
epoxides in the AFBO structure are highly reactive and can destroy
the oxidation/antioxidation balance of cells. They covalently bind
DNA and proteins in hepatocytes to form highly toxic metabolites,
resulting in oxidative stress(Deng et al., 2018). Many studies have
shown that AFBO inhibits the expression of antioxidant-related
enzymes (SOD, GST, CAT, etc.), increases the level of oxidative
stress markers (ROS, MDA, etc., and causes oxidative damage, such
as DNA fragmentation, apoptosis, and necrosis. AFBO combines
with DNA to form an adduct AFB-N7-guanine (AFB1-DNA), which
can form a stable structure by ring-opening, which can cause
hepatocyte carcinogenesis when located in the transcriptionally
active region of DNA. AFBO binds with serum albumin and
hepatocyte proteins to form AFB1-lysine adducts, which can exist
for a long time. The binding of AFBO to intracellular proteins can
cause structural and functional disorders of proteins, leading to
metabolic disorders, apoptosis, necrosis, and liver dysfunction(Deng
et al., 2018). Glutathione S-transferase (GST) is a rate-limiting
enzyme that catalyses the binding of AFBO with reduced
glutathione (GSH) to form nontoxic metabolites. Therefore,
inhibiting the key enzymes of CYP450 and activating GST, that
is, hindering the metabolic activation of AFB1 or promoting the
detoxification of AFBO, are the key targets to interfere with AFB1-
induced oxidative stress in hepatocytes.

FA can inhibit AFB1-induced hepatocyte apoptosis and activate
Nrf2/GST pathway. In one study, a liver injury model was

established by feeding rats an AFB1 (300 μg/kg) diet, and an FA
intervention group was established(Wang X et al., 2021). ALT, AST,
AKP, GG and TBA levels in serum, ROS andMDA levels in the liver,
pathological changes and apoptosis in liver tissues were further
detected. The results showed that compared with the model group,
hepatocyte necrosis was significantly reduced in the FA intervention
group, and liver biochemical indices (GGT, TBA, ALT, AST and
AKP) were also significantly decreased. Further investigation found
that the expression levels of CYP450 protein in the FA intervention
group were significantly reduced, and the Nrf2/GST pathway was
activated. In addition, FA has been proven to inhibit hepatocyte
apoptosis by regulating the expression of apoptosis-related proteins
(Bax, Bcl-2, caspase-3) (Wang Z et al., 2021). FA can inhibit the
production of AFBO, a highly toxic metabolite of AFB1, and reduce
the oxidative damage of hepatocytes induced by AFB1 by inhibiting
the expression of CYP1A2, CYP2A6, CYP2E1 and CYP3A4. On the
other hand, it can interfere with AFB1-induced hepatocyte apoptosis
and interfere with AFB1-induced liver injury by inhibiting the
mitochondrial apoptosis signalling pathway(Wang Z et al., 2021).

3 Inhibition of liver fibrosis

Hepatic fibrosis (LF) is a traumatic repair response induced by
various external stimuli that can cause a large amount of deposition
of extracellular matrix (ECM), disorder of liver tissue structure and
dysfunction of hepatocytes(Tsuchida and Friedman, 2017; Parola
and Pinzani, 2019). LF is common in chronic viral hepatitis,
nonalcoholic fatty liver and chronic alcoholism. As a necessary
process for the development of liver cirrhosis, liver fibrosis can
further develop into liver cirrhosis, liver cancer and liver failure,
which is seriously harmful to human health. As early as 1979, Pérez-
Tamayo R proposed in his literature that hepatic fibrosis is
reversible(Perez-Tamayo, 1979).

The pathogenesis of hepatic fibrosis is very complex(Tsuchida
and Friedman, 2017; Parola and Pinzani, 2019). An increasing
number of studies have shown that the activation of HSCs is the
most critical factor in the formation of hepatic fibrosis(Tsuchida and
Friedman, 2017). Many inflammatory cells, cytokines and various
cellular signal transduction pathways are involved in the progression
of hepatic fibrosis. HSCs are distributed in the peri-sinusoidal space
(Disse’s pace) of the liver next to liver sinusoidal endothelial cells
(LSEC) and hepatocytes, accounting for 5%–8% of the total liver
cells(Luo et al., 2021). HSCs are involved not only in the synthesis
and degradation of the extracellular matrix but also in the regulation
of hepatic sinusoid blood flow. Under normal physiological
conditions, HSCs are in a resting state and hardly produce
extracellular matrix. When the liver is subjected to various
external stimuli and injuries, Kupffer cells (macrophages) in the
liver can secrete and release a large number of cytokines(Yang et al.,
2021). These cytokines stimulate and lead to the activation of HSCs.
WhenHSCs are converted intomyofibroblasts, they can synthesize a
large amount of extracellular matrix, which is deposited in liver
tissue and eventually leads to liver fibrosis. In the process of
activation, HSCs can also release cytokines and further promote
their own activation. These cytokines can also participate in the
occurrence of liver fibrosis by binding to the corresponding
receptors and activating the corresponding cellular signal
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transduction pathways. In addition, activated myofibroblasts can
release matrix metalloproteinases (MMPs) and tissue inhibitors of
metalloproteinase (TIMPs) (Tan et al., 2021). As the dynamic
balance between MMPs and TIMPs is broken, the degradation of
the extracellular matrix is inhibited. The continuous accumulation
of collagen destroys the normal structure and liver function of the
hepatic lobule. Portal pressure increases reduce the liver blood
supply, leading to irreversible liver cirrhosis. At present, the main
mechanisms of anti-fibrosis drugs are inhibition of liver
inflammation and immune response, antioxidant injury,
inhibition of HSC activation, inhibition of extracellular matrix
(ECM) synthesis and acceleration of ECM degradation(Tan et al.,
2021).

FA inhibited ERK1/2 phosphorylation and reduced the
expression of TGF-β1/Smad. Tianjiao Xu et al. systematically
studied the effect of FA on HSCs through in vitro experiments
(Table 2; Figure 5) (Xu et al., 2015). In vitro, FA dose-dependently
inhibited the activity of HSC-T6 cells and decreased the expression
of fibronectin and type I collagen. Further exploration of related
signalling pathways revealed that FA inhibited ERK1/
2 phosphorylation in a FAK-dependent manner. Meanwhile, FA
treatment significantly reduced the expression of TGF-β1 and TGF-
β receptors and inhibited the transcriptional activity of Smad(Xu
et al., 2015).

3.1 Hepatic fibrosis induced by CCL4

The CC14-induced liver injury model is a classical model of liver
injury(Dong et al., 2016). FA has been reported to reduce CCl4-
induced liver fibrosis in rats, restore liver function, reduce liver tissue
injury and suppress the degree of liver fibrosis(Wang Yuan-Yuan,
2021). Further studies confirmed that FA can exert antioxidant
stress and antifibrotic inflammatory responses by inhibiting the
activation of the MAPK and NF-κB pathways(Wang Yuan-Yuan,
2021).

Adenosine monophosphate activated protein kinase (AMPK), as
a vital energy sensor, is regulated by phosphorylation of liver kinases
(such as liver kinase B1) or dephosphorylation of protein tyrosine
phosphatase (PTPs). Jianzhi Wu et al. reported that FA ameliorates
CCl4-induced inflammatory and fibrotic liver injury in mice by
reducing the activity of serum liver functional enzymes and
inhibiting the expression of genes and proteins related to
fibrogenesis(Wu et al., 2021). FA inhibited macrophage and
hepatic stellate cell activation through the AMPK signalling
pathway. In the absence of liver kinase B1(LKB1), the anti-
inflammatory and antifibrotic effects induced by FA were
counteracted by a specific AMPK inhibitor (Compound C).
Combined with the results of molecular docking, surface
plasmon resonance and coimmunoprecipitation experiments, it

FIGURE 4
Multitarget role of ferulic acid in Liver injury mediated by other factors. Abbreviations: FA, Ferulic acid; CCL4, carbon tetrachloride; LPS,
lipopolysaccharide; Con A, concanavalin A; TGF-β, Transforming Growth Factor Beta 1; PIP2, phosphati-dylinositol-4,5-bisphosphate; PTEN,
Phosphatase And Tensin Homolog; PIP3, Phosphatidylinositol 3,4,5-trisphosphate; PI3K, Phosphatidylinositol-4,5-Bisphosphate 3-Kinase; AKT, Protein
Kinase B; IKK, Inhibitor Of Nuclear Factor Kappa B Kinase; IκB, Inhibitor Of Nuclear Factor Kappa B Kinase; GSK-3β, Glycogen Synthase Kinase 3 Beta;
SP1, Sp1 Transcription Factor; Nox4, NADPH Oxidase 4; P22phox, Cytochrome B-245 Alpha Chain; MAPK, Mitogen-Activated Protein Kinase; NO, Nitric
Oxide; EDRF, Alpha Hemoglobin Stabilizing Protein; eNOS, Nitric Oxide Synthase 3; Nrf2, NFE2 Like BZIP Transcription Factor 2; HO-1, Heme
Oxygenase 1.
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was further proven that FA directly binds and inhibits
dephosphorylase protein tyrosine phosphatase 1 B (PTP1B),
resulting in the phosphorylation of AMPK. Jianzhi Wu et al.
confirmed that FA attenuated liver oxidative stress, liver
inflammation and fibrosis through the PTP1B-AMPK signalling
pathway(Wu et al., 2021).

Methyl ferulic acid (MFA) can effectively suppress the oxidative
stress injury of the liver in rats. In another study, a hepatic fibrosis
model was established by intragastric administration of 50%
CCl4 olive oil solution(Li Chen, 2017). In the model group, the
liver and spleen index increased. Meanwhile, the expression of
procollagen type Ⅰ (PCⅠ) and α-SMA increased, which showed
obvious characteristics of hepatic fibrosis. In the MFA groups,
ALT, AST, procollagen type III peptide (PCIII), collagen type IV
(IV-C), hyaluronic acid (HA), laminin (LN) and liver and spleen
index decreased, and the expression of CAT, GSH-Px, α-SMA, PCI
and SOD increased (Li Chen, 2017).

3.2 Hepatic fibrosis induced by TGF-β1

Transforming growth factor-β (TGF-β) is a cytokine with
complex functions(Hu et al., 2018). The functions of TGF-β
involve cell growth, extracellular matrix accumulation and immune
response. In the TGF-β family, the TGF-β1-mediated signalling
pathway inhibits apoptosis of HSCs and induces HSCs to
synthesize excessive matrix proteins. Guo Ling et al. clarified the
specific mechanism of FA in hepatic fibrosis by using primary rat
hepatocytes(Guo Ling, 2019). The results indicated that FA

suppressed the expression of Smad3 induced by TGF-β1,
promoted the expression of MMP-2 and MMP-9, reduced
hepatocyte apoptosis, promote hepatocyte proliferation and
alleviate hepatic fibrosis(Guo Ling, 2019). Another study showed
that the levels of type I collagen, α-SMA, fibronectin, and p-Smad
in human HSCs (LX-2) treated with TGF-β1 were significantly
increased, while FA treatment inhibited the abnormal increase in
these proteins(Mu et al., 2018). Qi Cheng et al. found that 5 μg/L TGF-
β1 induced fibrosis in HSC LX-2 cells, while MFA reduced the
expression of α-SMA and type I collagen(Cheng et al., 2019a;
Cheng et al., 2019b). Other studies also confirmed that FA
restrains the activation of HSCs by inhibiting TGF-β1/Smad signal
transduction(Xiong Meili, 2016). MFA (MFA) inhibits the
proliferation of LX2 stimulated by TGF-β1, decreases the levels of
α-SMA and PCI, and inhibits the synthesis of extracellular matrix and
the transformation of the HSC-LX-2 phenotype(Xiong Meili, 2016).

3.3 Hepatic fibrosis in rats with bile duct
ligation cirrhosis

Cholestatic liver disease is one of the major causes of human
death(Jansen et al., 2017). Cholestatic cirrhosis is a pathological
process characterized by bile duct hyperplasia, hepatocyte necrosis
and liver fibrosis. At present, the mechanism of cholestatic cirrhosis is
not fully clarified, and the treatment is limited. An animal model of
common bile duct ligation is considered to be a relatively stable and
effective method because of its similarity with the mechanism of
cholestatic cirrhosis in humans. It has been confirmed that FA

FIGURE 5
Insights into the multi-target action of ferulic acid in Liver fibrosis. Abbreviations: CCL4, carbon tetrachloride; TAA, thioacetamide; SIRT1, Sirtuin 1;
eNOS, Nitric Oxide Synthase 3; NO, Nitric Oxide; TGF-β, Transforming Growth Factor Beta; SFK, SRC-Family protein tyrosine Kinase; RhoA, Ras Homolog
Family Member A; ROCK, Rho Associated Coiled-Coil Containing Protein Kinase; JNK, Mitogen-Activated Protein Kinase 8; ATF2, Activating Transcription
Factor 2; Smad2/3, SMAD Family Member 2/3; Smad4, SMAD Family Member 4.
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combined with astragaloside has a synergistic effect on hepatic fibrosis
induced by bile duct ligation in rats(Zhao H et al., 2020). Juan Yang
et al. also found that sodium ferulate has an antifibrotic effect on
experimental hepatic fibrosis induced by bile duct ligation in rats(Juan
Yang, 2014). The results of animal experiments showed that liver
function was not significantly improved after treatment with sodium
ferulate. However, pathological observation showed that the degree of
hepatic fibrosis and hepatocyte destruction in the treatment group
were lower than those in the model group. The results of
immunohistochemistry showed that the expression of α-SMA in
the liver of rats treated with sodium ferulate was lower than that
of the model group(Juan Yang, 2014). In another study, a rat model of
cholestatic hepatic fibrosis was established by bile duct ligation(Wei
et al., 2014; Liu et al., 2015). It was proven that FA reduces the portal
vein pressure of rats with cholestatic liver fibrosis after bile duct
ligation (BDL) by interfering with the RhoA signalling pathway. In
this study, compared with the sham operation group, the level of
RhoA increased, while the expression of phosphorylated vasodilating-
stimulating phosphoprotein (p-VASP), endothelial nitric oxide
synthase (eNOS) and phosphorylated endothelial nitric oxide
synthase (p-eNOS) decreased. After FA treatment, the expression
of RhoA decreased, while the expression of p-VASP, eNOs, and
p-eNOs increased(Wei et al., 2014; Zhao X M et al., 2020).

3.4 Hepatic maintenance induced by
thioacetamide (TAA)

Thioacetamide (TAA) is a toxic substance(Kim et al., 2017). After
entering the liver, it affects the metabolic process of related enzymes by
prolonging hepatocyte mitosis and hindering RNA transfer, resulting in
hepatocyte necrosis. Based on the above characteristics, TAA is often
used to induce fibrosis in rodents(Kim et al., 2017). The model is very
similar to the biochemical and morphological characteristics of human
liver disease and is usually used as a suitable animal model for basic
research of liver fibrosis. It has been reported that FA can significantly
reduce the increase in serum ALT, AST and ALP activities induced by
thioacetamide (TAA) and protect the integrity of liver tissue(Hussein
et al., 2020). FA increased the activity of antioxidant enzymes in the liver
and decreased the MDA content to the normal level. The total protein
expression of TGF-β1, p-Smad3 and Smad3 in liver tissue decreased
significantly. In addition, the expression of miR-21 was downregulated,
and the expression of miR-30 and miR-200 was upregulated in the FA
treatment group. In summary, FA has protective and antioxidant effects
on TAA-induced hepatic fibrosis in rats by inhibiting the TGF-β1/
Smad3 signalling pathway and differentially regulating the expression of
microRNAs (miR-200, miR-30 and miR-21) in the liver(Hussein et al.,
2020).

4 Inhibiting liver steatosis and reducing
lipid toxicity

Adipose tissue has the physiological function of storing fat and is
crucial for maintaining lipid metabolism in the body. However, in
insulin-resistant patients, abnormal accumulation of free fatty acids
in other organs, such as the liver, may cause lipotoxicity to the liver.
Sirtuin1 (SIRT1) is a nicotinamide adenosine dinucleotide (NAD)-

dependent deacetylase that mediates the removal of acetyl groups by
a variety of proteins and plays an important role in maintaining liver
lipid homeostasis.

FA inhibits the expression of inflammatory factors (IL-1β and
IL-6) in a SIRT1/autophagy-independent pathway. An in vitro
lipotoxicity model of mouse hepatocytes (AML-12) treated with
palmitate was established(Xu et al., 2021). The levels of cell activity,
apoptosis, mitochondrial function, autophagy and proinflammatory
factors in each group were further detected, and the possible
signalling pathways involved were further identified. The
experimental results showed that FA reversed the hepatocyte
apoptosis induced by palmitate, suppressed the excessive ROS
generation induced by palmitate, and restored the mitochondrial
membrane potential (MMP). FA increased the expression of the
autophagy signature molecules LC3II and Beclin1 and upregulated
the expression of Autophagy Related 5 (ATG 5) and ATG 7. FA-
induced autophagy depends on SIRT1 activity(Xu et al., 2021).

Methyl ferulic acid (MFA) could downregulate JNK/MAPK/ERK
signal pathway and relieve hepatic steatosis. Human hepatocyte-02 cells
were induced by ethanol to establish an in vitro hepatic steatosis
model(Cheng et al., 2018). By measuring the cell activity and lipid
accumulation in each group, it was found that ethanol induced lipid
droplets to accumulate in cells, while the total triglyceride (TG) and total
cholesterol (TC) contents were significantly reduced after MFA
treatment. MFA alleviated lipid deposition in cells. Further
investigation showed that the protein levels of p-JNK, p-P38 MAPK
and p-ERK were significantly decreased in the MFA treatment
group. The protein levels of p-ACC and p-AMPK were significantly
increased, and themRNA levels of lipid oxidation-related genes (PPAR-
α, SIRT1 and CPT-1α) were significantly increased in the MFA
treatment group. Meanwhile, the animal models were established by
feeding rats an ethanol-containing diet, andMFA (20/10/5 mg/(KGD))
intervention groups were set. Histopathological examination revealed
that ethanol treatment resulted in an irregular arrangement of liver cells,
partial hepatic steatosis, inflammatory cell infiltration and lipid droplet
aggregation. The levels of high-density lipoprotein cholesterol (HDL-C)
were significantly increased in theMFA treatment group, while TG and
TC levels were significantly decreased. Meanwhile, the levels of
p-FoxO1, p-AMPK and p-ACC were significantly upregulated in the
MFA intervention group, and the levels of p-JNK, p-p38MAPK and
p-ERK were significantly downregulated. Liver lipid deposition and
hepatic steatosis were improved(Cheng et al., 2018). In another study,
HepG2 cells were treated with 0.5 mM oleic acid (OA), and C57BL/
6 mice were fed a high-fat diet (HFD, 5.28 kcal/g) to construct in vitro
and in vivomodels of steatosis(Wang Z et al., 2021). The results showed
that liver degeneration, inflammation and swelling were improved in
the FA intervention group. Further research showed that FA
downregulated the expression of HMGB1 and reversed the
intracellular lipid deposition induced by OA by inhibiting the JNK
and ERK signalling pathways(Wang X et al., 2021).

5 Improving insulin resistance in the
liver

Non-alcoholic fatty liver disease (NAFLD) is a serious threat to
human health and is closely related to insulin resistance. In one
study, the rat model of liver insulin resistance was established by
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feeding a liquid diet containing ethanol(Cheng et al., 2019a; Cheng
et al., 2019b). The results showed that the indices of the liver and
spleen of rats in the model group were increased, and a large amount
of lipid droplet deposition and extensive necrosis occurred in liver
cells, while MFA significantly suppressed liver injury. Further
studies conclusively showed that MFA promoted the binding of
PI3K-P110 and PI3Kp85, increased liver glycogen synthesis and
played a protective role in alcohol-induced liver injury. At the
cellular level, MFA promotes the expression of SREBP1 and
p-FoxO1 and reduces the levels of PTEN, FBPase, PEPCK, G-6
Pase and TG. MFA increases glucose consumption and glycogen
synthesis in liver cells and improve hepatic insulin resistance(Cheng
et al., 2019a; Cheng et al., 2019b).

MFA was involved in the regulation of IR and P110α expression
mainly through the mir-378b and PI3K-Akt pathways, thus improving
the insulin sensitivity of the mouse liver. Previous studies have reported
that mir-378b promotes insulin resistance by interfering with the
expression of IR and P110 α(Zhang et al., 2022). Mir-378b
expression was increased and IR/p-IR, p-IRS/IRS and p-Akt/Akt
expression were significantly decreased in ethanol-treated L-02 cells.
At the same time, the livers of ethanol-fed mice showed obvious
vacuoles and steatosis, and the glucose tolerance of mice decreased.
MiR-378b expression was significantly inhibited in the MFA
group. Meanwhile, liver steatosis was significantly improved, and
glucose tolerance was increased in the MFA group (Zhang et al., 2022).

6 Anti-liver cancer

Hepatocellular carcinoma (HCC) is a common malignant
tumour. At present, the treatment of liver cancer is very limited.
Conventional treatment can improve the short-term survival rates of
patients, but recurrence rates are high. In recent years, metal oxide
nanoparticles have received great attention because of their
multipurpose properties and the importance of
treatment(Ezhuthupurakkal et al., 2018). Some research groups
combined FA with nano-chemotherapeutic drug carrier ZnO
nanoparticles (ZnONPs) to prepare ZnONPs-
fac(Ezhuthupurakkal et al., 2018). At the cellular level, ZnONPs-
fac can inhibit the activity of hepatocellular carcinoma cells (Huh-
7 and HepG2) in a dose-dependent manner, promote intracellular
ROS production and induce DNA damage. At the same time,
ZnONPs-fac can upregulate the expression of apoptotic proteins
(Bax, Bad, cleaved caspase-3 and cleaved-PARP), downregulate the
expression of anti-apoptotic proteins (Bcl-2 and Bcl-xL) and induce
apoptosis of hepatocellular carcinoma cells. The results of animal
experiments showed that the number of liver nodules and the levels
of liver signature enzymes decreased significantly in the FA
treatment group. FA significantly reduced liver injury, protected
its normal structure and had good anticancer effects.

The main dilemma of anticancer therapy is resistance to drugs
and radiation at the later stages of treatment, which may lead to the
recurrence of the disease. Another study found that FA (FA)
enhances the radiosensitivity of lung cancer (A549) and liver
cancer (HepG2) cells(Das et al., 2019). Through the dual
regulation of the redox state, FA improves the radiosensitivity of
cancer cells and improves the effectiveness of radiotherapy(Das
et al., 2019).

7 Other mechanisms

Hepatic ischaemia/reperfusion (I/R) is the main cause of liver
injury after liver transplantation and resection and uncontrollable
clinical conditions such as shock. I/R can further lead to liver
dysfunction and distal organ injury. It has been reported that FA
can attenuate the increase in serum transaminase activity, liver lipid
peroxidation and liver glutathione content induced by I/R(Kim and
Lee, 2012). FA can attenuate the excessive release of caspase-3 and
cytochrome c induced by I/R, reduce the level of apoptosis-related
proteins (Bax and tBid), inhibit p-JNK1/JNK2, and alleviate
hepatocyte apoptosis induced by I/R(Kim and Lee, 2012). MMPs
are a family of zinc endopeptidases that can degrade various ECM
protein components and participate in tissue remodelling during
fibrosis. In general, the degradation potential of MMPs is
controlled by the tissue inhibitors of metalloproteinases. FA has
been proven to significantly reduce the levels of collagen and
TIMPs and regulate the expression of MMPs(Rukkumani et al.,
2012). Oxidative stress is closely related to the development of
various diseases. FA has been proven to suppress oxidative damage
in the liver of adolescent diabetic rats(Thyagaraju, 2008). FA has also
been confirmed to prevent diosbulbin B-induced liver injury by
increasing the activity of CuZn-SOD and CAT(Wang et al., 2014).

8 Discussion

FA was first found in plant seeds and leaves. FA is a phenolic acid
and it combines with polysaccharides and proteins in the cell wall to
form the cytoskeleton of the cell wall, rarely in free form(Li C. et al.,
2021; Li D. et al., 2021). It has a high content in ferulae, cohosh,
Angelica sinensis, wild jujube seed and other traditional Chinese
medicine, and it is one of the effective components of these traditional
Chinese medicine. FA exists in edible plants such as onion and yellow
chrysanthemum, and FA content is also high in grain hull, coffee,
wheat bran, rice bran, bagasse, beet meal and other food materials. At
present, the source of ferulic acid is mainly obtained from plants, and
the production method is mainly alkaline hydrolysis. As a natural
antioxidant, ferulic acid has pharmacological effects such as
antioxidation, prevention and treatment of coronary heart disease
and anticancer(Babbar et al., 2021). Its sodium ferulate is widely used
in clinic. It has attracted more and more attention in combination
with the treatment of nephropathy, pulmonary hypertension, cerebral
infarction, Alzheimer’s disease and other drugs. Because ferulic acid
has the function of anti-oxidation and scavenging free radicals, ferulic
acid also has certain value and market development prospect in food,
cosmetics and other fields. Various molecular mechanisms have been
shown to be strongly related to FA in preventing and ameliorating
various liver diseases, including reduction of liver oxidative stress
injury, anti-inflammatory, anti-lipid peroxidation, inhibition of
hepatocyte apoptosis, and promotion of autophagy. These
important findings advance our knowledge of FA in the treatment
of various liver diseases, indicating that FA has broad application
prospects in disease control(Babbar et al., 2021).

FA has been shown to be effective in the treatment of many liver
diseases in recent years, but there are still insufficient clinical data.
Researchers previously treated 28 patients with cirrhosis of the liver
with sodium ferulic acid in combination with ligustrazine(Li Yunhua,
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2006). The study found that endothelin is the strongest
vasoconstricting peptide, and the contractile vein is significantly
more effective than the artery, increasing portal blood flow
resistance and portal pressure and worsening liver microcirculation
disorders during cirrhosis. At the same time, endothelin directly
damages hepatic vascular endothelial cells, activates various growth
factors and promotes liver fibrosis. Sodium ferulic acid, an endothelin
receptor antagonist, was used to treat patients with sodium ferulic
acid, which resulted in lower endothelin levels and significantly
improved liver fibrosis(Li Yunhua, 2006). This study confirmed
that the addition of sodium ferulic acid and ligustrazine
intravenous drips to routine liver preservation therapy protected
liver cells, improved liver function, protected vascular endothelial
cells, improved liver microcirculation, and slowed liver fibrosis(Li
Yunhua, 2006). Although these clinical trials have shown that FA can
improve cirrhosis of the liver, no studies have been reported on its use
in the treatment of other clinical conditions. Therefore, more clinical
trials are needed in the future to assess the hepatoprotective role of FA
in different disease models.

FA was determined to have low toxicity, considering absorption,
excretion and lethal doses(Yan et al., 2020). Due to its low stability,
poor lipophilicity, polarity and nonpolarity imbalance, its
application in food, cosmetics and other fields is still limited.
Therefore, advanced drug delivery systems are being explored to
deliver sufficient concentrations of therapeutic drugs to the
circulatory system and target tissues to improve their
bioavailability and practical applications(Grimaudo et al., 2020).
Future studies should further elucidate the pharmacokinetics of FA
in vivo, especially in the human liver, to enhance the efficacy of FA in
the treatment of various diseases. At the same time, we also need to
clarify the compatibility of drugs.

While a large number of studies have elucidated signalling
pathways and molecules that FA may play a role in, in future
studies, we can further improve the accuracy and effectiveness of
disease treatment by screening better targeted molecules in

combination with a variety of histochemical approaches, such as
metabolomics, transcriptomics, and proteomics.
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Effectiveness and safety of
tenofovir amibufenamide and its
comparison with tenofovir
alafenamide in patients with
chronic hepatitis B: results from a
retrospective real-world study

Lanqing Li, Jing Zhou, Yujing Li, Fada Wang, Dongmei Zhang,
Menglan Wang, Yachao Tao and Enqiang Chen*

Center of Infectious Diseases, West China Hospital of Sichuan University, Chengdu, China

Background/aim: Tenofovir amibufenamide (TMF) has shown potent antiviral
efficacy in randomized clinical studies. This study aimed to reveal the
effectiveness and safety of tenofovir amibufenamide in the real world and
compared tenofovir amibufenamide to tenofovir alafenamide (TAF) in patients
with chronic hepatitis B (CHB).

Methods: In this retrospective study, tenofovir amibufenamide-treated chronic
hepatitis B patients were divided into treatment-naive (TN) and treatment-
experienced (TE) groups. Furthermore, tenofovir alafenamide-treated patients
were enrolled using the propensity score matching method (PSM). We
assessed the virological response (VR, HBV DNA < 100 IU/mL) rate, renal
function, and blood lipid changes during 24 weeks of treatment.

Results: Virologic response rates at week 24 were 93% (50/54) in the treatment-
naive group and 95% (61/64) in the treatment-experienced group. The ratios of
alanine transaminase (ALT) normalizationwere 89% (25/28) in the treatment-naive
group and 71% (10/14) in the treatment-experienced group (p = 0.306).
Additionally, serum creatinine decreased in both the treatment-naive and
treatment-experienced groups, (−4.44 ± 13.55 μmol/L vs. −4.14 ± 9.33 μmol/L,
p = 0.886), estimated glomerular filtration rate (eGFR) increased (7.01 ± 12.49 ml/
min/1.73 m2 vs. 5.50 ± 8.16 ml/min/1.73 m2, p = 0.430), and low-density
lipoprotein cholesterol (LDL-C) levels increased (0.09 ± 0.71 mmol/L vs. 0.27 ±
0.68 mmol/L, p = 0.152), whereas total cholesterol/high-density lipoprotein
cholesterol (TC/HDL-C) levels decreased continuously from 3.26 ± 1.05 to
2.49 ± 0.72 in the treatment-naive group and from 3.31 ± 0.99 to 2.88 ±
0.77 in the treatment-experienced group. Using propensity score matching, we
further compared virologic response rates between the tenofovir amibufenamide
and tenofovir alafenamide cohorts. Virologic response rates in treatment-naive
patients were higher in the tenofovir amibufenamide cohort [92% (35/38) vs. 74%
(28/38), p = 0.033]. Virologic response rates in treatment-experienced patients
showed no statistical difference between the tenofovir amibufenamide and
tenofovir alafenamide cohorts.

Conclusion: Tenofovir amibufenamide had profound antiviral effectiveness and
no adverse effects on renal function or blood lipids. Additionally, tenofovir
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amibufenamide was more efficient than tenofovir alafenamide in inhibiting viral
replication, which needs to be demonstrated in future studies.

KEYWORDS

chronic hepatitis B, tenofovir amibufenamide, virological response, renal dysfunction, lipid
profiles

1 Introduction

Chronic hepatitis B (CHB), caused by the hepatitis B virus
(HBV), is a worldwide infectious disease that can progress to liver
fibrosis, cirrhosis, hepatocellular carcinoma, and even liver-related
death without timely and effective treatment. In 2019, it was
estimated that approximately 316 million people had CHB
worldwide, and HBV-related disease resulted in approximately
0.06 million deaths worldwide (GBD, 2019 Hepatitis B
Collaborators, 2022). Antiviral therapy is indispensable for
chronic active hepatitis B because it can help reduce the risk of
liver-related complications.

Currently, antiviral therapies available for CHB are divided
into two categories: pegylated interferon-α agents and
nucleoside/nucleotide analogs. Pegylated interferon-α is
regarded as a first-line drug that can achieve HBV DNA
reduction through immunologic control. Although there are
more chances to achieve HBeAg and HBsAg seroclearance, the
HBV DNA undetectable rate with pegylated interferon-α was
approximately 30%, even during 3 years of follow-up (Sonneveld
and Janssen, 2011). Entecavir (ETV), tenofovir (TDF), and
tenofovir alafenamide (TAF) are also recommended as first-
line antiviral regimens owing to their potent antiviral efficacy
and high barrier to HBV resistance (Yim et al., 2020). A 10-year
study of TDF showed that approximately 99% of CHB patients
maintained virologic response (HBV DNA <29 IU/mL), but TDF
was at a disadvantage due to safety concerns, which manifested as
renal impairment, bone mineral density decrease, bone fractures,
and so on (Marcellin et al., 2019). Although TAF could be an
alternative for CHB patients with renal and bone abnormalities,
the lipid-increasing effect was still an issue requiring attention in
clinical practice. ETV had fewer adverse effects, and the 5-year
probability of drug resistance was approximately 1.2% (Scott and
Keating, 2009), although its viral suppression ability was inferior
to that of TDF. In addition, some studies revealed that patients
treated with TDF were at a lower risk of HCC when compared
with ETV (Choi et al., 2021). Current anti-HBV drugs have their
own advantages and disadvantages, and safer drugs with highly
potent antiviral efficacy are still needed.

Tenofovir amibufenamide (TMF) is a novel prodrug of
tenofovir. The structure of TMF is similar to that of tenofovir
alafenamide (TAF) except for an additional methyl group,
resulting in better liposolubility and cell membrane
penetration and eventually slightly better activity than TAF
in vitro (Zhang et al., 2021). TMF shares a similar metabolic
pathway with TAF, which is ultimately transformed to TFV via
carboxylesterase and cathepsin A, which are predominantly
expressed in HBV-infected hepatocytes and play a role in the
intracellular activation of TMF (Agarwal et al., 2015; Zhang et al.,
2021). A recent 48-week randomized clinical trial demonstrated

that TMF is a better choice for the treatment of CHB than TDF
because of its non-inferior efficacy and better safety profile. A
previous study showed that the therapeutic effect of TAF was
similar to that of TDF, but with improved renal and bone safety
(Liu et al., 2021). However, the ability of TAF to inhibit virus
replication in untreated CHB patients is not better (Chen et al.,
2021; Farag et al., 2021). TMF was approved by the National
Medical Products Administration (NMPA) and was launched in
China in June 2021. To date, no real-world research articles
highlighting TMF have been published. The present study aimed
to report the short-term effectiveness and safety of TMF during
24 weeks of treatment and its comparison with TAF in patients
with CHB.

2 Materials and methods

2.1 Study design and patients

This was a retrospective study conducted in the outpatient
clinic of West China Hospital between July 2021 and April 2022.
Patients who met the diagnostic and antiviral treatment criteria
of the APASL guidelines were included (Sarin et al., 2016). The
inclusion criteria were as follows: patients who were chronically
infected with HBV and HBsAg-positive for at least 6 months
and underwent treatment for no less than 24 weeks if received
anti-HBV treatment before enrollment. The patients could be
classified into treatment-naive or treatment-experienced
groups. Exclusion criteria were as follows: 1) co-infection
with hepatitis C, hepatitis D, and HIV; 2) patients with
serum creatinine less than 50 ml/min/1.73 m2; 3) patients
treated with interferon or under combined treatment with
other anti-HBV drugs; 4) patients receiving radiotherapy,
chemotherapy, and immunosuppressive therapy due to
cancer or other severe diseases; 5) patients with
decompensated cirrhosis or hepatocellular carcinoma; and 6)
patients with incomplete data. All the enrolled patients received
25 mg of TMF once daily orally and were divided into the
treatment-naive (TN) and treatment-experienced (TE)
groups. Furthermore, a cohort of 161 patients treated with
TAF was previously assessed, which included 49 TN patients
and 112 TE patients. The propensity score matching method
(PSM) was used to reduce heterogeneity between the TMF and
TAF cohorts, with respect to age, gender, HBeAg status, baseline
HBV DNA, and ALT levels.

This study strictly adhered to the ethical guidelines of the
1975 Declaration of Helsinki and was approved by the Ethics
Committee of West China Hospital of Sichuan University (serial
number, 2022-11-30). Furthermore, the study was registered in the
Chinese Clinical Trial Registry (ChiCTR2300070261).
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2.2 Endpoints

The primary effectiveness endpoint was the virologic response
(VR), which was defined as the serum HBV DNA level <100 IU/mL
at week 24. Secondary effectiveness endpoints were defined as the
ratio of normal ALT (ALT ≤40 U/L), HBeAg loss, and qHBsAg
levels from the baseline to week 24. Safety endpoints were renal
function and blood lipids as measured by serum creatinine,
estimated glomerular filtration rate (eGFR), serum phosphorus,
LDL-C, and TC/HDL.

2.3 Statistical analysis

Continuous variables with normal distribution were expressed
as mean ± standard deviation (SD) and compared with t-tests.
Categorical variables were expressed as numbers (percentages) and
compared using a chi-squared or Fisher’s exact test. A
p-value <0.05 was considered significant for all statistical tests.
All statistical analyses were performed using IBM SPSS software
version 25.0.

3 Results

3.1 Baseline characteristics

As shown in Figure 1, 155 patients were enrolled, of which
118 patients who completed 24 weeks of treatment were finally
included in the analysis (54 patients in the TN group and 64 patients
in the TE group). The baseline characteristics of enrolled patients are
described in Table 1. In the TN group, the mean age was 42.17 ±
10.79 years, 54% (29/54) of the patientsweremale, and 50% (27/54) of the
patients were HBeAg-positive; their serum qHBsAg level was 3.58 ±
0.73 log10 IU/ml, and the baseline HBV DNA level was 5.16 ±
1.73 log10 IU/mL; the baseline ALT level was 43.83 ± 22.84 U/L, and
the normal ALT ratio was 48% (26/54). In the TE group, the mean age
was 37.19 ± 7.52 years, 72% (46/64) of the patients were male, and 41%
(26/64) of the patients wereHBeAg-positive; the serumqHBsAg level was
2.85 ± 0.82 log10 IU/ml, and 97% (62/64) of the patients had undetectable
HBVDNA; the baselineALT level was 34.37± 26.80 U/L, and the normal
ALT ratio was 78% (50/64). There were no differences between the TN
and TE groups in terms of the HBeAg status, eGFR, serum creatinine,
serum phosphorus levels, TC, LDL-C, HDL-C, and TC/HDL-C.

FIGURE 1
Flowchart of the study population.
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After PSM, 38 pairs of TN patients and 60 pairs of TE patients
were generated between the TMF and TAF cohorts. In TN
patients, the mean serum HBV DNA level was higher in the
TMF cohort (5.42 ± 1.72 log10 IU/mL vs. 4.57 ± 1.93 log10 IU/
mL, p = 0.047). In TE patients, there were statistical differences in
HBeAg ratios with more HBeAg-positive patients in the TAF
cohort (65% vs. 42%, p = 0.010). Details of baseline characteristics
after PSM between patients treated with TMF and TAF are listed
in Table 2.

3.2 TMF effectiveness

3.2.1 Reduction of qHBsAg and loss of HBeAg
Serum qHBsAg levels were compared between the TN and TE

groups (Figure 2A). In the TN group, the mean qHBsAg level
decreased from 3.58 ± 0.73 log10 IU/mL to 3.36 ± 0.68 log10 IU/
mL from baseline to week 24 (p = 0.000). Furthermore, the
proportions of patients who were HBeAg-positive were 50% (27/
54), 52% (28/54), and 46% (25/54) at baseline, week 12, and week 24,

TABLE 1 Baseline clinical characteristics of enrolled patients.

Total (n = 118) TN (n = 54) TE (n = 64) p-value

Age (years) 39.47 ± 9.45 42.17 ± 10.79 37.19 ± 7.52 0.005

Gender, n (%)

Male patients 75 (64) 29 (54) 46 (72) 0.041

Female patients 43 (36) 25 (46) 18 (28)

HBeAg, n (%)

Positive 53 (45) 27 (50) 26 (41) 0.308

Negative 65 (55) 27 (50) 38 (59)

HBsAg, log10 IU/ml 3.18 ± 0.86 3.58 ± 0.73 2.85 ± 0.82 0.000

HBV DNA, log10 IU/ml 5.15 ± 1.71 5.16 ± 1.73 4.96 ± 1.18 NA

≤2, n (%) 62 (53) 0 62 (97) Not performed

>2, n (%) 56 (47) 54 (100) 2 (3)

PLT, ×109/L 176.08 ± 52.77 173.80 ± 51.57 178.02 ± 54.09 0.667

TBI, mmol/L 15.22 ± 6.14 16.58 ± 6.53 14.07 ± 5.59 0.027

ALB, g/L 45.09 ± 5.07 43.94 ± 4.71 46.05 ± 5.20 0.024

ALT, U/L 38.70 ± 25.41 43.83 ± 22.84 34.37 ± 26.80 0.043

≤40, n (%) 76 (64) 26 (48) 50 (78) 0.016

>40, n (%) 42 (36) 28 (52) 14 (22)

AST, U/L 30.70 ± 16.93 34.06 ± 16.54 27.88 ± 16.87 0.048

Scr, μmol/L 71.77 ± 15.34 70.15 ± 15.48 73.14 ± 15.21 0.293

eGFR, mL/min/1.73 m2 108.18 ± 14.10 109.70 ± 15.57 106.89 ± 12.72 0.284

<60, n (%) 0 0 (0) 0 (0) NA

<90, n (%) 16 (14) 7 (13) 9 (14)

≥90, n (%) 102 (86) 47 (87) 55 (86)

Serum phosphorus, mmol/L 1.11 ± 0.17 1.14 ± 0.14 1.08 ± 0.19 0.093

TC, mmol/L 4.13 ± 0.97 4.12 ± 0.95 4.14 ± 0.99 0.922

HDL-C, mmol/L 1.31 ± 0.27 1.31 ± 0.24 1.30 ± 0.31 0.901

LDL-C, mmol/L 2.99 ± 0.10 3.15 ± 0.93 2.85 ± 1.04 0.104

TC/HDL 3.29 ± 1.01 3.26 ± 1.05 3.31 ± 0.99 0.814

PLT, platelet; TBIL, total bilirubin; ALB, albumin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; Scr, serum creatinine; eGFR, estimated glomerular filtration rate; TC, total

cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; NA, not available.
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TABLE 2 Baseline of patients treated with TMF and TAF after PSM.

TN p TE p

TMF (n = 38) TAF (n = 38) TMF (n = 60) TAF (n = 60)

Age, years 42.16 ± 9.79 40.79 ± 10.68 0.562 37.62 ± 7.42 35.23 ± 6.87 0.070

Male patients, n (%) 21 (55) 22 (58) 0.817 43 (72) 44 (73) 0.838

HBeAg-positive, n/N (%) 24 (63) 23 (61) 0.813 25 (42) 39 (65) 0.010

HBsAg, log10 IU/mL 3.70 ± 0.70 3.46 ± 0.68 0.125 2.87 ± 0.70 2.99 ± 0.88 0.248

HBV DNA, log10 IU/ml 5.42 ± 1.72 4.57 ± 1.93 0.047 Undetectable 3.31 ± 0.33 NA

≤2, n (%) 0.00 0.00 NA 60 58 NA

>2, n (%) 38 (100) 38 (100) 0 2

ALT, U/L 46.79 ± 22.97 39.34 ± 27.65 0.206 34.29 ± 27.31 29.01 ± 18.46 0.217

Ratio of normal ALT 17 (45) 26 (68) 0.037 47 (78) 51 (85) 0.345

Scr, μmol/L 70.82 ± 14.52 72.87 ± 14.22 0.535 73.17 ± 15.38 75.55 ± 15.62 0.401

eGFR, mL/min/1.73 m2 111.69 ± 15.87 102.35 ± 12.73 0.006 106.51 ± 12.97 106.96 ± 14.06 0.855

TC, mmol/L 1.26 ± 0.38 1.19 ± 0.59 0.714 3.93 (3.51, 4.54) 3.96 (3.51, 4.36) 0.390

TG, mmol/L 4.05 ± 1.02 4.12 ± 0.84 0.537 0.96 (0.66, 1.50) 0.94 (0.74, 1.18) 0.354

ALT, alanine aminotransferase; Scr, serum creatinine; eGFR, estimated glomerular filtration rate; TC, total cholesterol; TG, triglyceride; NA, not available.

FIGURE 2
Effects of TMF on the antiviral efficacy between TN and TE groups. The effects of TMF on (A) HBsAg levels and (B) VR rates after 24 weeks of
treatment. The effects of TMF on (C) ALT levels and (D) ratios of normal ALT after 12 and 24 weeks after treatment.
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respectively. In the TE group, qHBsAg levels decreased from 2.85 ±
0.82 log10 IU/mL to 2.80 ± 0.71 log10 IU/mL during 24 weeks (p =
0.000). In addition, the proportions of patients who were HBeAg-
positive were 41% (26/64), 39% (25/64), and 31% (20/64) at baseline,
week 12, and week 24, respectively. qHBsAg levels were numerically
higher in the TN group than those in the TE group throughout the
period (p = 0.004).

3.2.2 Virologic response
All patients in the TN group had detectable HBV DNA with a

mean value of 5.16 ± 1.73 log10 IU/mL at baseline, and their VR rate
was 93% (50/54) at week 24. There was a significant decrease in HBV
DNA from baseline to week 24 (p = 0.001) (Figure 2B). Four TN
patients did not achieve VR at week 24; their age was 28.25 ±
4.19 years; 75% (3/4) of them were HBeAg-positive and had
relatively high levels of viremia (6.75 ± 1.41 log10 IU/mL). For
patients in the TE group, VR rates were 97% (62/64) at baseline and
95% (61/64) at week 24 (Figure 2B). Of these, three patients in the
TE group regained detectable HBV DNA during the 24 weeks of
treatment (from undetectable HBV DNA to a mean level of
2.50 log10 IU/mL).

TN patients were further divided into two groups: HBeAg-
positive and HBeAg-negative. Baseline data between the two
groups are provided in Supplementary Table S1. Patients in the
HBeAg-positive group had higher levels of serum HBsAg, HBV
DNA, ALT, and AST (p < 0.05). After 24 weeks of follow-up, there
was no statistical difference in VR rates, 88.9% (24/27) vs. 96.3% (26/
27) (p = 0.603).

3.2.3 The ratio of ALT normalization
For patients in the TN group, the mean ALT levels (U/L) were

43.83 ± 22.84, 30.33 ± 12.15, and 29.43 ± 7.96 at baseline, week 12,
and week 24, respectively (Figure 2C). They were statistically
decreased when compared to baseline measurements throughout
the period (p = 0.000). The ratio of ALT normalization was 89% (25/
28) at week 24 (Figure 2D).

For patients in the TE group, the mean ALT levels (U/L) were
34.37 ± 26.80, 30.27 ± 17.46, and 31.38 ± 20.44 at baseline, week
12, and week 24, respectively (Figure 2C). When compared with

baseline measurements, no statistical differences in ALT levels
were observed during 24 weeks (p = 0.456). Furthermore, the
ratio of ALT normalization was 71% (10/14) at week 24
(Figure 2D).

Between the two groups, the ultimate ALT levels (p = 0.484) and
ratios of normal ALT (p = 0.306) did not show statistical differences.

3.3 The safety profiles of TMF

3.3.1 Renal dysfunction
Mean changes in serum creatinine, eGFR, and serum

phosphorus levels during the 24-week follow-up period were
compared to baseline measurements in the TN and TE groups.
In the TN group, serum creatinine decreased over time by a mean
level of −1.83 ± 12.53 μmol/L at week 12 (p = 0.287) and −4.44 ±
13.55 μmol/L at week 24 (p = 0.019); eGFR increased at a level of
2.53 ± 10.79 ml/min/1.73 m2 at week 12 (p = 0.091) and 7.01 ±
12.49 ml/min/1.73 m2 at week 24 (p = 0.000); and serum phosphorus
levels were 1.14 ± 0.14 mmol/L, 1.14 ± 0.09 mmol/L, and 1.17 ±
0.07 mmol/L at baseline, week 12, and week 24, respectively, and a
statistical difference was shown between measurements at baseline
and week 24 (p = 0.018) (Figures 3A–C).

In the TE group, serum creatinine decreased by a mean level
of −0.73 ± 6.72 μmol/L at week 12 (p = 0.386) and −4.14 ±
9.33 μmol/L at week 24 (p = 0.001) (Figure 3A). Changes in
eGFR were 1.83 ± 7.08 ml/min/1.73 m2 at week 12 (p = 0.043)
and 5.50 ± 8.16 ml/min/1.73 m2 at week 24 (p = 0.000) (Figure 3B).
Meanwhile, serum phosphorus levels were 1.08 ± 0.19 mmol/L,
1.06 ± 0.15 mmol/L, and 1.10 ± 0.13 mmol/L at baseline, week
12, and week 24, respectively, and the difference was not statistically
significant between measurements at baseline and week 24 (p =
0.304) (Figure 3C).

Furthermore, there were no differences observed between
the TN and TE cohorts in 24-week changes in serum creatinine
and eGFR (p > 0.05). Serum phosphorus was numerically higher
in the TN group and showed statistical differences when
compared to that in the TE group at weeks 12 (p = 0.001)
and 24 (p = 0.000).

FIGURE 3
Changes in renal safety profiles. (A)Mean changes in serum creatinine at weeks 12 and 24 after treatment. Bars are expressed asmean± SD. (B)Mean
changes in the eGFR at weeks 12 and 24 after treatment. Bars are expressed as mean ± SD. (C) Serum phosphorus levels at weeks 12 and 24 after
treatment. Bars are expressed as mean ± SD.
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3.3.2 Blood lipids
In this study, blood lipids consisted mainly of TC, LDL-C, and

HDL-C. In the TN group, mean changes in LDL-C levels were 0.10 ±
0.50 mmol/L at week 12 (p = 0.147) and 0.09 ± 0.71 mmol/L at week
24 (p = 0.360) (Figure 4A). TC increased by a mean of 0.07 ±
0.70 mmol/L at week 12 (p = 0.441) and −0.11 ± 0.72 mmol/L at
week 24 (p = 0.257) (Figure 4B). Furthermore, changes in HDL-C
levels were 0.10 ± 0.17 mmol/L at week 12 (p = 0.000) and 0.39 ±
0.33 at week 24 (p = 0.000) (Figure 4C). However, TC/HDL-C values
decreased continuously from 3.26 ± 1.05 at baseline to 2.49 ± 0.72 at
week 24 (p = 0.000) (Figure 4D).

For patients in the TE group, LDL-C increased by a mean of
0.06 ± 0.52 mmol/L at week 12 (p = 0.395) and 0.27 ± 0.68 mmol/
L at week 24 (p = 0.002) (Figure 4A). Mean changes in TC levels
were 0.09 ± 0.81 mmol/L at week 12 (p = 0.374) and 0.16 ±
0.99 mmol/L at week 24 (p = 0.895) (Figure 4B). Furthermore,
changes in HDL-C levels were 0.07 ± 0.20 mmol/L at week 12
(p = 0.007) and 0.20 ± 0.29 mmol/L at week 24 (p = 0.000)
(Figure 4C). However, TC/HDL-C values decreased
continuously from 3.31 ± 0.99 at baseline to 2.88 ± 0.77 at
week 24 (p = 0.001) (Figure 4D).

Statistical differences between the two groups were
demonstrated by the changes in HDL-C levels (p = 0.002) and
TC/HDL-C values (p = 0.005) during 24 weeks of treatment.

3.4 Effectiveness and safety of TMF vs. TAF

3.4.1 TN patients in the PSM cohort
In the TMF cohort, all patients had measurable HBV DNA at a

level of 5.42 ± 1.72 log10 IU/mL, and the VR rate was 92% (35/38) at
week 24 (Figure 5A). Furthermore, ALT levels (U/L) were 46.79 ±
22.97 at baseline, 29.50 ± 12.56 at week 12, and 29.08 ± 7.10 at week
24. Meanwhile, the ratios of normal ALT were 45% (17/38), 89%
(34/38), and 92% (35/38) at baseline, week 12, and week 24,
respectively. For patients whose baseline ALT was outside the
normal range, the ALT normalization rate was 90% (19/21) at
week 24 (Figure 5C). Furthermore, mean qHBsAg levels
(log10 IU/mL) decreased from 3.70 ± 0.70 at baseline to 3.45 ±
0.66 at week 24 (Figure 5E).

In the TAF cohort, the baseline HBV DNA level was 4.57 ±
1.93 log10 IU/mL, and the VR rate was 74% (28/38) at week 24.

FIGURE 4
Changes in blood lipid profiles. (A)Mean changes in LDL-C at weeks 12 and 24 after treatment. Bars are expressed asmean± SD. (B)Mean changes in
TC at weeks 12 and 24 after treatment. Bars are expressed as mean ± SD. (C) Mean changes in HDL-C at weeks 12 and 24 after treatment. Bars are
expressed as mean ± SD. (D) TC/HDL-C ratio at weeks 12 and 24 after treatment. Bars are expressed as mean ± SD.
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Furthermore, ALT levels (U/L) were 39.34 ± 27.65 at baseline,
28.32 ± 12.30 at week 12, and 28.05 ± 12.69 at week 24
(Figure 5A). Meanwhile, the ratios of normal ALT were 68% (26/
38), 84% (32/38), and 89% (34/38) at baseline, week 12, and week 24,
respectively. The ALT normalization rate was 75% (9/12) at week 24
(Figure 5C). Furthermore, mean qHBsAg levels (log10 IU/mL)
decreased from 3.46 ± 0.68 at baseline to 3.29 ± 0.82 at week 24
(Figure 5E).

At week 24, VR rates were numerically higher in the TMF cohort
(p = 0.033), and no differences were found in ALT levels (p = 0.417),
ratios of normal ALT (p = 1.000), and ALT normalization (p =
0.328).

The adverse effects of serum creatinine decreased in the TMF
cohort and increased in the TAF cohort after 24 weeks (−5.18 ±
13.08 μmol/L vs. 2.79 ± 6.23 μmol/L, p = 0.001) (Figure 6A).
Meanwhile, eGFR improved in the TMF cohort but worsened in

FIGURE 5
Antiviral efficacy of TMF and TAF after PSM in treatment-naive and treatment-experienced CHB patients. The effects of virologic response rates in
treatment-naive patients (A) and treatment-experienced patients (B) after 24 weeks of treatment. The effects of the normal ALT ratios in treatment-naive
patients (C) and treatment-experienced patients (D) after 12 and 24 weeks of treatment. The effects of HBsAg levels in treatment-naive patients (E) and
treatment-experienced patients (F) after 24 weeks of treatment. Bars are expressed as mean ± SD.
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the TAF cohort (6.40 ± 13.37 ml/min/1.73 m2 vs. −4.22 ± 8.34 ml/
min/1.73 m2, p = 0.000) (Figure 6B). Changes in TC levels
were −0.09 ± 0.78 mmol/L in the TMF cohort compared to
0.20 ± 0.67 mmol/L in the TAF cohort (p = 0.092) (Figure 6C).

3.4.2 TE patients in the PSM cohort
In the TMF cohort, the VR rates were 100% (60/60) at baseline

and 95% (57/60) at week 24 (Figure 5B). Meanwhile, ALT levels (U/
L) were 34.29 ± 27.31, 28.23 ± 13.80, and 29.95 ± 19.05 at baseline,
week 12, and week 24, respectively, and the ratios of normal ALT
were 78% (47/60), 83% (50/60), and 90% (54/60) at baseline, week
12, and week 24, respectively. The ALT normalization rate was 77%
(10/13) at week 24 (Figure 5D). Furthermore, qHBsAg decreased
from 2.87 ± 0.70 log10 IU/mL at baseline to 2.78 ± 0.72 log10 IU/mL
at week 24 (Figure 5F).

In the TAF cohort, the VR rates were 97% (58/60) at baseline
and 93% (56/60) at week 24 (Figure 5B). Furthermore, ALT levels
(U/L) were 29.01 ± 18.46, 24.87 ± 8.76, and 27.28 ± 14.62 at baseline,
week 12, and week 24; meanwhile, the ratios of normal ALT at
baseline, week 12, and week 24 were 85% (51/60), 92% (55/60), and
90% (54/60), respectively. Furthermore, the ALT normalization rate
was 67% (6/9) at week 24 (Figure 5D). The mean levels of qHBsAg
decreased from 2.99 ± 0.88 log10 IU/mL at baseline to 2.86 ±
0.98 log10 IU/mL at week 24 (Figure 5F).

There were no statistical differences between the two cohorts in
VR rates (p = 0.860), ALT levels (p = 0.392), ratios of normal ALT
(p = 0.318), or ALT normalization (p = 0.655) after 24 weeks of
treatment.

Additionally, during 24-week treatment, serum creatinine
decreased in the TMF cohort but increased in the TAF cohort
[−4.31 ± 9.29 μmol/L vs. 2.45 ± 5.61 μmol/L, p = 0.000] (Figure 6D),
and the eGFR increased in the TMF cohort but decreased in the TAF
cohort [5.43 ± 8.30 ml/min/1.73 m2 vs. −3.01 ± 6.35 ml/min/
1.73 m2, p = 0.000] (Figure 6E). In addition, TC levels after
24 weeks changed to −0.02 ± 0.99 mmol/L in the TMF cohort
and 0.43 ± 0.58 mmol/L in the TAF cohort (p = 0.003) (Figure 6F).

4 Discussion

During 24 weeks of treatment in this retrospective, real-world
study, the results demonstrated that TMF was highly effective in
suppressing HBV replication in the blood. We found that nearly
93% of treatment-naive patients achieved a virologic response (HBV
DNA <100 IU/mL) after 24 weeks of treatment. Furthermore, in
treatment-experienced patients, TMF did not compromise antiviral
effectiveness after switching from other antivirals. TMF also showed
fewer side effects on renal function, as measured by decreased serum
creatinine, increased eGFR, and increased serum phosphorus. In
addition, TMF also showed a reduction in the ratio of TC to HDL-C
levels, a predictor of cardiovascular disease risk. Furthermore, the
comparison between TMF and TAF was also presented in this study.
TMF was superior to TAF in suppressing HBV replication in
treatment-naive patients. There were also opposite changing
trends in the biomarkers of serum creatinine, eGFR, and total
cholesterol.

FIGURE 6
Changes in renal and blood lipid safety profiles between TMF and TAF cohorts. In treatment-naive patients, changes in serum creatinine (A) and
eGFR (B) at weeks 12 and 24 after treatment; total cholesterol (C) at week 24 after treatment. In treatment-experienced patients, changes in serum
creatinine (D) and eGFR (E) at weeks 12 and 24 after treatment; total cholesterol (F) at week 24 after treatment. All bars are expressed as mean ± SD.
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The virologic response was an important endpoint during CHB
antiviral treatment, which can improve liver inflammation and
histology fibrosis and further improve clinical outcomes. One
study with paired liver biopsies based on entecavir treatment
demonstrated that high HBV DNA measurable rates after
antiviral therapy were considered an independent risk factor for
liver fibrosis progression (Sun et al., 2020). Furthermore, persisting
detectable HBV DNA was of great importance in increasing the
chances of hepatocellular carcinoma (Kim et al., 2017). In a recent
phase III clinical trial, the VR rate (HBVDNA < 100 IU/mL) at week
48 was 82% in all patients (Liu et al., 2021), which was lower than
that in the present study, where approximately 94% of patients had
unmeasurable serum HBV DNA at week 24. The difference may
result from lower baseline HBVDNA levels and a higher proportion
of treatment-experienced patients, whose baseline HBV DNA was <
100 IU/mL in our study. More studies with less heterogeneity were
needed to explore the exact ability of TMF to suppress viral
replication.

When comparing treatment-naive patients who received TMF
and TAF, virological response rates at week 24 were 92% in the TMF
cohort and 74% in the TAF cohort, indicating that TMF can rapidly
achieve undetectable serum HBV in treatment-naive patients.
Furthermore, the result of the evaluation of the antiviral efficacy
based on the HBeAg status revealed that the VR rate of the HBeAg-
positive group is numerically lower, but the difference between the
two groups indicated no statistical significance. A small sample may
be the cause. However, this advantage was not shown in treatment-
experienced patients. However, no matter which types of antiviral
drugs were prescribed previously, the virologic response rates were
maintained after switching to either TMF or TAF. Additionally, for
treatment-experienced patients who had already achieved a
virologic response, very few patients underwent HBV DNA re-
detection during the treatment period. Only three patients in the
TMF cohort and two patients in the TAF cohort had measurable
HBV DNA again at week 24 (111, 119, and 2,450 IU/mL in the TMF
cohort; 117 and 156 IU/mL in the TAF cohort). The common
reasons for virologic breakthroughs were poor medication
compliance, drug resistance, and so on (Hongthanakorn et al.,
2011). As for the patients experiencing a virologic breakthrough
in our cohort, they had the wrong medication or did not take the
medication with a high-fat meal. Furthermore, some doses were
occasionally missed. We speculated that the virologic breakthroughs
in our study were associated with poor medication compliance.

Because of the difficulty of eliminating cccDNA in the
hepatocyte, a functional cure was still the aim of CHB antiviral
therapies. However, HBsAg seroclearance was a rare event. In
untreated CHB patients, a spontaneous HBsAg loss occurred at a
rate of approximately 1% per year, and HBeAg-negative patients
were more likely to achieve HBsAg loss (Zhou et al., 2019). In a study
of 5,409 CHB patients treated with entecavir or lamivudine, the
results showed that the proportion was even lower (0.3% per year)
(Kim et al., 2014). Additionally, a study in China demonstrated that
the median rate of serum HBsAg reduction was 0.125 log10 IU/ml/
year over 5 years (Seto et al., 2014) in CHB patients receiving ETV.
The results of our study were comparable to those of the previous
studies. Although the serum HBsAg levels showed a downward
trend, their rate was too slow to achieve the goal of HBsAg
seroclearance. Although the change in numerical numbers has

statistical significance, it was less valuable from a clinical
perspective. A total of 118 patients were treated with TMF, of
which only 11 patients achieved HBeAg clearance, including
three in the TN group and eight in the TE group. One patient in
the TE group underwent HBsAg clearance with a baseline qHBsAg
level of only 0.2 IU/mL. HBsAg clearance or seroconversion is
difficult to achieve with TMF as is the case with other oral anti-
HBV drugs.

As confirmed by previous studies, TAF was acknowledged to be
superior in ALT normalization. The ratios in previous studies were
approximately 50%–70% after 24 weeks of treatment (Chen et al.,
2021; Pan et al., 2021; Lim et al., 2022). Our study showed that
though the ratios of ALT normalization were numerically higher in
the TMF cohort than those in patients who received TAF (90% vs.
75% of treatment-naive patients and 77% vs. 67% of treatment-
experienced patients), no significant difference was observed
between the two cohorts after 24 weeks of treatment. We could
not conclude which treatment was better at normalizing ALT
because of its short-term duration.

Renal tubule injuries are well-known adverse effects of tenofovir.
TAF presented a better renal safety profile than TDF (Agarwal et al.,
2018; Byun et al., 2022; Lim et al., 2022). As a new prodrug of
tenofovir, renal dysfunctions of TMF were also demonstrated in
phase III clinical study, manifesting as serum creatinine, which
increased by 0.60 ± 8.988 μmol/L after 48 weeks of treatment.
However, in our real-world study, we observed that TMF had no
adverse effect on renal function. In this study, patients treated with
TMF showed a decrease in serum creatinine and an increase in eGFR
at baseline. TAF showed an opposite tendency when compared to
TMF, indicating that TMF offers a better renal safety profile.

Serum lipids are risk factors associated with atherosclerotic
cardiovascular disease (ASCVD), especially high LDL-C levels.
However, LDL-C levels were not absolute indices for ASCVD
risk prediction; almost half of all patients with coronary heart
disease have normal LDL-C levels. Studies have proposed that
the TC/HDL-C ratio may be another important risk predictor for
ASCVD events in addition to LDL-C levels (Wen et al., 2019; Quispe
et al., 2020). The results of the phase III clinical trial demonstrated
that TMF represented an increase in the TC/HDL-C ratio (Liu et al.,
2021). However, in our study, no matter how LDL-C levels changed,
the TC/HDL-C ratio decreased continuously during the whole
period. Furthermore, HDL-C levels were also increased in our
study. The aforementioned biomarkers indicated that TMF
showed fewer lipid disturbances and may be represented by
fewer cardiovascular disease events in the future.

5 Strengths and limitations

This was the first study to highlight TMF and its comparison
with TAF in the real world, demonstrating the potent antiviral
effectiveness and better safety of TMF for the treatment of CHB. The
currently published articles on TMF are results from phase III
clinical trials. Compared with them, our research has broader
inclusion and exclusion criteria for the CHB population, reducing
the limitations of experimental conditions. Although the methods
are not novel and the study design is similar to many articles, our
research can fill the gaps in phase III clinical trials and improve our
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understanding of TMF. Furthermore, there are undeniably some
other limitations. First, this is a single-center, retrospective study
with a relatively small sample size and a short follow-up period.
TMF is a novel prodrug of tenofovir that has been launched in China
in June 2021. Due to the short marketing period, there are relatively
few patients receiving TMF treatment, resulting in the small sample
size of our study. Second, because of unavailable data on lipids in
patients treated with TAF, our study did not analyze the
differences in various blood lipids. Third, biomarkers, such as
bone turnover markers, and dual-energy x-ray absorptiometry,
which reflect bone abnormalities, were outside the scope of our
study due to their high cost in the real world. We were also unable
to acquire laboratory test data that assess renal proximal tubule
damage because they are not commonly used in clinical practice,
such as the urinary albumin-to-creatinine ratio, urinary retinol-
binding protein-to-creatinine ratio, and urinary
b2 microglobulin-to-creatinine ratio. Fourth, the sensitivity of
the HBV DNA detection reagent used in this study is not high
enough, making it difficult to identify CHB patients with
hypoviremia, which may affect the research conclusion. For
the reasons listed, long-term observational studies with large-
sized samples and more comprehensive indicators are necessary.

6 Conclusions

In this 24-week study, TMF was shown to be highly effective in
anti-HBV treatment with no obvious adverse effects on renal
function and blood lipids. Although TMF revealed its superiority
over TAF in serum HBV DNA in treatment-naive patients when,
due to the small sample size and short follow-up time, further
studies with larger cohorts and longer follow-up periods are needed
to confirm our findings.
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Traditional Chinesemedicines and
natural products targeting
immune cells in the treatment of
metabolic-related fatty liver
disease
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MAFLD stands for metabolic-related fatty liver disease, which is a prevalent liver
disease affecting one-third of adults worldwide, and is strongly associated with
obesity, hyperlipidemia, and type 2 diabetes. It encompasses a broad spectrum of
conditions ranging from simple liver fat accumulation to advanced stages like
chronic inflammation, tissue damage, fibrosis, cirrhosis, and even hepatocellular
carcinoma. With limited approved drugs for MAFLD, identifying promising drug
targets and developing effective treatment strategies is essential. The liver plays a
critical role in regulating human immunity, and enriching innate and adaptive
immune cells in the liver can significantly improve the pathological state ofMAFLD.
In the modern era of drug discovery, there is increasing evidence that traditional
Chinese medicine prescriptions, natural products and herb components can
effectively treat MAFLD. Our study aims to review the current evidence
supporting the potential benefits of such treatments, specifically targeting
immune cells that are responsible for the pathogenesis of MAFLD. By providing
new insights into the development of traditional drugs for the treatment ofMAFLD,
our findings may pave the way for more effective and targeted therapeutic
approaches.

KEYWORDS

metabolic-related fatty liver disease, immune cells, traditional Chinese medicine
prescription, natural product, herb component, treatment

1 Introduction

MAFLD is characterized by the accumulation of fat in the liver, which can lead to
inflammation and scarring of the liver over time (Marques et al., 2023). It is closely linked to
obesity, type 2 diabetes, high blood pressure, and dyslipidemia (abnormal levels of fats in the
blood) (Gutierrez-Cuevas et al., 2021). The redefinition of non-alcoholic fatty liver disease
(NAFLD) to MAFLD reflects a shift in the understanding of this condition as being part of a
larger metabolic disease spectrum rather than a standalone liver condition (Eslam et al.,
2020). This new definition also aims to simplify the diagnosis andmanagement of the disease
(Eslam et al., 2020). The proposed criteria for the diagnosis of MAFLD include evidence of
fatty liver on imaging or histology, along with one of the following three criteria: overweight
or obesity, presence of type 2 diabetes, or evidence of metabolic dysregulation (such as
dyslipidemia or high blood pressure) (Eslam et al., 2020). While further research is needed to
fully understand the implications of this new definition, it is hoped that it will improve
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diagnosis and treatment of this increasingly common chronic liver
disease. MASH stands for nonalcoholic steatohepatitis, which refers
to the inflammation and damage to liver cells resulting from the
progression of MAFLD (Wu et al., 2022a). This includes the
presence of a heterogeneous fatty liver, liver cell necrosis, and
inflammatory reactions (Wu et al., 2022a).

Morbidity and mortality associated with MAFLD can vary
depending on factors such as the severity of the disease,
underlying metabolic disorders, and the presence of
comorbidities (Aghemo et al., 2022). However, studies have
shown that MAFLD increases the risk of developing liver-related
complications such as MASH, cirrhosis, and hepatocellular
carcinoma (HCC) (Marengo et al., 2016). It also increases the
risk of developing cardiovascular diseases, which are the leading
cause of death in patients with MAFLD (Gutierrez-Cuevas et al.,
2021). According to recent studies, the global prevalence of MAFLD
is estimated to range from 20% to 30% (Younossi et al., 2016). The
liver-specific mortality rate among patients withMAFLD is reported
to be higher than that of the general population (Younossi et al.,
2016). The total mortality rate among patients with MAFLD is also
reported to be higher than that of the general population, with
cardiovascular disease being a major contributor to mortality (Chen
et al., 2022a). Better understanding of the underlying molecular
mechanisms of MAFLD will be critical for developing new
therapeutic approaches to treat and prevent the complications of
this disease.

The activation of innate immune cells (e.g., macrophages,
neutrophils, monocytes, dendritic cells (DCs), T lymphocytes,
B lymphocytes, natural killer (NK) cells, natural killer T (NKT)
cells, as well as mast cells) can result in phagocytosis of cell
debris and foreign antigens, release of pro-inflammatory
cytokines, and production of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) (Kountouras et al., 2023).
These events can lead to hepatocellular injury, cellular stress,
and damage to the extracellular matrix (ECM) (Kountouras
et al., 2023). The activation of adaptive immune cells can
further exacerbate the inflammatory response and contribute
to the development of liver fibrosis (Hu et al., 2020). In
addition to the immune cells, other immune-related
molecules and signaling pathways are also involved in the
pathogenesis of MAFLD/MASH. Toll-like receptors (TLRs)
can recognize pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns
(DAMPs) and activate the innate immune response (An
et al., 2020; Park et al., 2021; Khanmohammadi and Kuchay,
2022). Nuclear factor κB (NF-κB) is a key transcription factor
that regulates the expression of pro-inflammatory genes and is
activated by TLR signaling, as well as other factors such as ROS
and RNS (Kawai and Akira, 2007; Blaser et al., 2016). The
inflammasome, a multiprotein complex that activates caspase-
1 and promotes the secretion of pro-inflammatory cytokines
such as interleukin (IL)-1β and IL-18, has also been implicated
in the development of MASH (Du et al., 2019). In summary, the
liver plays a critical role in the immune response, and the
dysregulation of this response can contribute to the
development and progression of MAFLD/MASH (Zhang
et al., 2021a). Understanding the complex interactions
between immune cells, signaling molecules, and the liver

microenvironment will be crucial for developing effective
therapies for these disorders.

Traditional Chinese medicine (TCM) prescription refers to a
combination of several herbs or natural ingredients that are
formulated to treat a specific health condition (Zhu, 2022). The
prescription is often a unique blend of herbs and other natural
ingredients in specific proportions which have been used for
centuries in TCM (He et al., 2021). Natural products refer to
remedies or supplements that are made from naturally occurring
substances such as plants, minerals, or animal parts (Harvey et al.,
2015). These products can be derived from various sources including
herbs, fruits, vegetables, and other botanicals (Zhang et al., 2020a).
Herb components are the active ingredients present in herbs (Al-
Ishaq et al., 2019). These components may include alkaloids,
flavonoids, terpenes, and other compounds that contribute to the
therapeutic effects of the herb (Dasari et al., 2022). Herb
components are often extracted from herbs and used in TCM
prescriptions or natural products (Dasari et al., 2022). In
summary, TCM prescription is a specific combination of herbs
and natural ingredients used to treat a particular health condition,
while natural products may contain one or more natural substances
including herbs. Herb components are the individual active
ingredients present in herbs that contribute to their therapeutic
effects.

In this comprehensive review, we have examined the various
functions of immune cells in MAFLD and explored the potential
therapeutic benefits of TCM prescriptions, natural products and
herb components for treating MAFLD by targeting immune cells.
Furthermore, we have discussed the underlying mechanisms of these
treatments, particularly with respect to immune cells.

2 Factors contributing to MAFLD

There are multiple contributing factors, such as lipid toxicity,
mitochondria, ER stress, autophagy, oxidative stress (OS), insulin
resistance, bile acids metabolism, intestinal microflflora, etc., that
result in the accumulation of fatty acids in hepatocytes. This
accumulation causes damage to liver cells and ultimately leads to
the formation of MAFLD (as illustrated in Figure 1).

2.1 Lipid toxicity

Lipid toxicity and MAFLD have a close relationship since lipid
toxicity is the primary factor contributing to the development of
MAFLD. Lipid toxicity refers to the accumulation of excess lipids
within cells or tissues, leading to cellular damage and dysfunction
(Weinberg, 2006). In the case of MAFLD, excessive lipid
accumulation in the liver leads to hepatocyte damage,
inflammation, and eventually, liver disease (Abulikemu et al.,
2023). The liver plays a crucial role in regulating lipid
metabolism, including the synthesis, oxidation, and storage of fat
(Alves-Bezerra and Cohen, 2017). When there is an excess of lipids
in the liver, it can lead to impaired liver function, insulin resistance,
and OS, all of which contribute to the development and progression
of MAFLD (Badmus et al., 2022). Several factors can lead to the
accumulation of lipid in the liver, such as dietary habits, genetics,
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and lifestyle factors such as lack of physical activity and alcohol
consumption (Manne et al., 2018). Therefore, it is possible to reduce
the progression of MAFLD and improve overall liver health by
reducing lipid toxicity in the liver.

2.2 Mitochondria

Mitochondria, the cellular organelles responsible for
energy production, play a crucial role in the pathogenesis of
MAFLD. Studies have shown that dysfunctional mitochondria
contribute to the development of MAFLD by promoting OS,
inflammation, and insulin resistance. Immune cells,
particularly macrophages, also play a critical role in the
progression of MAFLD (Ramanathan et al., 2022). In
response to mitochondrial dysfunction and hepatocellular
injury, immune cells infiltrate the liver and release pro-
inflammatory cytokines, exacerbating inflammation and
fibrosis (Fu et al., 2022). The relationship between
mitochondrial dysfunction and immune cells in MAFLD is
complex and bidirectional. Dysfunctional mitochondria can
activate immune cells, leading to an increase in pro-
inflammatory cytokines and OS (Ahmed et al., 2019). In
turn, immune cell infiltration and activation can further
impair mitochondrial function, perpetuating the cycle of
inflammation and injury (Field et al., 2020). Modulating the
immune response and improving mitochondrial function are
potential therapeutic targets for MAFLD.

2.3 Endoplasmic reticulum stress

The ER is a cellular organelle involved in various functions such
as protein synthesis, lipid metabolism, and calcium storage. In
recent years, research has shown that ER stress and dysfunction
are linked to the development of metabolic disorders including
MAFLD and MASH (Yuan et al., 2020). Immune cells play a crucial
role in the pathogenesis of MAFLD and MASH (de Oliveira et al.,
2019). Various immune cells such as macrophages and T cells
infiltrate the liver and contribute to liver inflammation and
fibrosis (Peiseler et al., 2022). The ER is involved in regulating
the immune response through several mechanisms, including the
processing and presentation of antigens, cytokine production, and
maintenance of calcium homeostasis (Oakes and Papa, 2015).
Recent studies have suggested that ER stress can activate the
unfolded protein response (UPR), which can either promote or
suppress immune cell activation and function (Grootjans et al.,
2016). For example, UPR activation can induce the expression of
pro-inflammatory cytokines and chemokines that attract immune
cells to the liver (Zhang et al., 2021b). However, prolonged UPR
activation can also induce the expression of anti-inflammatory
cytokines and regulatory T cells, which can limit liver
inflammation (Salminen et al., 2020). In addition, ER stress can
affect the function of immune cells themselves (Bettigole and
Glimcher, 2015). For instance, ER stress-induced autophagy can
enhance the antigen presentation capacity of DCs, leading to
increased T cell activation (Poncet et al., 2021). However,
excessive ER stress can impair T cell proliferation and survival

FIGURE 1
Mechanism of MAFLD.
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(Cotte et al., 2018). Finally, the ER is involved in lipid metabolism,
and ER stress and dysfunction can lead to the accumulation of lipids
and the generation of lipotoxic metabolites that can activate immune
cells and promote liver inflammation (Mastrototaro and Roden,
2021). Conclusively, the relationship between ER stress, immune
cells, and MAFLD is complex and multifaceted. Further research is
needed to fully understand the mechanisms underlying this
relationship and to develop novel therapeutic strategies for MAFLD.

2.4 Autophagy

The relationship between autophagy and MAFLD immune cells
is complex and not yet fully understood. Autophagy is a cellular
process that involves the degradation of damaged or dysfunctional
cellular components, including pathogens and cellular debris, by
lysosomal enzymes (Mizushima and Komatsu, 2011). It has been
suggested that impaired autophagy may contribute to the
development and progression of MAFLD, as it can lead to the
accumulation of lipid droplets, OS, and inflammation in hepatocytes
(Chen and Lin, 2022). Immune cells also play a crucial role in the
pathogenesis of MAFLD, as they are involved in the processes of
inflammation, fibrosis, and hepatic steatosis (Torre et al., 2021).
Studies have shown that there is a dynamic interplay between
autophagy and immune cells in the development and progression
of MAFLD (Wang et al., 2019a). For instance, autophagy can
modulate the activation and differentiation of immune cells, such
as macrophages and T cells, by regulating the release of pro-
inflammatory cytokines and chemokines (Germic et al., 2019).
Moreover, recent evidence suggests that autophagy can directly
regulate the function of immune cells in the liver, such as NK
cells and NKT cells, by modulating their cytotoxic activity and
cytokine production (Loucif et al., 2022). On the other hand,
immune cells can also regulate the autophagic activity in
hepatocytes, as they secrete cytokines and growth factors that can
either promote or inhibit autophagy (Gukovskaya et al., 2017).
Further studies are needed to fully understand this relationship
and to develop new therapeutic interventions forMAFLD that target
both autophagy and immune cells.

2.5 Oxidative stress

OS is a state in which there is an imbalance between the
production of ROS and the body’s ability to detoxify them (Delli
Bovi et al., 2021). It is a common feature in MAFLD due to the
accumulation of fat in the liver, leading to increased inflammation
and ROS production (Guo et al., 2021). The liver plays a crucial role
in the immune system as it is the site of immune cell recruitment and
activation (Corazza et al., 2009). MAFLD may lead to alterations in
immune cell function and impair the liver’s ability to respond to
infections and other insults (Corazza et al., 2009; Barchetta et al.,
2020). Immune cells, such as macrophages and T cells, are involved
in the development of MAFLD and can also contribute to OS
through the release of inflammatory cytokines and ROS (De
Jesus et al., 2020). There is evidence to suggest that OS can
modulate immune cell activity, whereby excessive ROS
production can cause immune dysfunction and impair the

immune response (Sun et al., 2020). Conversely, activation of
certain immune cells, such as NK cells, can help to control ROS
production and prevent liver damage (Papp et al., 2016). In the end,
OS, MAFLD, and immune cells are closely interlinked, with each
factor impacting the others. Strategies aimed at reducing OS, such as
using antioxidants, and targeting immune cell infiltration hold
promise for preventing or treating MAFLD.

2.6 Insulin resistance

Insulin resistance andMAFLD have a complex relationship with
immunocytes. Insulin resistance is known to be associated with
chronic low-grade inflammation, which can lead to the
accumulation of fat in the liver and contribute to the
development of MAFLD (Sakurai et al., 2021). Immunocytes,
such as macrophages, neutrophils, and T cells, are involved in
the inflammatory response and play a role in the pathogenesis of
MAFLD (Miyake et al., 2010). In MAFLD, there is an increased
infiltration of immunocytes, particularly macrophages, into the liver
(Kolakowski et al., 2022). These macrophages release pro-
inflammatory cytokines and chemokines that further promote
inflammation and insulin resistance (Olefsky and Glass, 2010). In
addition, T cells have also been shown to contribute to liver
inflammation in MAFLD by producing pro-inflammatory
cytokines (Peiseler et al., 2022). Recent studies have suggested
that there is also a bidirectional relationship between MAFLD
and immunocytes (Peiseler et al., 2022). For example, it has been
shown that immunocytes themselves can contribute to insulin
resistance and worsen MAFLD (El-Arabey and Abdalla, 2022).
Additionally, the gut microbiome, which can influence immune
function, has also been implicated in the development of both
insulin resistance and MAFLD (Liu et al., 2016). Ultimately, the
relationship between insulin resistance, MAFLD, and immunocytes
is complex and involves multiple pathways and mechanisms (Liu
et al., 2016). Further research is needed to better understand this
relationship and develop effective treatments for these conditions.

2.7 Bile acids metabolism

Bile acids are essential for the digestion and absorption of dietary
fats in the small intestine. They are also signaling molecules that
regulate several physiological processes, including glucose and lipid
metabolism, energy expenditure, and inflammation. In MAFLD, the
accumulation of fat in the liver triggers an inflammatory response,
characterized by the infiltration of immune cells, such as
macrophages and T cells (Zhang et al., 2021a). These cells release
pro-inflammatory cytokines, which exacerbate liver damage and
promote fibrosis (Brenner et al., 2013). Bile acids play a dual role in
this process (Chen et al., 2022b). On the one hand, they can act as
anti-inflammatory agents by binding to specific receptors, such as
FXR and TGR5, on immune cells and hepatocytes (Chiang and
Ferrell, 2020). Activation of these receptors inhibits the production
of pro-inflammatory cytokines and promotes the expression of anti-
inflammatory genes (Haggerty et al., 2023). On the other hand, bile
acids can also promote inflammation by disrupting the gut
microbiota and increasing the permeability of the intestinal
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barrier (Haggerty et al., 2023). This leads to the translocation of
bacterial products, such as lipopolysaccharides (LPS), into the
bloodstream, which triggers an immune response and promotes
liver inflammation (Carpino et al., 2020). To conclude, the balance
between pro- and anti-inflammatory effects of bile acids is critical
for the development and progression of MAFLD. Understanding
this delicate interplay between bile acids and immune cells may lead
to novel therapeutic approaches for this prevalent disease.

2.8 Intestinal microflora

There is a growing body of research suggesting that intestinal
microflora may play a role in the development and progression of
MAFLD. The intestinal microflora refers to the collection of
microorganisms that live within our gut, including bacteria,
viruses, fungi, and other microorganisms (Pluta et al., 2021).
The interaction between these microorganisms and the immune
cells in our gut is thought to play a key role in the development
and progression of MAFLD (Park et al., 2021). Studies have
suggested that changes in the composition of the intestinal
microflora can lead to an increase in the levels of pro-
inflammatory cytokines in the gut, which can lead to the
activation of immune cells and the development of MAFLD
(Park et al., 2021). For example, studies have shown that
certain types of immune cells, such as T-cells, can be activated
by the presence of certain types of bacteria in the gut, leading to
inflammation and damage to the liver (Im et al., 2012). The
intestinal microbiota plays an important role in modulating the
immune response by facilitating the development of regulatory
T cells, which can help to suppress inflammation and prevent
autoimmune diseases (Behary et al., 2021). All in all, while more
research is needed to fully understand the relationship between
intestinal microflora, immune cells, and MAFLD, there is
mounting evidence to suggest that the composition of the
intestinal microflora plays a key role in the development and
progression of this condition.

3 Immune system in MAFLD

The innate immune system is the first line of defense against
foreign substances (Gandhi and Vliagoftis, 2015). It includes
physical barriers such as skin and mucous membranes, as well as
cells such as phagocytes and NK cells that can recognize and
destroy pathogens (Parkin and Cohen, 2001). The adaptive
immune system is activated when the innate immune system
is unable to eliminate an invading pathogen (Geremia et al.,
2014). This system targets specific antigens and creates a
memory of the pathogen for future encounters. Humoral
immunity is mediated by B cells, which produce antibodies
that recognize and neutralize specific antigens (Cancro and
Tomayko, 2021). Cellular immunity is mediated by T cells,
which can directly kill infected cells or coordinate the
immune response by releasing cytokines that activate other
immune cells (Russo and Brogan, 2014). Immunoreactive
substances such as antibodies, complement proteins, and
leukocytes play a crucial role in the immune response (Mi

et al., 2018). Antibodies bind to specific antigens and can
neutralize or mark pathogens for destruction by phagocytes
(Fischman and Ofran, 2018). Complement proteins can also
mark pathogens for destruction and can activate other
components of the immune system (Stephan et al., 2012).
Leukocytes are involved in all aspects of the immune
response, from recognizing and eliminating pathogens to
coordinating the immune response (Abdallah et al., 2021).
Overall, the immune system is a complex network of organs,
cells, and molecules that work together to protect the body from
infection and maintain a healthy internal environment.

In the early stages of MAFLD, hepatic steatosis and
inflammation are primarily driven by innate immune cells
such as KCs/macrophages, neutrophils, and DCs (Lamadrid
et al., 2021). KCs/macrophages play a critical role in the
initiation and progression of MAFLD by releasing pro-
inflammatory cytokines and chemokines, promoting OS, and
inducing hepatocyte apoptosis (Remmerie et al., 2020).
Neutrophils are also involved in the early stages of MAFLD by
producing ROS, which contribute to OS and inflammation
(Aguilar et al., 2023). DCs are antigen-presenting cells that
present antigens to T cells and play a crucial role in
regulating T cell-mediated immune responses (Lv et al., 2020).
In MAFLD, DCs promote the differentiation of pro-
inflammatory Th1 and Th17 cells, contributing to the
development of liver inflammation and fibrosis (Ye et al.,
2020). In the later stages of MAFLD, adaptive immune cells
such as T cells and B cells become more prevalent and contribute
to the progression of liver injury (Hu et al., 2020). CD4+ T cells,
particularly Th1 and Th17 cells, play a critical role in the
pathogenesis of MAFLD by producing pro-inflammatory
cytokines such as interferon-gamma (IFN-γ) and IL-17,
respectively (Zhou et al., 2022). CD8+ T cells also contribute
to liver injury in MAFLD by inducing hepatocyte apoptosis and
producing cytotoxic molecules such as perforin and granzyme B
(Wang et al., 2019b). B cells, which produce antibodies against
specific antigens, are also involved in MAFLD (Barrow et al.,
2021). Recent studies have shown that B cells can contribute to
the development of liver fibrosis by producing pro-inflammatory
cytokines and activating hepatic stellate cells (HCSs) (Gaul et al.,
2021). Besides, NK cells, NKT cells and mast cells are also
involved in MAFLD, with NKT cells playing a pathogenic role
by promoting inflammation and fibrosis (Kennedy et al., 2021;
Yang et al., 2021; Olveira et al., 2023).

In conclusion, immune cells play a crucial role in the
development and progression of MAFLD. The dysregulation of
innate and adaptive immune responses contributes to the
pathogenesis of MAFLD and its complications. Understanding
the mechanisms of immune cell involvement in MAFLD may
lead to the development of new therapeutic strategies for this
disease.

3.1 Macrophages

The relationship between macrophages and MAFLD is
complex and multifaceted. Macrophages are immune cells that
play a critical role in the development and progression of MAFLD,
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which is characterized by the accumulation of fat in the liver,
inflammation, and damage to liver cells (Remmerie et al., 2020).
Macrophages infiltrate the liver in response to various stimuli,
including excess fat, alcohol consumption, and viral infection
(Skuratovskaia et al., 2020). They are involved in both the
initiation and progression of MAFLD, promoting inflammation,
fibrosis, and insulin resistance (Thibaut et al., 2022). In the early
stages of MAFLD, macrophages secrete pro-inflammatory
cytokines such as TNF-α and IL-6, which contribute to liver
injury and promote the development of insulin resistance
(Zhang et al., 2019). As the disease progresses, macrophages
also contribute to the development of fibrosis by secreting
profibrogenic factors such as transforming growth factor-beta
(TGF-β)1 (Deng et al., 2022). Recent research has also
highlighted the role of macrophage polarization in the
pathogenesis of MAFLD (Kolakowski et al., 2022). In particular,
a shift towards a pro-inflammatory M1 phenotype has been shown
to be associated with the development of MAFLD and its
progression to MASH, while a shift towards an anti-
inflammatory M2 phenotype may have a protective effect (Xu
et al., 2020).

In short, the relationship between macrophages and MAFLD is
complex and dynamic, with macrophages playing a key role in both
the development and progression of the disease (Figure 2).
Understanding the interaction between macrophages and
MAFLD is key to developing effective treatments for this
condition. Some potential strategies include targeting
inflammatory pathways or modulating the activity of
macrophages in the liver.

3.2 Neutrophils

There is emerging evidence to suggest a relationship between
neutrophils and MAFLD (Figure 3). During the early stages of
MAFLD, neutrophils are one of the first immune cells to migrate
towards the liver and become activated (Bourgonje et al., 2022).
Once activated, neutrophils release ROS as part of their
antimicrobial defense mechanisms (Ferreyra Solari et al.,
2012). However, excessive production of ROS can lead to OS
and tissue damage, contributing to the development of
inflammation and liver fibrosis (Farzanegi et al., 2019).
Furthermore, neutrophils also release cytokines and
chemokines that attract other immune cells such as monocytes
and macrophages, leading to a sustained inflammatory response
in the liver (Mridha et al., 2017). This chronic inflammation can
further exacerbate OS and tissue damage, ultimately leading to
the progression of MAFLD to more severe stages such as MASH
and cirrhosis (Luci et al., 2020). Additionally, recent research has
suggested that neutrophil extracellular traps (NETs), a structure
composed of DNA, histones, and antimicrobial peptides released
by neutrophils, may also play a role in MAFLD (Wang et al.,
2021a). NETs can activate innate immune cells such as
macrophages, DCs, and NK cells, leading to the release of pro-
inflammatory cytokines and chemokines, including IL-1β, TNF-
α, IL-6, and CXCL8/IL-8 (Papayannopoulos, 2018). These
mediators can further recruit and activate immune cells,
exacerbating inflammation and tissue damage, contributing to
the development and progression of MAFLD (Wang et al.,
2021a).

FIGURE 2
Macrophages in MAFLD.
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FIGURE 3
Neutrophils in MAFLD.

FIGURE 4
T cells in MAFLD.
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Therefore, targeting neutrophils may be a potential therapeutic
strategy in the early stages of MAFLD. For instance, drugs that
inhibit neutrophil recruitment, activation, or NETosis could be
developed to reduce inflammation and liver damage associated
with MAFLD.

3.3 T cells

T cells play a critical role in the development and progression
of MAFLD (Figure 4). Studies have shown that T cells can
contribute to the pathogenesis of MAFLD through various
mechanisms, including inflammation, OS, and fibrosis (Wang
et al., 2022a). In particular, studies have identified CD4+ T cells,
also known as T helper cells, as playing a significant role in
MAFLD (Ma et al., 2016). These cells can secrete pro-
inflammatory cytokines, such as IL-2, IL-17, IFN-γ and TNF-
α, which can contribute to liver damage and fibrosis. CD8+ T cells
are involved in the killing of infected hepatocytes, but their
activity can also lead to further liver damage and
inflammation, wich secrete several pro-inflammatory
cytokines, including IL-2, IL-6, IL-17, IFN-γ, and TNF-α
(Plochg et al., 2022). Additionally, Tregs have been shown to
play a protective role in MAFLD by suppressing inflammation
and promoting liver regeneration (Wang et al., 2020).

In summary, the relationship between T cells and MAFLD is
complex and multifactorial, and more research is needed to fully
understand the underlying mechanisms and potential therapeutic
targets for this disease.

3.4 B cells

As the disease progresses, chronic inflammation and OS in the
liver cause damage to hepatocytes, which leads to the release of
damage-associated molecular patterns (DAMPs) and microbial
products into the liver microenvironment (Huang et al., 2015).
These molecules activate immune cells such as B cells and T cells
and promote the release of pro-inflammatory cytokines (Segura-
Cerda et al., 2020). B cells are a type of adaptive immune cell that
produce antibodies to recognize and neutralize invading pathogens
(Wang et al., 2022b). In MAFLD, B cells are activated by DAMPs
and produce autoantibodies against self-antigens in the liver (Faas
and de Vos, 2020). These autoantibodies can further damage liver
cells and activate other immune cells to exacerbate inflammation. In
addition, B cells can also differentiate into plasma cells, which
secrete large amounts of pro-inflammatory cytokines (such as IL-
6 and TNF-α) and exacerbate the immune response (Rosser and
Mauri, 2015). Recent studies have shown that B cells also play a role
in regulating lipid metabolism in the liver (Postic et al., 2004). B cells
have the ability to uptake and metabolize lipids, and their activation
can lead to alterations in lipid metabolism that exacerbate steatosis
and liver injury (Zhang et al., 2022).

In brief, the increased presence and activation of B cells in later
stages of MAFLD contribute to the progression of liver injury by
promoting inflammation, damaging liver cells, and altering lipid
metabolism. Targeting B cells may be a promising therapeutic
strategy to treat advanced MAFLD.

3.5 Natural killer (NK) cells

NK cells are innate immune cells that play a role in the early
response to viral infections and tumors. They have also been
implicated in the development of liver diseases, including
MAFLD (Figure 5) (Mendez-Sanchez et al., 2021). NK cells can
recognize and kill damaged or infected liver cells, but in MAFLD,
their activity may be disrupted, leading to liver injury and
inflammation (Abel et al., 2018). For example, NK cells can
produce pro-inflammatory cytokines (e.g., IFN-γ, TNF-α, IL-1,
IL-6, and IL-12), which can exacerbate hepatic inflammation and
promote insulin resistance (Abel et al., 2018). Additionally, NK cells
may contribute to the development of liver fibrosis by producing
TGF-β and activating HSCs (Fisicaro et al., 2020). Interestingly,
recent research has also suggested that NK cells may have a
protective role in MAFLD. Studies have shown that increased
numbers of NK cells in the liver can lead to improved insulin
sensitivity and decreased hepatic steatosis (Wu et al., 2020).
Moreover, NK cells may help to clear damaged or infected
hepatocytes, and prevent the progression of MAFLD to more
severe liver diseases such as cirrhosis and HCC (Sutti and
Albano, 2020).

To sum up, while the precise role of NK cells in MAFLD is not
yet fully understood, it is clear that they play a crucial role in the
development and progression of this disease. Further research is
needed to elucidate the complex interplay between NK cells and
other immune cells in the liver and to identify potential therapeutic
targets for MAFLD.

3.6 Dendritic cells

DCs are a type of immune cell that play a crucial role in the
regulation of hepatic inflammation and fibrosis, which are key
components of the pathogenesis of MAFLD (Figure 6). There is
evidence to suggest that DCs can contribute to the progression of
MAFLD by promoting inflammation and fibrosis in the liver, as well
as by impairing insulin signaling (Ferreyra Solari et al., 2012). In
particular, it has been shown that DCs accumulate in the liver of
patients with MAFLD and produce pro-inflammatory cytokines
(such as IL-1, TNF-α, IL-12, and IL-18) that drive the recruitment
and activation of other immune cells, such as macrophages, T cells,
and neutrophils (Heier et al., 2017; Yang et al., 2021). Moreover,
DCs also contribute to the activation and differentiation of
regulatory T (Treg) cells, which play a critical role in suppressing
immune responses and maintaining immune tolerance (Wang et al.,
2023). Dysregulation of DC function in MAFLD may hinder the
induction of Treg cells and promote inflammation and fibrosis. In
addition to their antigen-presenting capacity, DCs also produce
cytokines and chemokines that influence the recruitment and
activation of other immune cells (Chen and Tian, 2020). For
example, DC-derived IL-12 and IL-18 promote Th1 and NK cell
responses, while DC-derived IL-23 promotes Th17 and γδ T cell
responses (Zwirner and Ziblat, 2017). Additionally, DCs can
stimulate the differentiation of fibroblasts into myofibroblasts,
which are responsible for the excessive deposition of extracellular
matrix in the liver, leading to fibrosis (Lakshman et al., 2015). On the
other hand, there is also evidence to suggest that DCs can play a
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protective role in MAFLD by promoting the clearance of lipids from
the liver and modulating the immune response to reduce
inflammation and fibrosis (Chen and Tian, 2020).

Overall, the relationship between DCs and MAFLD is complex
and context-dependent, and DCs represent a promising therapeutic
target for the management of this disease. Strategies aimed at

FIGURE 5
Natural killer cells in MAFLD.

FIGURE 6
Dendritic cells in MAFLD.
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modulating DC function, such as using DC-based vaccines or
targeting DC-produced cytokines, may help to restore immune
homeostasis and alleviate liver inflammation and fibrosis in
MAFLD.

3.7 Natural killer T (NKT) cells

NKT cells are a subset of T cells that have unique characteristics and
play a crucial role in immune surveillance and defense against
infections. However, they can also contribute to the development of
autoimmune and inflammatory diseases. In MAFLD, NKT cells have
been shown to accumulate in the liver and promote inflammation and
fibrosis by secreting cytokines and activating other immune cells (Van
Herck et al., 2019). Studies have demonstrated that NKT cells are
activated in response to lipid accumulation in the liver and contribute to
the progression of MAFLD (Gebru et al., 2021). These cells can also
recognize and respond to lipid antigens presented by specialized
immune cells called antigen-presenting cells. NKT cells can produce
pro-inflammatory cytokines like IFN-γ, TNF-α and IL-2, which further
activate immune cells and initiate a cascade of events leading to liver
damage (Li et al., 2010). Moreover, NKT cells have been implicated in
the development of hepatic fibrosis, a significant complication of
MAFLD (Chen and Tian, 2020). In animal models of MAFLD,
blocking NKT cell activation has been shown to reduce liver
inflammation and fibrosis (Chen and Tian, 2020).

Broadly speaking, NKT cells are important players in the
pathogenesis of MAFLD, contributing to liver inflammation and
fibrosis. Further research is needed to understand the precise
mechanisms of NKT cell activation in MAFLD and to identify
novel therapeutic targets.

3.8 Mast cells

Mast cells and MAFLD have a complex relationship. Mast cells
are immune cells that play a significant role in allergic reactions and
inflammatory responses, while MAFLD is a metabolic disorder
characterized by the accumulation of fat in the liver, which can
lead to inflammation, fibrosis, and eventually cirrhosis (Kennedy
et al., 2021). Studies have shown that mast cells can contribute to the
development and progression of MAFLD. Mast cells release pro-
inflammatory cytokines and histamine, which can promote the
recruitment of immune cells and cause liver damage (Kennedy
et al., 2021). Furthermore, mast cells can stimulate HSCs, which
are responsible for producing excess collagen and contributing to
liver fibrosis (Kyritsi et al., 2021). On the other hand, some research
suggests that mast cells may also play a protective role in MAFLD
(Takai and Jin, 2020). Mast cells have been shown to reduce
inflammation in certain contexts, and may help clear damaged
liver cells (Meadows et al., 2021). Additionally, mast cell
activation has been associated with increased adipose tissue
browning and improved glucose metabolism in animal models of
obesity and diabetes, which are risk factors for MAFLD (Lama et al.,
2022).

In general, the relationship between mast cells and MAFLD is
complex and may depend on various factors, including the stage and
severity of the disease. Further research is needed to fully understand

the mechanisms involved and potential therapeutic targets for
MAFLD.

4 Traditional Chinese medicine in
MAFLD

TCM prescriptions, natural products and herb components,
which are primarily sourced from plants, microorganisms, and
animals, along with their secondary metabolites, have been found
to be valuable in the treatment of various human diseases, owing to
their accessibility, applicability, and ability to reduce cytotoxicity. A
growing body of evidence supports the use of TCM prescriptions,
natural products and herb components as effective approaches for
treating MAFLD. They can inhibit the secretion and recruitment of
inflammatory factors and cells, regulate liver inflammation and
tissue repair, reverse fatty degeneration in MASH, reduce
hepatocyte apoptosis and liver fibrosis, and delay the progression
of MAFLD (Ma et al., 2021). Recent advances have been made in the
development of TCM prescriptions, natural products and herb
components for the treatment of MAFLD, with a focus on
immune cells such as macrophages, neutrophils, T cells, NK cells,
and DCs (as shown in Figure 7). These findings pave the way for the
discovery and development of new anti-MAFLD drugs using TCM
prescriptions, natural products and herb components.

4.1 Target macrophages

TCMprescriptions, natural products and herb components have
been shown to impact various aspects of MAFLD pathology,
including the secretion and recruitment of macrophages,
polarization of M1 to M2 cells, and inhibition of
NLRP3 inflammasome activation (Zhang et al., 2020b; Zhou
et al., 2021). They can also improve insulin resistance, liver lipid
metabolism, and reduce hepatocyte apoptosis, leading to improved
liver health and reduced fibrosis (Jeon et al., 2022; Liu et al., 2022).
There has been a growing body of research reporting on the effects
and mechanisms of TCM prescriptions, natural products and herb
components for the treatment of MAFLD, as highlighted in Table 1.

For example, a triterpene glycoside called glycyrrhizin (GL),
which is commonly used as a food sweetener or active
pharmaceutical ingredient, possesses a range of medicinal
properties such as anti-ulcer, anti-spasm, anti-inflammatory, anti-
oxidative, anti-viral, anti-microbial, anti-cancer, and anti-androgen
properties (Eisenbrand, 2006). Research suggests that GL has
potential as a therapeutic agent for MAFLD due to its ability to
inhibit NLRP3 inflammasome activation and adipose tissue
inflammation, as well as improve insulin sensitivity and reduce
liver inflammation and fibrosis in animal models (Chen et al., 2018;
Yan et al., 2018; Li et al., 2021a). Therefore, GL could be a promising
natural treatment option for MAFLD. Similarly, hypericin, also
known as quercetin 3-o-β-d-galactoside, is a bioactive flavonoid
glycoside that can be found in Epilobium, Hypericum, and
Hypericum (Wu et al., 2023). Numerous studies have
demonstrated the wide range of pharmacological activities
associated with hypericin, indicating its potential use as a
pharmaceutical ingredient (Jiang et al., 2013). Such activities
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include its antioxidative, hypoglycemic, anti-inflammatory, and
anticancer effects. Recent research has shown that hyprepin,
which contains hypericin, has the ability to significantly improve
hepatic steatosis, insulin resistance, and inflammatory response in
liver tissue from C57BL/6 mice treated with hyprepin (Sun et al.,
2021). It also modulated macrophage polarization, which was found
to be dependent on the nuclear receptor subfamily 4 group a
member 1 (NR4A1) (Sun et al., 2021). This highlights the
therapeutic potential of hypericin in regulating macrophages and
preventing the pathological progression of MAFLD (Sun et al.,
2021). There is evidence to suggest that the cannabinoid Abn-
CBD can have beneficial effects on the liver by impairing
macrophage infiltration, reducing apoptosis, and eliminating liver
inflammation and fibrosis (Romero-Zerbo et al., 2020). Some studies
have shown that Abn-CBD can reduce the levels of pro-
inflammatory cytokines and chemokines, which are responsible
for attracting immune cells to the liver and promoting
inflammation (Romero-Zerbo et al., 2020). Additionally, Abn-
CBD has been shown to activate the CB2 receptor, which is
expressed on immune cells such as macrophages, leading to a
suppression of their activity and infiltration into the liver
(Romero-Zerbo et al., 2020). This can result in a reduction in
liver inflammation and fibrosis (Romero-Zerbo et al., 2020). The
ability of Abn-CBD to reduce apoptosis, or programmed cell death,
in liver cells may also contribute to its therapeutic potential for
MAFLD (Romero-Zerbo et al., 2020). However, further research is
needed to fully understand the mechanisms underlying the effects of

Abn-CBD onMAFLD and to determine its potential as a therapeutic
agent.

By and large, the research suggests that TCM prescriptions,
natural products, and herb components have the potential to be
effective treatments for MAFLD through their modulation of
macrophage activity and inflammation. However, more studies
are needed to identify the optimal composition, concentration,
and dosage of these treatments, as well as to better understand
their mechanisms of action.

4.2 Target neutrophils

TCM prescriptions, natural products, and herb
components have been found to play a significant role in
the anti-MAFLD process by regulating the activation,
infiltration, and metabolism of neutrophils. This helps in
controlling liver inflammation, hepatocyte apoptosis, liver
injury, and the degree of liver lipid accumulation, as
highlighted in Table 2.

Berberine (BBR), an isoquinoline-like quaternary alkaloid
extracted mainly from Coptis chinensis Franch, has been found
to have beneficial effects on various metabolic diseases, including
T2DM, obesity, MAFLD, hyperlipidemia, and gout, based on animal
studies (Imenshahidi and Hosseinzadeh, 2016; Xu et al., 2021). BBR
has shown promising results in improving hepatic steatosis and
reducing serum LDL cholesterol levels (Hu et al., 2022).

FIGURE 7
The mechanism of traditional Chinese medicine prescriptions, natural products and herb components in the treatment of MAFLD by targeting
immune cells, mainly including macrophages, neutrophils, T cells, NK cells, and DCs.
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TABLE 1 Traditional Chinese medicine prescriptions, natural products and herb components target macrophages to treat MAFLD.

Herb
components

Experiment object Diet Intervention
mode

Mechanism References

Glycyrrhizin 6-8-week-old male C57BL/
6 mice

MCD; MCS I.p. 2 weeks Inhibit NLRP3 inflammatory bodies induced
by various DAMPs or pathogen-related
molecular patterns in macrophages.

Yan et al. (2018)

Hyperoside C57BL/6 mice HFD I.p. 8 weeks Upregulate NR4A1, promote pro-
inflammatory M1 macrophages into anti-
inflammatory M2 macrophages, and
reduced MAFLD.

Sun et al. (2021)

Cannabinoid Abn-CBD 10-week-old C57Bl/6J mice HFD I.p. 2 weeks Impair macrophage infiltration, reduce
apoptosis, and eliminate liver inflammation
and fibrosis.

Romero-Zerbo
et al. (2020)

Curcumin Male C57BL/6 mice,
RAW264.7 cell

MCD Gavage 8 weeks Inhibit M1 macrophages. and secretion of
inflammatory.

Tong et al. (2021)

Gallic acid HepG2, murine hepatoma cell
line Hepa, and murine
macrophage cell line RAW 264

PA Gavage 24 h Downregulate MAPK/NF-κB. Tanaka et al.
(2020)

Epigallocatechin-3-
gallate (EGCG)

8-week-old male C57BL/6J
mice

HFD plus
fructose

Oral gavage 8 weeks Promote M1 to M2, reduce the secretion of
inflammatory mediators, reduce liver.

Du et al. (2021)

Cordycepin (CRD) 8–10-week-old male C57BL/6J
mice

HFD Gavage 8 weeks Reduce inflammatory factors. Gong et al. (2021)

Rhodiola 8-week-old male C57BL/6J
mice, HepG2 cell

HFD Gavage 16 weeks Activate macrophage migration inhibitor
and relieve MAFLD.

Liu et al. (2022)

Glucoraphanin Male C57BL/6JSlc mice HFD Feed 14 weeks Macrophage accumulation and M2 polarity
of liver and fat macrophages, and improve
liver steatosis and insulin resistance.

Nagata et al.
(2017)

Honokiol 7-8-week-old male C57BL/6J
mice

CL; HFD Feed 12 weeks Polarize macrophages into M2 phenotype
and improve MASH.

Zhong and Liu
(2018)

Glycyrrhetinic acid 8-week-old male C57BL/6 mice HFD plus
fructose

Intragastric
administration

2 weeks

Regulate the activation of macrophages,
improve the damaged autophagy flux, reduce
the excessive production of inflammatory
cytokines, and improve the excessive
apoptosis of hepatocytes, thus playing a
therapeutic role in MAFLD.

Fan et al. (2022)

Vitexin Male C57BL/6 mice HFD Feed 5 weeks Significantly reduce the infiltration of
hepatic macrophages, significantly
downregulated the mRNA and protein
expression of hepatic SREBP-1c, FAS and
ACC, inhibit the signal transduction of
TLR4/NF-κB, reduce fatty acid synthesis
protein, and improved MAFLD.

Li et al. (2020)

Resveratrol Male C57BL/6 mice, 293T cell MCD Intragastric
administration

4 weeks

Prevent liver cell damage induced by
inflammatory cytokines released by foam
macrophages, and inhibit the development
of MASH.

Che et al. (2020)

Andrographolide
(ANDRO)

10-week-old male C57 BL/
6 mice

CDAA I.p. 22 weeks Significantly reduce the infiltration of liver
macrophages and promote the mRNA level
of liver pro-inflammatory and pro-fibrosis
genes.

Cabrera et al.
(2017)

Rapeseed protein
hydrolysates

Male C57BL/6J mice HFD I.p. 6 weeks Inhibit macrophages infiltration induce liver
pro-inflammatory and fibrosis genes
expression.

Zhao et al. (2019)

Sugar kelp 7-week-old male C57BL/6J
mice

HFD; high-
sucrose; high-
cholesterol diet

Feed 14 weeks Reduce the expression of macrophage
marker adhesion G protein-coupled receptor
E1 (ADGRE1) and M1 macrophage marker
integrin α x (ITGAX), alleviate the
inflammatory reaction and improve the liver
steatosis.

Kim et al. (2021)

(Continued on following page)
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TABLE 1 (Continued) Traditional Chinese medicine prescriptions, natural products and herb components target macrophages to treat MAFLD.

Herb
components

Experiment object Diet Intervention
mode

Mechanism References

Tetrahydrocurcumin
(THC)

4-week-old male C57BL/6J
mice

HFD Oral gavage 10 weeks Reduce macrophage recruitment, liver
inflammation and cytokines in adipose
tissue, and improve insulin resistance and
liver steatosis.

Pan et al. (2018)

Geniposide and
chlorogenic acid (GC)

6-week-old male C57BL/6 mice HFD Feed 5 weeks Inhibit macrophage activation to improve
inflammation and achieve the purpose of
treating MASH’s steatosis.

Xin et al. (2021)

Lycopene 7-week-old male C57BL/6J
mice

CL plus HFD Feed 12 weeks Regulate LPS-/IFN-γ/TNFα in peritoneal
macrophages also the expression of fiber
gene, and reverse inflammation and fibrosis
induced by lipid toxicity in MASH mice.

Ni et al. (2020)

β-cryptoxanthin 8-week-old C57BL/6J mice CL plus HFD Feed 2 weeks Downregulate M1-labeled mRNA induced
by lipopolysaccharide in peritoneal
macrophages, promote the expression of
M2-labeled mRNA induced by IL-4, and
alleviate insulin resistance and
steatohepatitis.

Ni et al. (2015a)

An organic extraction
from lemon balm

HUVECs、10-week-old
C57BL/6J mice

HFD Feed 15 weeks Inhibit the expression of inflammatory
marker genes such as TNF-α, CD68 and
MCP-1, reduce macrophages and inhibit the
secretion of inflammatory cytokines.

(Kim et al.,
2017a)

Astaxanthin (ASTX) 8-week-old male C57BL/6J
mice

HFD Feed 18 weeks Reduce the infiltration of macrophages and
the expression of M1 macrophage markers,
and inhibit the inflammation and fibrosis in
the liver and adipose tissue of obese mice.

Kim et al. (2017b)

Naringenin 2-month-old male wistar rat HCD Oral gavage 3 months Decrease the expression of mucin-like
hormone receptor-like 1 (specific gene of
macrophage F4/80), regulate the level of
necrotizing inflammation, promote the
degradation of extracellular matrix, and
prevent MASH and fatty fibrosis induced by
cholesterol in rats.

Chtourou et al.
(2015)

An extract of O ficus-
indica seed

Male C57BL/6 mice HFD Oral gavage 4 weeks Regulate liver macrophage polarization and
adipogenesis to improve liver steatosis and
inflammation, so as to combat experimental
MAFLD.

Kang et al. (2016)

Inulin (INU) 4-week-old male C57BL/6 mice HFD Oral gavage 14 weeks Suppress liver macrophages to alleviate the
inflammatory reaction of the liver and
prevent MAFLD.

Bao et al. (2020)

Baicalin (BA) 6-week-old male C57BL/6J
mice

MCD Oral gavage 4 weeks Alleviate liver inflammation, which is related
to the inhibition of macrophage influx and
NF-κB activation.

Zhang et al.
(2018)

Yinzhihuang (YZH) 8-week-old male C57BL/6J
mice

HFD Oral gavage 16 weeks Reduce the infiltration of macrophages,
especially the infiltration of pro-
inflammatory M1, and inhibite the pathways
of TLR4, Myeloid differentiation primary
response gene 88 (MyD88) to prevent
MASH.

Li et al. (2022)

Emodin 6-week-old female LDLR/mice HFD I.p. 4 weeks Reduce the infiltration of macrophages and
granulocytes in the liver, inhibit systemic
and local inflammatory reactions in the liver,
and inhibit the transition from simple
steatosis to MASH.

Jia et al. (2014)

Myricetin 6-week-old male C57BL/6J
mice, RAW264.7 cell

CDAHFD Oral gavage 8 weeks Regulate the polarization of macrophages,
thus alleviating MASH and liver fibrosis.

Yao et al. (2020)

Boccoliwater 6-week-old male C57BL/6J
mice

MCD; MCS Gavage 8 weeks Regulate the M1/M2 polarization of
macrophages, inhibit the inflammation of
MAFLD, and delay the occurrence and
development of MAFLD.

Huang et al.
(2022)

(Continued on following page)
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Additionally, it has been observed that BBR can alleviate liver
fibrosis by reducing the infiltration of immune cells, inhibiting
neutrophil activation and the expression of inflammatory genes,
and regulating the expression of multiple genes that are involved in
HSCs activation and bile duct cell proliferation (Wang et al., 2021b).
As such, BBR holds great potential as a therapeutic agent for
MAFLD (Wang et al., 2021b). Resveratrol and quercetin are two
natural compounds that have been shown to exert beneficial effects

on various aspects of health (Tian and Liu, 2020). One of their
potential mechanisms of action is down-regulating neutrophil
elastase, an enzyme involved in the breakdown of the
extracellular matrix in tissues (Cano-Martinez et al., 2021).
Neutrophil elastase is released by neutrophils, a type of white
blood cell, in response to inflammation and tissue damage
(Cano-Martinez et al., 2021). While it plays an important role in
fighting infections, excessive production of neutrophil elastase can

TABLE 1 (Continued) Traditional Chinese medicine prescriptions, natural products and herb components target macrophages to treat MAFLD.

Herb
components

Experiment object Diet Intervention
mode

Mechanism References

Curcumin 4-week-old male C57BL/6J
mice

HFD Feed 24 weeks Inhibit the accumulation of macrophages in
liver and improve MAFLD.

Inzaugarat et al.
(2017)

Limonin Zebrafish Fertilized
embryos

Exposure 72 h Inhibit the infiltration of macrophages,
downregulate the relative expression levels of
pro-inflammatory factors IL-6, IL-1β and
TNF-α secreted by macrophages, upregulate
the NRF2/HO-1 signal pathway in the liver
to reverse the reduction of glutathione and
the accumulation of ROS, and exert its
resistance to lipid deposition, antioxidant
and anti-inflammatory effects to protect
MAFLD.

Li et al. (2021b)

RFAs C57BL/6 mice, mouse primary
hepatocyte

MCD Gavage 3 weeks Inhibit NLRP3 inflammatory bodies and
liver Kuffer cells to improve MAFLD.

Wu et al. (2022b)

YCHD C57BL/6 mice, mouse primary
hepatocytes, Kuffer cell

MCD Gavage 9 weeks Inhibit NLRP3 inflammatory bodies and
liver Kuffer cells to improve MAFLD.

Wu et al. (2022b)

Apigenin (API) 4–6 week-old male C57BL/6 J HFD Gavage 4 weeks Regulate the recruitment of macrophages,
inhibit inflammation, regulate liver lipid
metabolism, and inhibit liver steatosis.

Lv et al. (2019)

Abbreviations: i. p, intraperitoneal injection;MCD,Methionine- and choline-deficient diet; MCS, the methionine- and choline-sufficient diet; CDAA, Choline-deficient amino acid-defined diet;

PA, palmitic acid; CDAHFD, Choline-deficient, L-amino acid-defined, high-fat diet.

TABLE 2 Herb components and natural products target neutrophils to treat MAFLD.

Herb
components

Experiment
object

Diet Intervention
mode

Mechanism References

Berberine (BBR) 8–12-weeks-old male
and female mice

HFD plus high-
fructose diet

Oral gavage 9 weeks Reduce immune cells infiltration, inhibit neutrophils
activation, as well as decreasing inflammatory genes
expression to significantly inhibit inflammation and
improve MAFLD.

Wang et al. (2021b)

Resveratrol;
quercetin

25-days-old male
Wistar rat

30% sugar Feed 4 weeks Downregulate neutrophils elastase; reduce hepatocyte
apoptosis and hepatic fibrosis.

Cano-Martinez
et al. (2021)

Tanshinone IIA
(TIIA)

7-week-old female
C57BL/6 mice

MCD I.p. 6 weeks Inhibit the formation of myeloperoxidase (MPO) and
citrullinated histone H3 (CITH3) in NETs, and inhibit
the apoptosis of hepatocytes mediated by caspase-3 and
bax, thus alleviating the liver inflammatory response.

Xu et al. (2022)

Baicalin 6–8-week-old male
C57BL/6J mice

MCD I.p. 4 weeks Reduce the infiltration of neutrophils and macrophages,
reduce liver inflammation, reduce hepatocyte apoptosis
and liver injury, reduce liver lipid accumulation, reduce
liver fibrosis and improve MAFLD.

Liu et al. (2020)

Hazelnut oil 5-week-old male
hamster

HC Feed Reduce neutrophils infiltration in MASH, reduce
glycogen accumulation in liver, and inhibit liver
inflammation and fibrosis.

Lu et al. (2019)

Quercetin Sprague-Dawley rat HFD Feed 8 weeks Reduce neutrophils infiltration and lymphocytes
infiltration, inhibit liver inflammation and steatosis, and
delay the progress of MAFLD.

Zhou et al. (2013)
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lead to tissue destruction, especially in chronic inflammatory
conditions (Cano-Martinez et al., 2021). Resveratrol and
quercetin have been found to inhibit neutrophil elastase activity,
which may help prevent tissue damage and reduce inflammation in
various organs, including the liver (Cano-Martinez et al., 2021). In
fact, studies have shown that these compounds can reduce
hepatocyte apoptosis (cell death) and hepatic fibrosis (excessive
scar tissue formation) in animal models of MAFLD (Cano-Martinez
et al., 2021). In addition, tanshinone IIA (TIIA) is a natural
compound found in the roots of Salvia miltiorrhiza, a traditional
Chinese herb (Subedi and Gaire, 2021). Research has shown that
TIIA has anti-inflammatory and anti-oxidative effects, making it a
potential therapeutic agent for inflammatory liver diseases (Xuan
et al., 2017). Neutrophil extracellular traps (NETs) are web-like
structures composed of DNA, histones, and granule proteins that are
released by neutrophils during inflammation (Yang et al., 2020).
MPO and CITH3 are two components of NETs that contribute to
the pro-inflammatory response (Saisorn et al., 2021). TIIA has been
shown to inhibit the formation of MPO and CITH3 in NETs,
thereby reducing the inflammatory response in the liver (Xu
et al., 2022). Caspase-3 and bax are two proteins involved in the
apoptotic pathway in cells (Xu et al., 2022). Inflammatory liver
diseases often lead to hepatocyte apoptosis (Xu et al., 2022). TIIA has
been shown to inhibit caspase-3 and bax-mediated apoptosis of
hepatocytes, thereby preventing liver damage and inflammation (Xu
et al., 2022). Overall, TIIA’s ability to inhibit NET formation and
hepatocyte apoptosis make it a promising therapeutic agent for
MAFLD (Xu et al., 2022).

Generally, these herb components and natural products
have shown promising effects in the treatment of MAFLD by
regulating neutrophils involved in its pathogenesis. However,
further studies are needed to confirm their efficacy and
safety in humans before they can be recommended for
clinical use.

4.3 Target T lymphocytes

Popular herb components and TCM prescriptions, including
astaxanthin, β-cryptoxanthin, theaphenon E (TE), curcumin, rhein,
and qushi huayu decoction, have shown promise for the prevention
and treatment of MAFLD/MASH. Through cellular or animal
experiments, these natural substances have been observed to
target T cells and effectively treat MAFLD (Table 3).

For example, astaxanthin, a ketocarotenoid with the chemical
name 3, 3′-dihydroxy-4, 4′-diketonyl-β, β′-carotene, can directly
enter cells and quench ROS and free radicals, allowing it to function
as a natural antioxidant, which is 500 times more active than vitamin
E (Ambati et al., 2014). Astaxanthin is known to show a wide range
of beneficial effects, involving anti-inflammatory and antitumor
activities (Jia et al., 2016; Kim et al., 2017b). Astaxanthin reduces
the recruitment of CD4+ and CD8+ T cells in the liver, reverses
insulin resistance, and liver inflammation and fibrosis, and has been
shown more effective than vitamin E in the prevention and
treatment of MASH (Ni et al., 2015b). Therefore, astaxanthin is
particularly promising as a drug for MASH in resource-limited
settings, such as underdeveloped countries. In addition, β-
cryptoxanthin (other names: β, β-carotene-3-ol), a precursor
carotenoid, is widely found in paprika, pumpkin, persimmon,
orange, papaya, and peach (Ni et al., 2016). Several potential
medicinal values of β-cryptoxanthin have been revealed, such as
anti-MAFLD, antioxidant, cancer prevention, and anti-metabolic
syndrome (Burri, 2015; Hirata et al., 2019). Application of β-
cryptoxanthin helps to inhibit the recruitment of CD4+ and
CD8+ T cells in the liver, attenuate insulin resistance and
excessive lipid accumulation and peroxidation in the liver, and
ultimately prevent or reverse inflammation and fibrosis in MASH
(Ni et al., 2015a). Several other natural compounds with regulating
T cells and anti-inflammatory properties have been studied for their
potential use in MAFLD, including theaphenon E (TE) (Coia et al.,

TABLE 3 Traditional Chinese medicine prescriptions, natural products and herb components target T cells to treat MAFLD.

Herb
components

Experiment object Diet Intervention
mode

Mechanism References

Astaxanthin 7-week-oldmale C57BL/6J mice,
5-week-old male ob/ob mice

HFD Feed 10 weeks Inhibit the CD4+ and CD8+ T cells recruitment in liver,
promote M2 macrophages, reduce liver inflammation,
fibrosis, and prevent MASH.

Ni et al. (2015b)

β-cryptoxanthin 8-week-old C57BL/6J mice CL Feed 2 weeks Inhibit the CD4+ and CD8+ T cells recruitment in liver,
improve steatosis, inflammation and fibrosis in MASH
progression.

Ni et al. (2015a)

Theaphenon E (TE) Male C57BL/6J mice, primary
human liver cells

HFD Feed 35 weeks Regulate CD4+ T cells viability; induce apoptosis, inhibit the
lipid accumulation of MAFLD.

Coia et al. (2021)

Curcumin 4-week-old male C57BL/6J mice HFD Feed 24 weeks Monocytes accumulation, improve liver histological
function in MAFLD.

Inzaugarat et al.
(2017)

Rhein 10 to 12-week-old female C57BL/
6J mice, GW-3965

HFD Gavage 40 days Inhibit T-box (T-bet) in T cells and increase the activation
of transcription 6 (STAT6) phosphorylation, thus
regulating the Th1/Th2 response, inhibiting pro-
inflammatory cytokines expression and reversing hepatic
steatosis.

Sheng et al.
(2011)

Qu shi hua yu
decoction

4-week-old male Sprague-Dawley
rats or C57BL/6J mice

CL Gavage 4 weeks Promote the function of Tregs induced intestinal
microflora, and decreased the synthesis of MASH.

Feng et al. (2017)

Abbreviations: HFD, high-fat diet; CL, High-cholesterol diet.
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2021), curcumin (Inzaugarat et al., 2017), rhein (Sheng et al., 2011),
and qu shi hua yu decoction (Feng et al., 2017).

However, the bioavailability and stability of TCM prescriptions
and herb components in vivo are limited, due to its poor solubility
and rapid metabolism and elimination. Therefore, various strategies
have been developed to enhance the delivery and efficacy of TCM
prescriptions and herb components, such as using nanoparticles,
liposomes, phospholipid complexes, or analogs of TCM
prescriptions and herb components with improved
pharmacokinetic properties.

4.4 Target natural killer cells

The treatment of MAFLD has long been a focus of TCM
prescriptions, natural products, and herb components research
and has captured the attention of researchers worldwide. Korean
red ginseng (KRG), urushiol, and qiang gan formula have been
extensively studied for their potential therapeutic benefits in
addressing MAFLD. In fact, studies have shown that KRG,
urushiol and qiang gan formula may have a positive impact on
NK cell activity in a mouse model of MAFLD.

The KRG herb has been found to have multiple pharmacological
effects on immune deficiency, metabolic syndrome, and cancer (Kim
et al., 2013). Urushiol, derived from Rhus vernicifera plants, has
been shown to inhibit the growth of ovarian cancer, murine
leukemia, and human adenocarcinoma (Suk et al., 2010).
Additionally, the mechanism of inhibition of MAFLD by KRG
and urea is related to its anti-fibrotic and antioxidant
mechanisms by inhibiting NK cell expression in rats (Hong et al.,
2013). Qiang gan, a traditional Chinese medicine formula consisting
of 16 herbs, has also been reported to be effective in treating
MAFLD/MASH, with enhanced NK cell activity and improved
hepatic steatosis and inflammation in mice. This formula works
by inhibiting NK cell-mediated cytotoxicity, eliminating the pro-
inflammatory state of fatty liver, reducing hepatocyte inflammation,
and improving lipid metabolism (Zhu et al., 2019).

Despite promising results from preclinical studies, further
research is needed to determine the safety and efficacy of these
TCM prescriptions, natural products, and herb components in
treating MAFLD in humans. Additionally, the use of these herbs
should be supervised by a qualified healthcare provider, as somemay
interact with medications or have potential side effects.

4.5 Target dendritic cells

In addition to the previously mentioned TCM prescriptions,
natural products, and herb components, several other drugs have
demonstrated potential therapeutic effects on MAFLD by mediating
DCs. The Jiang Zhi Granule (JZG), composed of main compounds
from Salvia miltiorrhiza Bunge (Lamiaceae), Folium nelumbinis,
Polygala tenuifolia Willd. (Polygalaceae), Artemisia capillaris
Thunb. (Asteraceae), and Gynostemma pentaphyllum (Thunb.)
Makino (Cucurbitaceae), has been reported to be effective against
MAFLD (Yu et al., 2021). Additionally, studies have shown that JZG
can promote the maturation of intestinal mucosal DCs and induce
the differentiation of immature CD4+ T cells into Th1 cells (Yu et al.,

2021). It can also reduce damage to the intestinal mucosal immune
barrier and decrease liver fat in MASH rats, resulting in significant
improvements in liver function and liver tissue pathology (Yu et al.,
2021).

On the whole, the TCM prescription have been reported to have
potential therapeutic effects on MAFLD by mediating DCs. The
treatment can improve liver function and decrease liver fat
accumulation by reducing inflammation and inhibiting lipid
accumulation in hepatocytes. Further studies are needed to
investigate the underlying mechanisms of these treatments and to
develop effective therapies for MAFLD.

5 Discussion

MAFLD encompasses a range of liver diseases, such as MASH
which is characterized by the accumulation of fat in the liver. Its core
histopathological features include inflammation, hepatocyte
damage, and varying levels of fibrosis. The global prevalence of
MAFLD is on the rise, but unfortunately, there are currently no
FDA-approved medications to treat this condition. The primary
treatment for MAFLD is weight loss through dietary and lifestyle
modifications, managing metabolic risk factors, and drug therapy.
However, these treatments have not produced satisfactory results. In
the liver, immune cells, both innate and adaptive, tend to exhibit a
pro-inflammatory phenotype in MAFLD and MASH and play a
significant role in driving the progression of these diseases.
Targeting liver immune cells presents a promising strategy for
effective treatment of MAFLD/MASH.

According to statistics from the World Health Organization
(WHO), a significant portion of the global population in developing
countries relies on TCM prescriptions, natural products, and herb
components for primary healthcare. Furthermore, combining TCM
with clinical medicines can enhance the curative effect of
conventional medicine, mitigate its side effects, and improve the
patient’s survival rates and quality of life. Recently, there has been
growing interest in exploring the therapeutic potential of TCM
prescriptions, natural products, and herb components in treating
MAFLD. Therefore, this review aims to investigate the effectiveness
of TCM prescriptions, natural products, and herb components as
potential treatments for MAFLD.

The therapeutic efficacy of TCM prescriptions, natural products,
and herb components in the treatment of MAFLD lies primarily in
their ability to regulate immune cell infiltration (including
macrophages, neutrophils, DCs, T cells and NK cells), which in
turn inhibits the secretion and recruitment of inflammatory factors
and cells, as well as regulates hepatic inflammatory responses and
tissue repair. These interventions can also reverse fatty degeneration
in MASH, reduce hepatocyte apoptosis, and alleviate liver fibrosis,
ultimately slowing down the progression of MAFLD.
Nevertheless, few clinical reports are available on the use of
TCM prescriptions, natural products, and herb components in
immune cell-targeted treatment of MAFLD. In this review, we
summarize and analyze existing evidence of TCM prescriptions,
natural products, and herb components that mediate immune
cells to improve MAFLD, providing new guidance for the clinical
search for new anti-MAFLD targets and the development of new
anti-MAFLD drugs.
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However, despite the potential benefits of TCM prescriptions,
natural products, and herb components, the application of these
treatments in clinical practice is still fraught with difficulties. For
instance, it remains unclear whether some natural products can be
safely used as clinical drugs or dietary supplements. To better
understand the therapeutic effects of TCM prescriptions, natural
products, and herb components on MAFLD, further in-depth
studies are required. Additionally, while certain active ingredients
may have greater efficacy when used in combination with other
drugs, their use is often limited due to poor water solubility and low
bioavailability, making it challenging to modulate immune cells
against MAFLD. Lastly, most studies conducted thus far have been
limited to cellular and animal models, underscoring the need for
more extensive clinical trials to establish their reliability.

Another challenge in using TCM prescriptions, natural products,
and herb components is the lack of standardization and quality control.
The composition and concentration of active ingredients can vary
widely depending on factors such as the source, processing, and
storage of the raw materials. This inconsistency may lead to variable
therapeutic effects and unpredictable adverse reactions.Moreover, there
is also a need for proper regulation and oversight of the production and
marketing of TCM prescriptions, natural products, and herb
components. The absence of appropriate regulations may lead to
substandard products and misleading claims about their efficacy and
safety. To overcome these challenges, more rigorous research is needed
to develop evidence-based guidelines for the clinical use of TCM
prescriptions, natural products, and herb components. This includes
better characterization and standardization of active ingredients, as well
as clinical trials to evaluate their safety and efficacy. In addition, there
should be closer collaboration between traditional medicine
practitioners and mainstream healthcare professionals to ensure
coordinated and integrated care for patients with MAFLD.
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colorectal carcinoma complicated
with hepatocellular carcinoma via
microarray data analysis
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Background: Despite the increasing number of research endeavors dedicated
to investigating the relationship between colorectal carcinoma (CRC) and
hepatocellular carcinoma (HCC), the underlying pathogenic mechanism
remains largely elusive. The aim of this study is to shed light on the molecular
mechanism involved in the development of this comorbidity.

Methods: The gene expression profiles of CRC (GSE90627) and HCC (GSE45267)
were downloaded from the Gene Expression Omnibus (GEO) database. After
identifying the common differentially expressed genes (DEGs) of psoriasis and
atherosclerosis, three kinds of analyses were performed, namely, functional
annotation, protein-protein interaction (PPI) network and module construction,
and hub gene identification, survival analysis and co-expression analysis.

Results: A total of 150 common downregulated differentially expressed genes and
148 upregulated differentially expressed genes were selected for subsequent
analyses. The significance of chemokines and cytokines in the pathogenesis of
these two ailments is underscored by functional analysis. Seven genemodules that
were closely connected were identified. Moreover, the lipopolysaccharide-
mediated signaling pathway is intricately linked to the development of both
diseases. Finally, 10 important hub genes were identified using cytoHubba,
including CDK1, KIF11, CDC20, CCNA2, TOP2A, CCNB1, NUSAP1, BUB1B,
ASPM, and MAD2L1.

Conclusion: Our study reveals the common pathogenesis of colorectal
carcinoma and hepatocellular carcinoma. These common pathways and hub
genes may provide new ideas for further mechanism research.

KEYWORDS

colorectal carcinoma, hepatocellular carcinoma, differentially expressed genes, hub
genes, survival analysis
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Introduction

Globally, the incidence and mortality rates of colorectal cancer
(CRC) continue to remain high. In 2020, worldwide statistics
reported almost two million newly diagnosed cases and over
900,000 deaths, representing 10.0% and 9.4% of cancer
incidence and mortality, respectively. Colorectal cancer ranks as
the third and second most common malignant tumor in terms of
incidence and mortality, respectively. Furthermore, there appears
to be a gradual decrease in the age of onset (Sung et al., 2021).
Accounting for approximately 80%–90% of all primary liver
malignancies, primary hepatocellular carcinoma (HCC) ranks as
the third most common cause of cancer-related deaths globally
(Peeters and Dekervel, 2023). These two diseases seriously threaten
the health of mankind.

Dual primary carcinoma is a type of multiple malignant tumors.
It can be classified into synchronous carcinoma (SC) and
metachronous carcinoma (MC), based on the time interval
between the onset of the diseases, typically divided by using
6 months as the cutoff point (Park et al., 2005). In a study for
40 cases who confirmed by pathological examination as CRC
combined with PHC double primary carcinoma suggested that
both CRC and HCC belong to abdominal malignancies.
However, since the liver is the main target organ for CRC
hematogenous metastasis, imaging physicians tend to confuse the
characteristics of CRC and HCC metastatic liver cancer in the
identification of the characteristics of intrahepatic occupying
lesions, as well as the coexistence of CRC and HCC liver
metastases, it is difficult to make accurate diagnosis based on
imaging data before surgery (Zhiping et al., 2023). Therefore, it is
necessary to identify potential biomarkers and therapeutic targets
for these coexisting metastases by other diagnostic tools.

Currently, there have been numerous reports of double primary
cancer, where CRC is combined with HCC, both domestically and
internationally. Approximately 15%–25% of patients with colorectal
cancer present with synchronous liver metastases at the time of
initial presentation (Kianmanesh et al., 2007; Engstrand et al., 2018).
A retrospective cohort study demonstrated the risk for HCC with
CRC, especially in patients with rectal cancer (Lee et al., 2015). A
recent study showed that deoxycholic acid (DCA), a secondary bile
acid known to cause DNA damage, may return to the liver through
enterohepatic circulation and provoke the senescence-associated
secretory phenotype in hepatic stellate cells, which in turn
secretes pro-inflammatory and tumor-promoting factors in the
liver and facilitates dual primary tumor development (Yoshimoto
et al., 2013). Further studies are needed to explore this interesting
phenomenon. However, few studies have been conducted to
investigate the common pathway underlying these two diseases.
The development of CRC and HCC has been linked to multiple
altered signaling pathways. In CRC, about ninety percent of all
tumors have a mutation in a key regulatory factor of the Wnt/β-
catenin pathway, with APC or CTNNB1 being the most common
affected genes. This mutation leads to the activation of the Wnt/β-
catenin pathway (Wanitsuwan et al., 2008). HCC is also
characterized by early genetic alterations in telomerase reverse
transcriptase promoter (TERTp) and CTNNB1 genes and
immune cell activation in the tumor microenvironment
(Ambrozkiewicz et al., 2022).

The aim of this research is to discover hub genes related to the
pathogenesis of colorectal carcinoma and hepatocellular carcinoma,
and explore the potential common pathogenesis between the two
diseases. To achieve this goal, two gene expression data sets
(GSE90627 and GSE45267) were analyzed using comprehensive
bioinformatics and enrichment analysis. The common differentially
expressed genes (DEGs) and their functions in CRC and HCC were
identified. Moreover, a protein-protein interaction (PPI) network
was constructed to analyze gene modules and identify hub genes
using the STRING database and Cytoscape software. The
transcription factors of the hub genes were also analyzed and
their expression was verified. Through this process, important
hub genes and their prognostic value were analyzed. The
discovery of these hub genes is expected to provide new insights
into the biological mechanisms of CRC and HCC, particularly their
shared transcription features.

Materials and methods

Data source

The GEO database (http://www.ncbi.nlm.nih.gov/geo) is a
publicly accessible resource that contains numerous data sets
obtained through high-throughput sequencing and microarray
analyses. These data sets have been submitted by research
institutions located all around the world (Edgar et al., 2002). To
identify relevant gene expression datasets, we utilized the keywords
CRC and HCC in our search. Our inclusion criteria specified that
two distinct expression profiles originating from the same
sequencing platform and featuring the largest sample size should
be selected. Moreover, we only considered datasets that utilized
human test specimens. Finally, two microarray datasets [GSE90627
(Guo et al., 2017) and GSE45267 (Chen et al., 2018)] were
downloaded from it (Affymetrix GPL570 platform, Affymetrix
Human Genome U133 Plus 2.0 Array). The GSE90627 dataset
contains 32 paired patients with CRC and adjacent normal
tissues. The GSE45267 dataset contains 74 paired patients with
HCC and adjacent normal tissues. As all data were downloaded from
public databases, ethics approval was not required due to no
foreseeable impact on the rights and/or welfare of the subjects
involved.

Identification of DEGs

GEO2R (www.ncbi.nlm.nih.gov/geo/ge2r) is an online analysis
tool developed based on 2 R packages (GEOquery and Limma)
(Barrett et al., 2013). We employed the GEOquery package to access
the data and performed differential expression analysis using the
Limma package. To identify the DEGs between the control and
diseased groups, we utilized GEO2R to compare gene expression
profiles. Any probe sets lacking corresponding gene symbols or
genes represented by more than one probe set were either excluded
or averaged, respectively. The DEGs were limited to genes with
adjusted p-value of <0.05 and |logFC (fold change) | values of ≥1.We
used an online Venn diagram tool to identify common DEGs among
the samples.
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FIGURE 1
Identification of DEGs in CRC and HCC. (A) The heatmap of DEGs in GSE90627. (B) The volcano map of DEGs in GSE90627. (C) The heatmap of
DEGs in GSE45267. (D) The volcano map of DEGs in GSE45267. (E) Overlap of 150 downregulated DEGs. (F) Overlap of 148 upregulated DEGs. In
heatmap, upregulated genes are marked in light red; downregulated genes are marked in light blue; in volcano map, upregulated genes are marked in
light red; downregulated genes are marked in light green.
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Enrichment analyses of DEGs

The Gene Ontology (GO) database, established by the Gene
Ontology Federation, provides functional annotations of gene
products, identifies biological pathways, and specifies cell locations.
Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway is a
database that stores information on gene pathways in various species.
KEGGOrthology Based Annotation System (KOBAS) is a web server for
functional annotation and enrichment of genes and proteins that includes
functional annotation data for 4325 species.We obtained the enrichment
analysis results of GO andKEGGPathway from theKOBAS 3.0 database
(Wu et al., 2006). Adjusted p-value <0.05 was considered significant.

PPI network construction and module
analysis

Search Tool for the Retrieval of Interacting Genes (STRING;
http://string-db.org) (version 11.0) can search for the relationship

between proteins of interest, such as direct binding relationships, or
coexisting upstream and downstream regulatory pathways, to
construct a PPI network with complex regulatory relationships
(Franceschini et al., 2013). Interactions with a combined score over
0.4 were considered statistically significant. Cytoscape (http://www.
cytoscape.org) (version 3.7.2) was used to visualize this PPI network
(Smoot et al., 2011). Cytoscape’s plug-in molecular complex detection
technology (MCODE) was used to analyze key functional modules.
Set the selection criteria as: K-core = 2, degree cutoff = 2, max depth =
100, and node score cutoff = 0.2. Then the KEGG and GO analysis of
the involved modular genes were performed with KOBAS 3.0.

Selection and survival analysis of hub genes

To identify the hub genes, we utilized the cytoHubba plug-in of
Cytoscape and evaluated them using seven common algorithms,
including MCC, MNC, Degree, Closeness, Radiality, Stress, and EPC.
We selected the hub genes based on these evaluations. Next, we

FIGURE 2
CommonDEGs functional enrichment analysis results. (A,B) The enrichment analysis results of GOPathway. (C,D) The enrichment analysis results of
KEGG Pathway.
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employedGeneMANIA (http://www.genemania.org/), a reliable tool for
identifying internal associations in gene sets, to construct a co-
expression network of these hub genes (Warde-Farley et al., 2010).
The database also provides a large number of samples with a variety of
clinical characteristics. ThemRNA Seq data and clinical features of CRC
and HCC were extracted from The Cancer Genome Atlas (TCGA)
(https://www.cancer.gov/tcga) in August 2022 to perform a survival
analysis, 698 cases of CRC and 424 cases of HCC were finally included.
OS differences for two diseases were presented by K-M plots with log-
rank p-values via TCGA by querying hub genes (Gao et al., 2013).

Validation of hub genes expression in other
data sets

The mRNA expression of identified hub genes was verified in
GSE89076 (Satoh et al., 2017) and GSE50579 (Neumann et al.,
2012). We conducted a comparison between the GSE89076 dataset,
which comprises 275 paired patients with CRC and adjacent normal

tissues, and the GSE50579 dataset, which consists of 73 paired
patients with HCC and adjacent normal tissues. To determine
the significance of the comparison, we employed the t-test, with
p-value <0.05 considered statistically significant.

Prediction and verification of transcription
factors (TFs)

We utilized the Transcriptional Regulatory Relationships
Unraveled by Sentence-based Text mining (TRRUST) database to
predict transcriptional regulatory networks, which contains
regulatory relationships between transcription factors (TFs) and
target genes (Han et al., 2018). The database includes 8,444 and
6,552 TF-target regulatory relationships for 800 human and
828 mouse TFs, respectively. TFs regulating hub genes were
identified using the TRRUST database and considered significant
if adjusted p-value <0.05. We further validated the expression levels
of these TFs using the t-test in GSE89076 and GSE50579 datasets.

FIGURE 3
PPI network construction and significant gene module of the modular genes. (A) PPI network of co-expressed genes. (B–I) Eight significant gene
clustering modules of 1089 pairs of interactions.
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TABLE 1 The details of the top 30 hub genes.

No. Gene symbol Full name Function

1 ASPM assembly factor for spindle microtubules This gene is essential for normal mitotic spindle function in
embryonic neuroblasts

2 NUSAP1 nucleolar and spindle associated protein NUSAP1 is a nucleolar-spindle-associated protein that plays a
role in spindle microtubule organization

3 KIF11 kinesin family member 11 This gene encodes a motor protein that belongs to the kinesin-
like protein family which are known to be involved in various
kinds of spindle dynamics

4 TOP2A DNA topoisomerase II alpha This gene encodes a DNA topoisomerase, an enzyme that
controls and alters the topologic states of DNA during
transcription

5 CCNA2 cyclin A2 The protein encoded by this gene belongs to the highly
conserved cyclin family, whose members function as regulators
of the cell cycle

6 MAD2L1 mitotic arrest deficient 2 like 1 MAD2L1 is a component of the mitotic spindle assembly
checkpoint that prevents the onset of anaphase

7 BUB1B BUB1 mitotic checkpoint serine/threonine kinase B This gene encodes a kinase involved in spindle checkpoint
function

8 CDK1 cyclin dependent kinase 1 The protein encoded by this gene is a member of the Ser/Thr
protein kinase family which is essential for G1/S and G2/M
phase transitions of eukaryotic cell cycle

9 CDC20 cell division cycle 20 CDC20 appears to act as a regulatory protein interacting with
several other proteins at multiple points in the cell cycle

10 CCNB1 cyclin B1 The protein encoded by this gene is a regulatory protein
involved in mitosis

11 CCNB2 cyclin B2 Cyclin B2 is a member of the cyclin family which are essential
components of the cell cycle regulatory machinery

12 CDK2 cyclin dependent kinase 2 This gene encodes a member of a family of serine/threonine
protein kinases that participate in cell cycle regulation

13 CENPE centromere protein E Centrosome-associated protein E (CENPE) is a kinesin-like
motor protein that accumulates in the G2 phase of the cell cycle

14 MAD1L1 mitotic arrest deficient 1 like 1 MAD1L1 is a component of the mitotic spindle-assembly
checkpoint and may play a role in cell cycle control and tumor
suppression

15 BUB1 BUB1 mitotic checkpoint serine/threonine kinase This gene encodes a serine/threonine-protein kinase that play a
central role in mitosis and also plays a role in inhibiting the
activation of the anaphase promoting complex/cyclosome

16 CENPF centromere protein F This gene encodes a protein that associates with the
centromere-kinetochore complex.It play a role in chromosome
segregation during mitotis

17 MKI67 marker of proliferation Ki-67 Enables protein C-terminus binding activity. Involved in
regulation of chromosome segregation and regulation of
mitotic nuclear division

18 CCNF cyclin F This gene encodes a member of the cyclin family. Cyclins are
important regulators of cell cycle transitions

19 CKS2 CDC28 protein kinase regulatory subunit 2 CKS2 protein binds to the catalytic subunit of the cyclin
dependent kinases and is essential for their biological function

20 PKMYT1 protein kinase, membrane associated tyrosine/threonine 1 This gene encodes a member of the serine/threonine protein
kinase family. The encoded protein is a membrane-associated
kinase

21 KIF23 kinesin family member 23 The protein encoded by this gene is a member of kinesin-like
protein family

(Continued on following page)
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Results

Identification of DEGs

Upon normalization of the microarray data, we were able to
identify DEGs from GSE90627 (1399 DEGs) and GSE45267
(681 DEGs) (Figures 1A–D). By analyzing the intersection of the
Venn diagram, we identified 150 commonly downregulated DEGs
and 148 upregulated DEGs (Supplementary Table S1; Figures 1E, F).

Analysis of the functional characteristics of
common DEGs

In order to analyze the biological functions and pathways involved
in the 94 commonDEGs, GO andKEGGPathway enrichment analysis
were performed. As showed in Figures 2A, B, GO analysis results show
that the top 3 BP terms were “nuclear division”, “sister chromatid
segregation” and “nuclear chromosome segregation”. The top 3 CC
terms were “spindle”, “spindle pole” and “mitotic spindle”. The top
3MF terms were “protein C-terminus binding”, “cyclin-dependent
protein serine/threonine kinase regulator activity” and “histone
deacetylase binding”. (All adjusted p-value <0.05). The KEGG
Pathway analysis revealed that the enriched pathways for these two
cancers were cell cycle, progesterone-mediated oocyte maturation, and
oocyte meiosis, with all having an adjusted p-value <0.05 (Figures 2C,
D). These findings suggest that cell cycle regulation and cytokines have
a significant role in the development and progression of these two
cancers, which was consistent with previous report.

PPI network construction and module
analysis

PPI networks of the common DEGs with combined scores were
generated using the Gene Ontology string database and the Kyoto
Encyclopedia of Genes and Genomes. The network in Figure 3A
shows genes that are co-expressed. By using the MCODE plug-in of
Cytoscape, we were able to identify seven gene modules that were
closely connected. These modules included 66 common DEGs and
1089 pairs of interactions, as shown in Figures 3B–I.

Selection and analysis of hub genes

Through the seven algorithms of plug-in cytoHubba, we have
calculated the top 30 hub genes (Table 1), After taking the intersection
of the Venn diagrams, we found 10 common important hub genes,
including CDK1, KIF11, CDC20, CCNA2, TOP2A, CCNB1,
NUSAP1, BUB1B, ASPM and MAD2L1 (Figure 4A). We utilized
the GeneMANIA database to investigate the co-expression network
and associated functions of the genes. These genes showed the
complex PPI network with the co-expression of 56.49%, physical
interactions of 17.39%, colocalization of 7.75%, predicted of
14.91% and pathway of 3.44%. The GO analysis of these genes
(Figure 4B) indicated their predominant involvement in spindle,
sister chromatid segregation, and nuclear division. Moreover, the
KEGG Pathway analysis (Figure 4C) demonstrated their
significant involvement in cell cycle, progesterone-mediated
oocyte maturation, and oocyte meiosis. These findings

TABLE 1 (Continued) The details of the top 30 hub genes.

No. Gene symbol Full name Function

22 NDC80 NDC80 kinetochore complex component This gene encodes a component of the NDC80 kinetochore
complex. This protein functions to organize and stabilize
microtubule-kinetochore interactions

23 FOXM1 forkhead box M1 The protein encoded by this gene is a transcriptional activator
involved in cell proliferation

24 ZWINT ZW10 interacting kinetochore protein This gene encodes a protein that is clearly involved in
kinetochore function

25 HMMR hyaluronan mediated motility receptor The protein encoded by this gene is involved in cell motility. It
is expressed in breast tissue

26 GTSE1 G2 and S-phase expressed 1 The protein encoded by this gene is only expressed in the S and
G2 phases of the cell cycle.The encoded protein binds the
tumor suppressor protein p53, repressing its ability to induce
apoptosis

27 MELK maternal embryonic leucine zipper kinase Enables calcium ion binding activity.Involved in apoptotic
process; cell population proliferation; and protein
autophosphorylation

28 DLGAP5 DLG associated protein 5 Enable microtubule binding activity. Involved in several
processes, including centrosome localization; kinetochore
assembly; and mitotic spindle organization

29 SPC25 SPC25 component of NDC80 kinetochore complex This gene encodes a protein that involved in kinetochore-
microtubule interaction and spindle checkpoint activity

30 KIF20A kinesin family member 20A Enables protein kinase binding activity. Involved in
microtubule bundle formation; midbody abscission; and
regulation of cytokinesis
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underscore the crucial role of cytokines and cell cycle regulation in
the pathogenesis of the two diseases.

Validation and survival analysis of hub genes
expression in two diseases

To validate the reliability of the expression levels of these hub
genes, we analyzed their expression levels in two additional datasets
of HCC and CRC. The results indicated that in comparison to the
normal tissue adjacent to the tumor tissue, all hub genes were
significantly upregulated in CRC (Figure 5) and eight genes were
upregulated in HCC (Figure 6).

To further examine the correlation between the expression of
these hub genes and the clinical outcomes in these two diseases, we
performed Cox regression survival analyses using the Kaplan-Meier
method based on the TCGA database. The results revealed that
patients with CRC in the low expression groups of MAD2L1 and

TOP2A exhibited significantly decreased overall survival (OS)
compared to those in the high expression groups (p = 0.013 and
0.015, respectively) (Figure 7). Conversely, patients with HCC in the
low expression groups of ASPM, BUB1B, CCNA2, CCNB1, CDC20,
KIF11, MAD2L1, and TOP2A demonstrated significantly better OS
than those in the high expression groups (all p < 0.05) (Figure 8).
Remarkably, high expression of these hub genes appears to have
opposite prognostic implications in CRC and HCC.

Prediction and verification of TFs

We utilized the TRRUST database to identify 8 TFs that may
regulate the expression of the aforementioned genes (Table 2;
Figure 9). Additionally, we discovered that 6 of these TFs were
highly expressed in both CRC and HCC, as demonstrated in
Figures 10A–O. Furthermore, these TFs appeared to play a
cooperative role in regulating the expression of 7 hub genes,

FIGURE 4
Co-expression network and functional analysis of hub genes. (A) Hub genes and their co-expression genes were analyzed via GeneMANIA. (B) GO
enrichment analysis of the hub genes. (C) KEGG enrichment analysis of the hub genes.
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including ASPM, CCNA2, CCNB1, CDC20, CDK1, MAD2L1, and
TOP2A.

Discussion

Metastasis is thought to occur in multiple stages, starting with
the primary tumor’s ability to survive in the bloodstream and enter
the parenchyma of remote organs. Once there, the cancer cells must
adapt to the foreign environment and grow into secondary tumors

(Steeg, 2006). The ability to complete the metastatic process is
thought to be limited to only a small number of tumor cells.
Furthermore, the emergence of metastases occurs at varying
rates, with certain organ sites being preferred depending on the
type of cancer (Nguyen and Massagué, 2007; Chen et al., 2023; Liu
et al., 2023). As a result, primary tumor cells and their metastatic
descendants are expected to differ significantly in terms of tumor
biology.While numerous genes associated with metastasis have been
identified, their involvement in the development of metastasis in
different types of tumors, their role in organ-specific metastasis, and

FIGURE 5
The relative expression level of hub genes in GSE89076. (A–J) Expression level of ASPM, BUB1B, CCNA2, CCNB1, CDC20, CDK1, KIF11, MAD2L1,
NUSAP1 and TOP2A, respectively. The upregulated genes are marked in light red; downregulated genes are marked in light blue. The comparison
between the two sets of data uses the mean t-test. p-value <0.05 was considered statistically significant. ***p < 0.001.

FIGURE 6
The relative expression level of hub genes in GSE50579. (A–I) Expression level of ASPM, BUB1B, CCNA2, CCNB1, CDC20, KIF11, MAD2L1,
NUSAP1 and TOP2A, respectively. The upregulated genes are marked in light red; downregulated genes are marked in light blue. The comparison
between the two sets of data uses the mean t-test. p-value <0.05 was considered statistically significant. ***p < 0.001.
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how they drive progression are not yet fully understood (Sethi and
Kang, 2011; Valastyan and Weinberg, 2011).

In recent years, the study and understanding of the tumor
microenvironment has become as important as the modulation
of cancer cell progression itself (Pavlova and Thompson, 2016;
Sun et al., 2021; Ng et al., 2022). CRC and HCC are both highly
resistant to therapy. Despite being the third leading cause of cancer-
related death worldwide, HCC is not the only cancer type that is
difficult to treat. Over the past decade, overall survival rates for CRC
patients have not shown significant improvement (Torre et al., 2012;
Fitzmaurice et al., 2015). Despite progress in available therapies, the
survival rates of patients with CRC and HCC have only seen modest
improvements. This is largely due to the lack of effective early
detection methods and reliable prognostic indicators (Ye et al.,
2015).

CRC and HCC might have overlapping pathogenic pathways. The
mechanism of increased risk for multiple malignant tumors in patients
with CRC is uncertain. Some etiologies, including underlying genetic
background, lifestyle, and environmental risk factors, are involved with

the development of cancers (Hemminki et al., 2001). In this study, we
identified 148 overlappingDEGs in both, of which 10were commonhub
genes, including CDK1, KIF11, CDC20, CCNA2, TOP2A, CCNB1,
NUSAP1, BUB1B, ASPM and MAD2L1. According to our GO and
KEGG Pathway enrichment analysis, the cell cycle regulation play an
important role in these two diseases. Of these hub genes, CDK1, a kinase
that acts on the core of the cell cycle, attracted our attention (Nurse and
Bissett, 1981). The CDK1/cyclin B1 (CCNB1) complex is crucial not
only formitochondrial activities during cell cycle progression but also for
the development of adaptive resistance in tumors (Wang et al., 2014; Liu
et al., 2015). Proper regulation of cell proliferation is crucial for
preventing the development of cancer as it plays a critical role in
both the initiation and promotion of tumors (López-Sáez et al.,
1998). The regulation and control of cancer cell proliferation are
complex processes that involve numerous mechanisms, including
those that accelerate or disrupt the cell cycle. Tumor suppressor
pathways have been identified as negative regulators in signal
transduction systems that lead to cell cycle arrest at various
checkpoints (Mori et al., 1999). Significantly enriched differentially

FIGURE 7
Prognostic significance of hub genes expression in CRC patients. (A–J) Kaplan−Meier curves of survival analysis for ASPM, BUB1B, CCNA2, CCNB1,
CDC20, CDK1, KIF11, MAD2L1, NUSAP1 and TOP2A, respectively.
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expressed genes that are positively associated with CDK1 were
identified through publicly available expression profiles and KEGG
and GO analyses. These genes were found to be involved in DNA

replication, mismatch repair, and cell cycle pathways, indicating
that CDK1 may interact with factors in these pathways to exert its
effects.

FIGURE 8
Prognostic significance of hub genes expression in HCC patients. (A–I) Kaplan−Meier curves of survival analysis for ASPM, BUB1B, CCNA2, CCNB1,
CDC20, KIF11, MAD2L1, NUSAP1 and TOP2A, respectively.

TABLE 2 Key transcriptional factors (TFs) of hub genes.

Key TFs Description p-value Overlapped genes

E2F3 E2F transcription factor 3 3.06E-08 CCNB1,CDK1,CCNA2

YBX1 Y box binding protein 1 4.32E-07 TOP2A,CCNB1,CDC20

BRCA1 breast cancer 1, early onset 3.09E-06 ASPM, CCNB1,MAD2L1

PTTG1 pituitary tumor-transforming 1 2.64E-05 CCNB1,CDK1

E2F1 E2F transcription factor 1 4.05E-05 CCNB1,CDK1,TOP2A

TP53 tumor protein p53 7.39E-05 CCNA2,CCNB1,CDK1

IRF1 interferon regulatory factor 1 0.000318 CDK1,CCNB1

MYC v-myc myelocytomatosis viral oncogene homolog (avian) 0.00122 CCNB1,CCNA2
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Multiple studies have suggested that CDC20 plays a role in the
oncogenesis of human cancers. Elevated CDC20 expression has been
linked to clinicopathological features in various types of human cancers

(Jeong et al., 2022). Elevated expression of CDC20 was observed in cell
lines of colorectal cancer, with levels positively correlated with late
clinical-stage, metastasis, and lower survival rates. These findings
suggest that CDC20 could serve as a crucial diagnostic and
prognostic biomarker for human colorectal cancer (Wu et al., 2013).
In a previous study, CDC20 was found to be upregulated in 68% of
HCCs compared to adjacent normal tissues. Notably, the overexpression
of CDC20 was significantly associated with sex, tumor differentiation,
and TNM stage (Li et al., 2014). These findings suggest that CDC20may
serve as a promising therapeutic target for HCC, although further
investigations are needed to confirm the clinical implications of
CDC20 suppression in the treatment of liver cancer.

Exploring the biological basis for differences in the prognostic
value of hub genes in CRC and HCC is a key goal of this study. Of all
the common hub genes, TOP2A is the most noteworthy because it
has divergent survival outcomes in these two diseases. TOP2A is
closely linked to cell proliferation and is therefore a promising
therapeutic target for diseases characterized by increased cellular
proliferation (Kim et al., 2015). TOP2A, a highly expressed gene in
various types of carcinomas, is valuable in diagnosing cancer,
monitoring disease progression, and predicting prognosis. In a
previous study, TOP2A expression was assessed in 490 CRC
tissues, and it was found that overexpression of TOP2A was
associated with a lower T stage, lower N stage, and lower
recurrence rate (Hua et al., 2015). Moreover, the study suggested
that ZNF148 and TOP2A reciprocally regulate each other in CRC
through the ceRNA mechanism involving miR101, miR144, miR335,
and miR365, which is crucial in the regulation of cell proliferation in

FIGURE 9
TFs regulatory network. TFs were marked in yellow, and the hub
genes were marked in red.

FIGURE 10
The expression level of TFs in GSE89076 and GSE50579. (A–G) The expression level of TFs in GSE89076. (H–O) The expression level of TFs in
GSE50579. The upregulated genes are marked in light red; downregulated genes are marked in light blue. The comparison between the two sets of data
uses the mean t-test. p-value <0.05 was considered statistically significant. *p < 0.05; **p < 0.01; ***p < 0.001.
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CRC (Gao et al., 2017). However, previous results show that TOP2A is
involved in the development of liver cancer (Panvichian et al., 2015). In
their report, Liu et al. demonstrated that MDM4 and TOP2A have a
post-translational interaction, leading to their mutual upregulation and
increased stability of TOP2A protein. This interaction also inhibits the
p53 pathway and promotes tumor cell proliferation (Liu et al., 2019). In
previous studies, the differential expression of MAD2L1 in many
tumors was analyzed using the TIMER2.0 database (Chen et al.,
2020). For CRC, the higher expression of MAD2L1 has been
observed to counteract the repressive impact of miR-515-5p
overexpression on the proliferation of colorectal cancer cells, as well
as the induction of apoptosis and G1-phase detainment (Ding et al.,
2022). However, survival analysis showed high expression of
MAD2L1 in HCC correlated with shorter OS. This finding was also
validated in other datasets which confirmed that high expression of
MAD2L1 was an independent risk factor for OS in patients with HCC
(Chen et al., 2022).

Current research is still inadequate to fully elucidate the distinct
prognostic value of these hub genes in these two cancers, and further
extensive investigations and clinical trials are warranted. The information
on KEGs provides valuable insights into the pathogenesis of CRC and
HCC, and could potentially aid in the development of targeted
therapeutic approaches. Intriguingly, findings from a study on dual
primary cancer involving both CRC and HCC indicated that the type,
age of onset, interval of onset, and presence or absence of mutations in
CRC-related genes in the first primary cancer did not significantly impact
the prognosis of patients with dual primary cancer (Zhiping et al., 2023).

We analyzed related TFs and verified their expression levels in
the original dataset, in addition to exploring hub genes. Our study
provides potential directions for understanding the molecular
mechanism of CRC complicated by HCC. Unlike previous
studies (Cheng et al., 2020; Pan et al., 2022), we focused on
common hub genes and related TFs due to the strong genetic
similarity between the two cancers. To identify key nodes, we
constructed a complex interaction network using their common
DEGs. This comprehensive bioinformatics method has proven
reliable in various diseases (Fang et al., 2020).

Advanced bioinformatics methods have not been extensively used
to explore the sharedmolecular mechanisms between CRC and HCC.
However, our research has some limitations, including its
retrospective nature, which necessitates external validation of our
findings. Additionally, the function of the identified hub gene requires
further in vitro validation, which will be the focus of our future work.
Nonetheless, our study has notable strengths. Given the high incidence
of comorbidity between CRC and HCC, we identified common DEGs,
hub genes, and TFs between these two cancers for the first time, thus
providing further insights into their underlying mechanisms.

Conclusion

Our study focused on identifying the shared DEGs in CRC and
HCC. Furthermore, we conducted enrichment analysis and PPI
network analysis. Our results revealed that CRC and HCC share
numerous pathogenic pathways, which may be regulated by certain

hub genes. This study presents novel perspectives that can aid in
exploring the molecular mechanisms underlying the development of
these two cancers.
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Background: Data on the neuropsychological outcomes after receiving direct-
acting antivirals (DAAs) among chronic hepatitis C (CHC) patients have not been
well-documented.

Aim: This study aimed to evaluate the difference in incidence of neuropsychological
disorders (NPDs) after treatment completion between CHC patients receiving
interferon (IFN) therapy and DAA therapy.

Methods: A nationwide retrospective cohort study was performed using Taiwan’s
National Health Insurance Research Database (NHIRD) between 2010 and 2018.
CHC patients without pre-existing mental disorders were included and divided
into the treatment (Tx)-naïve DAA group, retreatment (re-Tx) DAA group, and Tx-
naïve IFN group based on their HCV therapy. Propensity score matching was used
to balance baseline differences between groups. The primary outcome was the
incidence of NPDs during 6 months after completion of therapy.

Results: After one-to-one matching, there were 6,461 pairs of patients selected
from the Tx-naïve DAA group and Tx-naïve IFN group and 3,792 pairs from the re-
Tx DAA group and Tx-naïve IFN group. A lower incidence of NPDs was observed in
the Tx-naïve DAA group than in the Tx-naïve IFN group (HR = 0.72, 95% CI =
0.55–0.94, and p = 0.017). The risk of NPDs did not differ between the re-Tx DAA
group and the Tx-naïve IFN group (HR = 0.74, 95% CI: 0.52–1.05, and p = 0.092).

Conclusion:DAA therapywas associatedwith lower risk ofNPDswhen comparedwith
IFN therapy among Tx-naïve CHC patients in a 6-month period after treatment
completion, especially among thepatients less than65 years,male gender, andcirrhosis.

KEYWORDS

hepatitis C virus, direct-acting antivirals, neuropsychological disorders, anxiety,
depression
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1 Introduction

Hepatitis C virus (HCV) infection is a major global health
issue, which leads to hepatic complications and several
extrahepatic manifestations, including neurologic and
neuropsychiatric diseases (Cacoub and Saadoun, 2021). The
estimated global HCV prevalence in 2015 was 1%, which
corresponded to 71.1 million infected individuals worldwide
(Polaris Observatory HCV Collaborators, 2017). In Taiwan, the
prevalence of HCV infection was approximately 2.1% in 2015,
which was higher than the global average (Chen et al, 2007;
Polaris Observatory HCV Collaborators, 2017). Symptoms of
fatigue, depression, and cognitive impairment are commonly
reported in chronic hepatitis C (CHC) patients (Poynard et al.,
2002; Golden et al., 2005; McAndrews et al., 2005). In a
population-based study, a 1.36-fold higher risk for dementia
was observed in HCV-infected patients (Chiu et al., 2014).

Such neuropsychological disorders (NPDs) had been
hypothesized to be related to a direct HCV infection of the
central nervous system (CNS) or neurological damage
secondary to HCV-related systemic inflammation (Laskus
et al., 2005; Senzolo et al., 2011). Evidence for HCV infection
of the CNS was supported with detection of active HCV
replication in cerebrospinal fluid, which leads to
neuroinvasion and neuroinflammation (Bolay et al., 1996;
Laskus et al., 2002; Neal, 2014; Maximova and Pletnev, 2018).
However, the exact pathophysiological mechanisms remain
poorly understood, and there was no clear correlation between
HCV viral load and risk of NPDs (Martindale et al., 2017). The
adverse effect associated with interferon therapy might also be a
contributing factor (Zdilar et al., 2000; Dieperink et al., 2003;
Horikawa et al., 2003; Kraus et al., 2003). Since the evidence
suggested a pathogenic role for the HCV virus itself, eradication
of HCV infection with antiviral treatment may be associated with
an improvement in neuropsychological symptoms. Before the
approval of the direct-acting antiviral agents (DAAs) for HCV

treatment in 2014, all recommended HCV regimens included
interferon (IFN) and ribavirin (RBV) (Rockstroh, 2015).

A prospective one-arm study was conducted to evaluate the
impact of sustained virologic response (SVR) on cognitive function
and mood disorders in CHC patients treated with IFN, of which the
results suggested that eradication of HCV infection with interferon
treatment improved cognitive performance, whereas no
improvement in depressive symptoms was observed (Barbosa
et al., 2017). In a nationwide cohort study evaluating the impact
of successful IFN therapy on the incidence of major psychoses in
Taiwanese CHC patients, the 10-year cumulative incidence of
schizophrenia was significantly lower in the SVR group than in
the non-SVR group (p = 0.036) (Tsai et al., 2020). However, the
incidence of affective psychosis was not statistically different
between the SVR and non-SVR groups (p = 0.667).

Since the introduction of DAAs, a breakthrough in HCV
treatment was achieved with high rates of sustained virologic
response and improved tolerability (Götte and Feld, 2016). The
neuropsychological outcome after DAA therapy has also been
evaluated. Most of recent observational studies using scale
measurement showed CHC patients treated with DAAs
experienced trends for improved outcome (Gallach et al., 2018;
Sundberg et al., 2018; Evon et al., 2019; Goñi Esarte et al., 2019;
Kesen et al., 2019; Fabrazzo et al., 2020; Vaghi et al., 2020). In a
multicenter observational study of 1601 CHC patients treated with
DAAs between 2016 and 2017, post-treatment scores in domains of
depression, anxiety, and cognitive concern showed significant
improvements from the baseline scores among the SVR cohort
(Evon et al., 2019).

In summary, related research suggested eradication of HCV
infection with either IFN or DAA treatment was associated with
improved neuropsychological outcome in CHC patients.
However, the neuropsychological outcome was measured with
a self-control scale survey in previous studies, and the majority of
studies that included the HCV cohort treated with DAAs were of
small sample size, and the results need to be validated in a larger

FIGURE 1
Eligibility for study enrollment.
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sample. There is lack of evidence to support whether DAAs
reduce the risk of developing new cases of neuropsychological
disorders among CHC patients. Therefore, the present study was

performed to investigate whether DAA therapy reduces the risk
of neuropsychological disorders in a nationwide sample of CHC
patients.

FIGURE 2
Study population attrition flow chart.
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2 Methods

2.1 Data source

This retrospective cohort study was conducted using Taiwan’s
National Health Insurance Research Database (NHIRD), which
contains comprehensive healthcare information of insured
individuals, including basic demographic data, dates of clinical
visits, diagnostic codes, prescription details, operations, and
examinations. The NHI program was launched in 1995 and
currently provides reimbursements for healthcare costs for more
than 99% of the current population in Taiwan (23 million) (National
Health Insurance Administration, 2018).

2.2 Study population and design

The study population comprised treatment (Tx)-naïve CHC
patients who received DAA or IFN treatment and retreatment (re-
Tx) patients who received DAA and had a prior IFN failure. The CHC
patients were defined as those who had one or more diagnoses of HCV
infection (according to the ICD-9-CM codes: 070.2, 070.3, and
V02.61 and ICD-10-CM codes: B17.1, B18.2, B19.2, and Z22.52) in
an outpatient or inpatient setting and had records of prescriptions for
HCV medication including either IFN (according to the ATC codes:
L03AB04, L03AB05, L03AB09, L03AB10, and L03AB11) or DAAs
(according to the order codes: HCVDAA0001–HCVDAA0016) during
the study period from 2011 to 2018. To ensure the observation period
was long enough for identifying baseline characteristics and study
outcomes, the time from initiation to last exposure of their HCV
medications should be within the enrollment period, which was
between 1 January 2012 and 4 July 2018 (Figure 1).

The CHC patients who received DAAs were categorized on the
basis of IFN exposure before initiation of DAA treatment: those
without histories of IFN prescription were included in the Tx-naïve
DAA group and those with histories of IFN prescription were
included in the re-Tx DAA group. CHC patients who received
DAAs and had no histories of IFN prescription were included in the
Tx-naïve DAA group. Under the policy of Taiwan’s NHI system, the
course of DAA treatment is reimbursed for up to 6 weeks when CHC
patients fail to achieve two-log reduction of viral load at week
4 during DAA treatment. Therefore, patients whose cumulative
medication duration of DAA treatment was more than 6 weeks were
included in the Tx-naïve DAA group and re-Tx DAA group.

Among patients who only received IFN therapy, patients treated
with a single course of treatment were included in the IFN group. To
compare the IFN groupmore with the DAA groups, potentially well-
tolerant IFN users with rapid viral response (RVR) were selected
from Tx-naïve IFN users for comparison group with the DAA
groups. According to the reimbursement policy of NHI, patients
were eligible for a second IFN treatment when relapses occurred
after 24 weeks following the completion of a successful IFN
treatment. The reimbursement duration of IFN treatment based
on the policy of the NHI system was based on virological response;
IFN treatment is reimbursed for up to 24 weeks for patients showing
RVR and up to 16 weeks for those who failed to achieve rapid viral
response (RVR). Therefore, patients were identified as Tx-naïve IFN
users if the gap between their IFN prescription durations was not

24 weeks or more. Among Tx-naïve IFN users, patients with
cumulative supply of their IFN prescriptions between 17 and
24 weeks in a duration of 17–28 2.2weeks were considered to be
well-tolerated patients with RVR and included in the IFN group.

Patients were excluded if they (1) were aged less than 20 years
on the index date; (2) had missing information on age and
gender; (3) received IFN after initiation of DAA therapy; (4)
with pre-existing mental disorders; (5) died or had study
outcomes during HCV treatment. The index date was defined
as the date of initial prescription of DAA for patients in both the
Tx-naïve and re-Tx DAA groups, and the date of initial
prescription of IFN was designated as the index date for those
in the IFN group. Patients with pre-existing mental disorders
(according to the ICD-9-CM codes: 290–319 and ICD-10-CM
codes: F00–F99) were identified based on one inpatient or two
outpatient diagnoses within 1 year before the index date. Baseline
characteristics were measured during the year before the index
date. Comorbidities were identified as one inpatient or two
outpatient diagnoses (Supplementary Table SA1). Concomitant
medications were identified as the total days of supply from their
prescriptions, which was more than 28 days within 6 months
(180 days) before the index date.

2.3 Outcome measurements

The primary outcome was the incidence of NPDs, which was
defined as a composite of one outpatient or inpatient diagnosis of
mood and anxiety disorders, psychotic disorders, and cognitive
disorders. The secondary outcome included mood and anxiety
disorders, and other NPDs. The mood and anxiety disorders
included depressive disorders, mania, bipolar disorders, and
anxiety disorders. The psychotic disorders of interest included
schizophrenia, schizotypal, and delusional disorders. The
cognitive disorders of interest include Alzheimer’s disease,
dementia, and delirium. Diagnosis codes for study outcomes are
described in the appendix (Supplementary Table SA3). The study
outcomes were identified during the follow-up time of 6 months
after the end of the HCV treatment. Patients who did not develop
NPDs were censored at death or at the end of follow-up, whichever
happened first.

2.4 Statistical analysis

We calculated the frequency and percentage for the
categorical variables. Continuous variables were expressed as
mean and standard deviation (SD) and median and interquartile
range (IQR). Differences between two groups were assessed using
standardized mean differences (SMD), which indicate a
negligible difference when the value is less or equal to 0.1. The
patient adherence in the IFN group was estimated according to
the sum of week supply of IFN during the treatment period
divided by the total number of weeks of the treatment period,
which is defined as good adherence if the valued is more than or
equal to 80% (European Association for Study of Liver, 2014). In
both the Tx-naïve and re-Tx DAA groups, good adherence was
determined by whether individuals had completed the planned
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TABLE 1 Baseline characteristics of study cohorts after PSM.

Cohort I SMD Cohort II SMD

IFN (n = 6,461) DAA (n = 6,461) IFN (n = 3,792) reTx—DAA (n = 3,792)

n (%) n (%) n (%) n (%)

Male 3,242 (50.2) 3,242 (50.2) 0.092 1761 (46.4) 1761 (46.4) <0.001

Age, mean ± SD 60.87 ± 9.3 61.75 ± 9.6 <0.001 62.02 (9.3) 62.79 (9.3) 0.084

Age <40 119 (1.8) 119 (1.8) <0.001 58 (1.5) 58 (1.5) <0.001

40≤ age<50 571 (8.8) 571 (8.8) <0.001 265 (7) 265 (7) <0.001

50≤ age<60 1804 (27.9) 1804 (27.9) <0.001 933 (24.6) 933 (24.6) <0.001

60≤ age<70 2767 (42.8) 2767 (42.8) <0.001 1,675 (44.2) 1,675 (44.2) <0.001

70≤ age<80 1,151 (17.8) 1,151 (17.8) <0.001 817 (21.6) 817 (21.6) <0.001

Age ≥80 49 (0.8) 49 (0.8) <0.001 44 (1.2) 44 (1.2) <0.001

Comorbidity

Hypertension 1,032 (16) 1,148 (17.8) 0.048 681 (18) 673 (17.8) 0.006

Hyperlipidemia 735 (11.4) 716 (11.1) 0.009 440 (11.6) 417 (11) 0.019

Diabetes mellitus 658 (10.2) 574 (8.9) 0.044 423 (11.2) 437 (11.5) 0.012

Chronic kidney disease 128 (2) 188 (2.9) 0.06 85 (2.2) 89 (2.4) 0.007

Ischemic heart disease 194 (3) 219 (3.4) 0.022 114 (3) 116 (3.1) 0.003

Cerebrovascular disease 84 (1.3) 72 (1.1) 0.017 51 (1.3) 49 (1.3) 0.005

Autoimmune disorders 247 (3.8) 202 (3.1) 0.038 145 (3.8) 113 (3) 0.047

Cirrhosis 393 (6.1) 393 (6.1) <0.001 288 (7.6) 288 (7.6) <0.001

Liver cancer 193 (3) 193 (3) <0.001 152 (4) 152 (4) <0.001

HBV coinfection 194 (3) 174 (2.7) 0.019 88 (2.3) 110 (2.9) 0.036

CCI, mean ± SD 2.35 ± 1.4 2.39 ± 1.4 0.025 2.54 (1.4) 2.58 (1.5) 0.029

0 443 (6.9) 443 (6.9) <0.001 206 (5.4) 206 (5.4) <0.001

1 1,234 (19.1) 1,234 (19.1) <0.001 618 (16.3) 618 (16.3) <0.001

2 2080 (32.2) 2080 (32.2) <0.001 1,147 (30.3) 1,147 (30.3) <0.001

3 1,616 (25) 1,616 (25) <0.001 998 (26.3) 998 (26.3) <0.001

≥4 1,088 (16.8) 1,088 (16.8) <0.001 823 (21.7) 823 (21.7) <0.001

Co-medication

Anticholinergic agents 554 (8.6) 614 (9.5) 0.032 333 (8.8) 389 (10.3) 0.05

Hypnotics 1,517 (23.5) 1754 (27.2) 0.084 1,057 (27.9) 1,062 (28) 0.003

Corticosteroids 277 (4.3) 307 (4.8) 0.022 152 (4) 165 (4.4) 0.017

H2-receptor antagonists 1,061 (16.4) 1,382 (21.4) 0.127 714 (18.8) 729 (19.2) 0.01

Silymarin 3,567 (55.2) 3,389 (52.5) 0.055 2064 (54.4) 1989 (52.5) 0.04

ACEI/ARB 1742 (27) 1905 (29.5) 0.056 1,125 (29.7) 1,123 (29.6) 0.001

Beta-blockers 1,139 (17.6) 1,419 (22) 0.109 712 (18.8) 723 (19.1) 0.007

CCB 1907 (29.5) 1870 (28.9) 0.013 1,187 (31.3) 1,186 (31.3) 0.001

Diuretics 462 (7.2) 606 (9.4) 0.081 285 (7.5) 330 (8.7) 0.043

Antiplatelet agents 806 (12.5) 808 (12.5) 0.001 478 (12.6) 493 (13) 0.012

(Continued on following page)
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duration of DAA treatment. The planned duration of DAA
treatment could be identified according to the specific order
codes for DAA regimens, which corresponded to respective
reimbursed durations.

Propensity score matching was used to balance the baseline
difference between treatment groups and address the potential for
treatment selection bias. Each patient in the Tx-naïve DAA group
and re-Tx DAA group was assigned one matched control in the Tx-
naïve IFN group based on the logit of the propensity score using calipers
of width equal to 0.2 SD of the logit of the propensity score. The
propensity score was generated based on the probability that an
individual would receive DAA treatment and computed by a
multivariate logistic regression model adjusting for baseline covariates,
including age group, gender, cirrhosis, liver cancer, and other variables
which showed significance (p < 0.05) in univariate Cox regression
analysis for risk of NPDs among the crude cohort.

The crude incidence rate of neuropsychological disorders
for each group was calculated according to the number of events
in the follow-up period divided by the total follow-up (per
1,000 person-months). The cumulative incidence curve was
estimated using the Kaplan–Meier approach, and Gray’s test
was used to investigate group differences. Because death is a
competing risk event for neuropsychological disorders, Cox
proportional hazards models with competing risks (cause-
specific hazard model) were performed to estimate the
hazard ratio (HR) and 95% confidence intervals (CI) of
NPDs between treatment groups. According to
epidemiological studies (Wittchen et al., 2011; Niu et al.,
2017; Hasin et al., 2018), female gender and younger age
have been found to be factors associated with an increased
risk of depression and anxiety. Additionally, increasing age has
been the strongest known risk factor for dementia. Therefore,

TABLE 1 (Continued) Baseline characteristics of study cohorts after PSM.

Cohort I SMD Cohort II SMD

IFN (n = 6,461) DAA (n = 6,461) IFN (n = 3,792) reTx—DAA (n = 3,792)

n (%) n (%) n (%) n (%)

Anticoagulants 66 (1) 123 (1.9) 0.074 44 (1.2) 38 (1) 0.015

Statins 587 (9.1) 665 (10.3) 0.041 356 (9.4) 384 (10.1) 0.025

Fibrates 106 (1.6) 96 (1.5) 0.012 60 (1.6) 68 (1.8) 0.016

Insured premium

<22800 TWD 3,615 (56) 3,291 (50.9) 0.101 2199 (58) 2090 (55.1) 0.058

22800–36299 TWD 1,490 (23.1) 1,647 (25.5) 0.057 768 (20.3) 926 (24.4) 0.1

≥36300 TWD 1,356 (21) 1,523 (23.6) 0.062 825 (21.8) 776 (20.5) 0.032

Urbanization level

Urban 1,203 (18.6) 1,285 (19.9) 0.032 676 (17.8) 687 (18.1) 0.008

Suburban 2028 (31.4) 2074 (32.1) 0.015 1,170 (30.9) 1,140 (30.1) 0.017

Rural 3,230 (50) 3,102 (48) 0.04 1946 (51.3) 1965 (51.8) 0.01

Treatment duration

Week, mean ± SD 22.94 ± 1.29 13.66 ± 4.22 2.974 22.93 ± 1.34 14.6 ± 4.98 2.28

IFN therapy (±RBV)

PEGIFN α-2a 4,189 (64.8) 4,246 (65)

Others* 2272 (35.2) 2285 (35)

DAA therapy (±RBV)

DCV + ASV 807 (12.5) 721 (19)

OBV + PTV/r + DSV 2136 (33.1) 1971 (52.1)

EBR + GZR 779 (12.1) 273 (7.2)

SOF + LDV 1,128 (17.5) 408 (10.8)

SOF 1,611 (24.9) 413 (10.9)

IFN, interferon; DAA, direct-acting antiviral agents; SMD, standardized mean difference; HBV, hepatitis B virus; HIV, human immunodeficiency virus; H2-receptor antagonists, histamine

2 receptor antagonists; ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers; CCB, calcium channel blockers; PEGIFN, peginterferon; DCV, daclatasvir; ASV,

asunaprevir; OBV, ombitasvir; PTV/r, paritaprevir/ritonavir; DSV, dasabuvir; EBR, elbasvir; GZR, grazoprevir; SOF, sofosbuvir; LDV, ledipasvir.

*: PEGIFN α-2b or IFN α-2a.
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multivariate analysis was performed to adjust gender, age, and
other selected baseline variables. Variable selection strategies
were performed to reduce the interaction between covariates.
First, variables which showed significant differences (p < 0.05)

in the univariate analysis were selected as candidate variables.
Second, a further selection with stepwise regression included
covariates of gender, age, and candidate variables. The
probability for stepwise regression in the removal was 0.05.

FIGURE 3
Kaplan–Meier curves of cumulative event rate of neuropsychological disorders for thematched cohort of IFN group and (A) Tx-naïve DAA, (B) re-Tx
DAA group.
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Finally, the selected variables in stepwise regression as well as
age and gender were included as covariates in the multivariate
analysis. Subgroup analysis was performed to further evaluate
the difference in the risk of NPDs between treatment groups
after stratifying by age, gender, and status of liver cirrhosis. All
the aforementioned analyses were conducted using SAS
statistical software (version 9.2).

2.5 Ethical considerations

This study was conducted using NHIRD and previously
approved by the the Institutional Review Board of Kaohsiung
Medical University Hospital (IRB number KMUHIRB-E(I)-
20210137). Data in NHIRD were de-identified by scrambling the
identification codes of patients and care providers before being
released to each researcher.

3 Results

3.1 Baseline characteristics

A total of 79774 CHC patients received IFN or DAA therapy
during the period of 2012–2018. Based on the inclusion and
exclusion criteria, 32840 patients were included in this study,
including 16657 patients in the IFN group, 11809 patients in the
Tx-naïve DAA group, and 4,374 patients in the re-Tx DAA
group. After employment of one-to-one matching, there were
6,461 matched pairs generated in the study population
comprising the Tx-naïve DAA group and IFN group, and
3,792 matched pairs generated in those comprising the re-Tx
DAA group and IFN group. The study flowchart is depicted in
Figure 2.

The baseline characteristics of Tx-naïve and re-Tx DAA groups
and their matched controls in the IFN group are presented in Table 1.
The distribution of gender, age group, cirrhosis, and liver cancer was
comparable between matched patients in the Tx-naïve DAA group
and IFN group, as well as those in the re-Tx DAA group and IFN
group. Themean age of patients was 61.9 (±9.6) years for the Tx-naïve
DAA group and 60.9 (±9.3) 3years for the IFN group (SMD = 0.092).
The prevalence of medication use of histamine 2 receptor antagonists
and beta-blockers was higher in the Tx-naïve DAA group. There were
more patients in the Tx-naïve DAA group than in the IFN group with
medication use of histamine 2 receptor antagonists (21.4% vs. 16.4%
and SMD = 0.127) and beta-blockers (22% vs. 17.6% and SMD =
0.109). In the matched cohort of the re-Tx DAA group and IFN
group, the mean age of patients in the re-Tx DAA group was 62.8
(±9.3) years, and themean age of patients in the IFN groupwas also 62
(±9.3) years (SMD = 0.084). There were also no significant differences
in the distribution of comorbidities and co-medications between
matched patients in the re-Tx DAA group and IFN group. More
than 96% patients in both the Tx-naïve and re-Tx DAA groups had
completed the planned duration of DAA treatment. Nearly all
controls (99.8%) in the IFN group for the Tx-naïve and re-Tx
DAA groups had an adherence rate of more than 80%.

3.2 Impact of DAAs on the risk of
neuropsychological disorders

Among the cohorts of Tx-naïve DAA group and re-Tx DAA
group and their matched IFN controls, patients who developed
NPDs were predominantly censored at the time of the
occurrence of mood and anxiety disorders. There were 91
(1.41%) patients in the Tx-naïve DAA group and 126 (1.95%)
patients in the IFN group with incidences of NPDs during the
follow-up period, with crude incidence rates (IR) of 2.38 and

TABLE 2 Incidence and hazard ratio of neuropsychological disorders.

IFN group DAA group Univariate
analysis

p-value Multivariate
analysis

p-value

Event
(%)

PM IR Event
(%)

PM IR Crude HR
(95% CI)

Adjusted HRa

(95% CI)

Cohort I Tx-naïve group (n = 6,461) Tx-naïve group (n = 6,461)

Overall (any NPDs) 126 (1.95) 38142.8 3.3 91 (1.14) 38271.9 2.38 0.72* (0.55–0.94) 0.017 0.69** (0.52–0.9) Δ 0.006

Mood and anxiety
disorders

118 (1.83) 38348.6 3.08 81 (1.25) 38498.9 2.1 0.68** (0.52–0.91) 0.009 0.65** (0.49–0.86) 0.003

Other NPDs 9 (0.14) 38728.9 0.23 10 (0.15) 38740 0.26 1.11 (0.45–2.73) 0.819 1.06 (0.43–2.62) 0.897

Cohort II Tx-naïve group (n = 3,792) re-Tx group (n = 3,792)

Overall (any NPDs) 74 (1.95) 22357.5 3.31 55 (1.45) 22445.8 2.45 0.74 (0.52–1.05) 0.092 0.74 (0.52–1.05)▲ 0.091

Mood and anxiety
disorders

70 (1.85) 22505.9 3.11 50 (1.32) 22584.6 2.21 0.71 (0.5–1.02) 0.067 0.72 (0.5–1.04) 0.077

Other NPDs 4 (0.11) 22736 0.18 5 (0.13) 22731.1 0.22 1.25 (0.34–4.66) 0.739 1.25 (0.34–4.66) 0.737

PM, person-month; IR, incidence rate (number of event/per 1,000 person-month); HR, hazard ratio;*: p < 0.05;**: p < 0.01; ***: p < 0.001.
a: Adjusted covariates: age group, gender, and baseline variables with significance in univariate analysis which finally enter the regression model after stepwise selection.

Δ: Adjusted covariates: age, gender, and co-medication (anticholinergic agents and hypnotics); ▲: Adjusted covariates: age, gender, and co-medication (hypnotics).

Tx-naïve group, treatment-naïve CHC patients; re-Tx group, retreatment patients who received DAA and had a prior IFN failure.
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3.3 per 1,000 person-months, respectively. There was a
difference observed in the cumulative incidence curves
between the Tx-naïve DAA group and IFN group (Gray’s test
p = 0.0163) (Figure 3). In the cohort of the re-Tx DAA group and
their matched IFN controls, 55 (1.45%, IR = 2.45 per
1,000 person-months) patients in the re-Tx DAA group and
74 (1.95%, IR = 3.31 per 1,000 person-months) patients in the
IFN group developed incidences of NPDs. No difference was
found in the cumulative incidence curves for the re-Tx DAA
group and IFN group (Gray’s test p = 0.0913) (Figure 3).

Patients in the DAA group had a lower risk than the
matched controls in the IFN group (crude hazard ratio
[HR] = 0.72, 95% CI = 0.55–0.94, p = 0.017), and the results
remained significant after adjusting for gender, age group, and
usage of anticholinergic agents and hypnotics (adjusted HR
[aHR] = 0.69, 95% CI = 0.52–0.9, p = 0.006) (Table 2.). Among
the components of the primary outcome, a lower risk of mood
and anxiety disorders (HR = 0.68, 95% CI: 0.52–0.91, p = 0.009)
was found in the Tx-naïve DAA group as than in the IFN
group. There was no difference in the risk of other NPDs
between the Tx-naïve DAA group and IFN group (HR =
1.11, 95% CI = 0.45–2.73, p = 0.819). No significantly lower
risk of developing NPDs and their components for secondary
outcome was observed in the re-Tx DAA group than in the IFN
group.

3.3 Factors associated with the risk of
developing neuropsychological disorders

Cox regression analysis for risk factors of NPDs is presented in
Table 3. In univariate analysis, among the matched cohort of the Tx-
naïve DAA group and IFN group, male patients had a significantly
lower risk of developing NPDs than female patients (HR = 0.68, 95%
CI: 0.52–0.89, p = 0.005). Hypertension and medication use of
anticholinergic agents, hypnotics, and histamine 2 receptor
antagonists were significantly associated with an increased risk.
Only factors of male gender and usage of anticholinergic agents
and hypnotics were selected in stepwise multiple regression analysis
and included in the multivariate model. Similar results were
observed among the matched cohort of the re-Tx DAA group
and IFN group, and male gender was also significantly associated
with a lower risk of NPDs (HR = 0.6, 95% CI: 0.44–0.82, and p =
0.001).

The difference in risk of NPDs between treatment groups was
further analyzed after stratification (Figure 4). Patients in the Tx-naïve
DAA group had a significantly lower risk than those in the IFN group
among subpopulations of patients with age ≤65 years (95% CI:
0.42–0.85, p = 0.005), male patients (95% CI: 0.4–0.95, p = 0.028),
and patients with cirrhosis (95% CI: 0.07–0.88, p = 0.038). The risk of
developing NPDs was found to be similar for the re-Tx DAA group and
the IFN group, regardless of age, gender, and status of cirrhosis.

4 Discussion

In the current nationwide cohort study, more than 96%
patients in both the Tx-naïve and re-Tx DAA groups

completed planned treatment duration; and nearly all
controls (99.8%) in the IFN group for the Tx-naïve and re-Tx
DAA groups had an adherence rate of more than 80%. Therefore,
the included CHC patients were suggested to have good
adherence to HCV treatment. According to the official report
from the Taiwan National Hepatitis C Program Office, a high SVR rate
of more than 97% was achieved among patients who were reimbursed
with DAA treatment with adequate follow-up in 2017 and 2018
(National Hepatitis C Program Office et al, 2020). In the present
study, only patients with more than 6-week supply from their DAA
prescriptions were included in theDAA group, which indicated that the
patients with poor virological response at week 4 were excluded.
Theoretically, both the Tx-naïve and re-Tx DAA groups had a high
SVR rate similar to the reported rate provided by the National Hepatitis
C Program Office. Among patients receiving IFN therapy, the positive
predictive value (PPV) of RVR on SVR was more than 86% across all
genotypes (Yu et al., 2007; Martinot-Peignoux et al., 2009; Fried et al.,
2011). Under the policy of Taiwan’s NHI system, the IFN treatment is
reimbursed for up to 24 weeks for patients with RVR and notmore than
16 weeks for those who fail to achieve EVR. Therefore, only patients
with cumulative supply of IFN prescriptions between 17 and 24 weeks
during a period of 17–28 weeks could be included in the IFN group. It is
suggested that the patients included in the IFN group were
representative of IFN-treated CHC patients with RVR, and
approximately 86% patients of them achieved SVR based on the
PPV of RVR. However, in comparison to the SVR rate of
approximately 97% among the patients in the DAA group, more
patients failed HCV treatment in the IFN group.

The distribution of HCV genotypes might be different between the
study groups. The predominant HCV genotypes in Taiwan were type 1b
and type 2 (Polaris Observatory HCV Collaborators, 2017). The HCV
genotype is an important predictor of the treatment response for patients
receiving IFN therapy; lower RVR rates were observed among those
infected with genotype 1 than with other genotypes. Accordingly, there
was a high probability that more patients with HCV genotype 2 infection
were included in the IFN group. In contrast, the predominant HCV
genotypes in both DAA groups tended to be genotype 1 based on their
reimbursed DAA regimens.

In the previous study including CHC patients treated with
IFN, the incidence of major psychiatric disorders and affective
disorders did not differ between the SVR group and non-SVR
group (Tsai et al, 2020), whereas the present study showed a
lower risk in both of the overall NPDs (HR = 0.72, 95% CI:
0.55–0.94, p = 0.017) and the components of the primary
outcome, the mood and anxiety disorders (HR = 0.68, 95%
CI: 0.52–0.91, p = 0.009), among treatment-naïve CHC patients
receiving DAA treatment. These results suggested that
successful antiviral therapy with the DAA regimen was
associated with the benefits in reducing the risk of the NPDs,
particularly for the component of mood and anxiety disorders,
as compared with IFN therapy among treatment-naïve CHC
patients in the 6-month period after treatment completion. The
result might be explained by the fact that neuropsychological
disturbances were reduced by the high efficacy of DAA
treatment on HCV eradication. There might be concerns that
the lower risk observed in DAA-treated patients in the present
study was relative to adverse neuropsychiatric effects of IFN
therapy. Psychiatric symptoms including depression and
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TABLE 3 Cox cause-specific hazards model for risk factors of neuropsychological disorders among two cohorts.

Cohort I Cohort II

Crude HR (95% CI) p-value Adjusted HRΔ (95% CI) p-value Crude HR
(95% CI)

p-value Adjusted HRΔ (95% CI) p-value

Gender

Female 1 (reference) 1 (reference) 1 (reference) 1 (reference)

Male 0.68** (0.52–0.89) 0.005 0.72* (0.55–0.95) 0.019 0.56** (0.39–0.8) 0.002 0.6** (0.41–0.86) 0.006

Age group

Age <65 1 (reference) 1 (reference) 1 (reference) 1 (reference)

Age >65 1.14 (0.87–1.5) 0.345 1.07 (0.81–1.41) 0.652 1.08 (0.76–1.53) 0.678 1.03 (0.72–1.46) 0.889

Comorbidity

Hypertension 1.41 (1.02–1.94) 0.037 1.66 (1.12–2.45) 0.012

Diabetes mellitus 1.48 (1–2.19) 0.049 1.54 (0.96–2.45) 0.072

Autoimmune diseases 1.79 (1.02–3.14) 0.041 0.91 (0.34–2.47) 0.857

Co-medication

Anticholinergic agents 2.53*** (1.81–3.53) <0.001 2.06*** (1.47–2.9) <0.001 1.36 (0.81–2.29) 0.252

Hypnotics 2.74*** (2.1–3.58) <0.001 2.46*** (1.87–3.23) <0.001 2.34***
(1.65–3.3)

<0.001 2.23*** (1.58–3.16) <0.001

H2-receptor antagonists 1.43 (1.05–1.95) 0.0224 1.47 (0.99–2.19) 0.055

Silymarin 1.04 (0.8–1.36) 0.7599 1.47* (0.99–2.19) 0.013

ACEI/ARB 1.32 (1–1.75) 0.0524 1.72**
(1.21–2.44)

0.002

Antiplatelet agents 1.45 (1.02–2.07) 0.039 1.58 (1.01–2.45) 0.045

HR, hazard ratio; *: p < 0.05; **: p < 0.01; ***: p < 0.001.

Δ: Adjusted for age group, gender, and baseline variables with significance in univariate analysis which finally enter the regression model after stepwise selection.

Fro
n
tie

rs
in

P
h
arm

ac
o
lo
g
y

fro
n
tie

rsin
.o
rg

Fan
g
e
t
al.

10
.3
3
8
9
/fp

h
ar.2

0
2
3
.119

18
4
3

348

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1191843


anxiety are commonly reported in CHC patients treated with
IFN, which is a major reason for discontinuing IFN therapy
(Zdilar et al., 2000; Dieperink et al., 2003; Horikawa et al., 2003;
Kraus et al., 2003; Gleason et al., 2007). In contrast, high

tolerability was demonstrated in DAA treatment (Götte and
Feld, 2016). However, a meta-analysis showed the majority of
new incidences of depressive symptoms as well as anxiety
symptoms occurred between 4 and 12 weeks of IFN

FIGURE 4
Subgroup analysis among patients from matched cohort of IFN group and (A) Tx-naïve DAA, (B) re-Tx DAA group.
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treatment and few occurred after 24 weeks of treatment (Udina
et al., 2012). The incidences in the present study were
predominantly anxiety disorders, and patients who
experienced study outcomes during treatment were excluded.
Therefore, the incidences identified in the follow-up period
after the end of the treatment were less likely to be
associated with the adverse effects of IFN treatment.

There was no significant difference between the Tx-naïve DAA
group and IFN group in the risk of otherNPDswhich included psychotic
disorders and cognitive disorders (HR = 1.11, 95% CI: 0.45–2.73, p =
0.819). However, improving cognitive and neuropsychological outcomes
among the CHC patients achieving SVR has been shown in several
studies conducted using self-control scale measurement in a short follow-
up time (Barbosa et al., 2017; Evon et al., 2019; Hassaan et al., 2019; Kesen
et al., 2019; Fabrazzo et al., 2020; Vaghi et al., 2020; Ibáñez-Samaniego
et al, 2022; Kaur et al., 2022; Mahran et al., 2022). The previous studies
evaluated differences in mean scores of symptom clusters between pre-
treatment and post-treatment assessment, at 12 weeks to 6 months after
therapy completion. In contrast to the present study evaluating the risk
reduction in NPDs, these studies suggested HCV elimination was
associated with an improvement in severity of anxiety, depression,
and cognitive disturbance. Due to the neuropsychological outcomes
being evaluated with the presence of diagnosis records in the present
study, the 6-month follow-up period might not be adequate to observe
the occurrence of dementia and psychosis and reveal meaningful
patterns. Therefore, the influence of DAA on the incidence of
psychotic disorders and cognitive disorders among CHC patients
remained inconclusive.

In contrast to the Tx-naïve DAA group, the re-Tx DAA group failed
to achieve a lower risk for NPDs. This observationmight be explained by
the persistence of HCV infection, which was theoretically more long-
lasting in the retreatment group as than in the Tx-naïve group. Since the
HCV has been hypothesized to induce neuropsychological
manifestations by a direct neurotoxic effect of CNS infection, or by
secondary effects of the chronic inflammation, a longer persistence of
HCV infection was associated with an increased risk of developing
neuropsychological dysfunctions among CHC patients in theory.
Another plausible explanation was that the reason for IFN failure
among patients in the re-Tx DAA group might be the treatment
discontinuation due to neuropsychiatric problems. Therefore, the
failure to achieve significant risk reduction on NTDs with DAA in
the re-Tx group might result from the pre-existing neuropsychological
condition without seekingmedical care before initiation of DAA therapy.

A gender-specific difference in the risk of NPDs was observed in
the study cohorts. Male gender was associated with a reduced risk of
NPDs when compared with female gender in both the univariate
and multivariate analyses. A similar result was observed in the
previous study evaluating the risk of major psychosis among CHC
patients, which suggested that female gender was the risk factor for
affective psychosis (aHR = 4.27, 95% CI = 1.31–13.89, p = 0.016).
(Tsai et al, 2020).

In subgroup analysis, the result suggested that the better
neuropsychological outcome after DAA treatment in comparison
with IFN treatment was more pronounced among treatment-naïve
CHC patients with age ≤65 years (aHR = 0.6, 95% CI: 0.42–0.85, p =
0.005), male gender (aHR = 0.62, 95% CI: 0.4–0.95, p = 0.028), and

liver cirrhosis (aHR = 0.24, 95% CI: 0.07–0.88, p = 0.038).
Additionally, lower risk of the NPDs was observed among
treatment-naïve CHC patients in both cirrhotic and non-cirrhotic
subpopulations. The result corresponded to the finding in a study
investigating depression, anxiety, and quality of life among CHC
patients with the self-control scale, which showed improvement on
anxiety score among patients after completion of DAA treatment in
both cirrhotic and non-cirrhotic groups. (Kesen et al, 2019).

There were some limitations in the present study that need to be
addressed. First, treatment success in patients could not be
confirmed since the information on SVR status was not available
in the database. Second, there was lack of information on HCV
genotypes and baseline viral titers for each patient. Third, racial
disparities in response to antiviral therapy could not be examined. A
previous study showed the difference in DAA treatment outcomes
for individuals originating from countries across Africa (Aranday-
Cortes et al, 2022). Therefore, the influence of SVR status, infecting
genotype viral load, and race on the study outcomes was not
evaluated.

In conclusion, DAA therapy is suggested to reduce the risk of
developing NPDs as compared with IFN therapy among treatment-
naïve CHC patients in a 6-month period after treatment completion,
especially among patients with age ≤65 years), male gender, or
cirrhosis. However, no significant difference was revealed between
DAA-treated patients with prior IFN failure and IFN-treated
patients pertaining to neuropsychological disorders. Data
reporting over longer follow-up periods will be required (Lim
et al., 2012).
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Inulin ameliorates metabolic
syndrome in high-fat diet-fed
mice by regulating gut microbiota
and bile acid excretion
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Background: Inulin is a natural plant extract that improves metabolic syndrome by
modulating the gut microbiota. Changes in the gut microbiota may affect
intestinal bile acids. We suggest that inulin may improve metabolism by
inducing bile acid excretion by gut microbes.

Methods: Male C57/BL mice were fed either a high-fat diet (60% calories) or a
regular diet for 16 weeks, with oral inulin (10% w/w). At the end of the experiment,
the gene expression levels (FGF15, CD36, Srebp-1c, FASN, and ACC) in the liver
and intestines, as well as the serum levels of triglycerides (TGs), low-density
lipoprotein (LDL) cholesterol, total cholesterol, and free fatty acids, were
collected. The expression of FGF15 was examined using Western blot analysis.
The fat distribution in the liver and groin was detected by oil red and hematoxylin
and eosin staining. Simultaneously, the levels of serum inflammatory factors
(alanine aminotransferase and aspartate aminotransferase) were detected to
explore the side effects of inulin.

Results: Inulin significantly improved glucose tolerance and insulin sensitivity, and
decreased body weight and serum TG and LDL levels, in mice fed normal diet.
Furthermore, inulin increased the α-diversity of the gut microbiota and increased
the fecal bile acid and TG excretion in inulin-treated mice. In addition, inulin
significantly reduced lipid accumulation in liver and inguinal fat, white fat weight,
and hepatic steatosis. Western blot analysis showed that inulin reduced the
expression of FGF15, a bile acid reabsorption protein.

Conclusion: Inulin ameliorates the glucose and lipid metabolic phenotypes of
mice fed a normal diet, including decreased intestinal lipid absorption, increased
glucose tolerance, increased insulin sensitivity, and decreased body weight. These
changes may be caused by an increase in bile acid excretion resulting from
changes in the gut microbiota that affect intestinal lipid absorption.
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1 Introduction

Nonalcoholic fatty liver disease (NAFLD), including alcoholic
fatty liver disease and nonalcoholic steatohepatitis, is a risk factor
for hepatocellular carcinoma and is characterized by excessive
triglyceride (TG) accumulation within hepatocytes (Brunt et al.,
2015; Lambertz et al., 2017). The prevalence of obesity leads to an
increased global prevalence of liver cancer, in which obese patients
are more likely to develop fatty liver and liver damage (Porras
et al., 2018; Younossi et al., 2019). There are many factors that
influence the occurrence and development of obesity, including
genetic, environmental, and commensal microbial factors (Murea
et al., 2012). Increasing evidence suggests that the gut microbiota
plays a critical role in the control of obesity and NAFLD (Duranti
et al., 2017; Soderborg et al., 2018). Microbial derivatives,
including short-chain fatty acids, lipopolysaccharides, and
secondary bile acids, are involved in the regulation of hepatic
lipid metabolism.

Inulin is a natural plant extract and a fermentable linear
polysaccharide composed of fructan and glucose. It is a prebiotic
and has been reported to reduce weight gain, liver weight, and
plasma and liver TG levels to decrease hepatic steatosis in a mouse
model of high-fat-induced obesity (van der Beek et al., 2018; Beisner
et al., 2021). Previous studies have shown that prebiotics, such as
oligosaccharides and inulin, change the concentration of microbial
derivatives by modulating the microbial community structure,
thereby controlling body weight and reducing hepatic fat
accumulation (Hu et al., 2023a). Recent clinical data also confirm
that inulin improves metabolic syndrome by regulating changes in
the gut microbiota (Nicolucci et al., 2017). The function of bile acids
in the gut is to promote fat absorption, and reabsorption favors the
intestinal-hepatic circulation (Mori et al., 2022). A growing body of
research confirms that the gut microbiota regulates intestinal lipid
absorption by affecting the gut-hepatic circulation of bile acids
(Mori et al., 2022).

Inulin, a prebiotic, does not influence the intestinal and hepatic
circulation of bile acids. Our aim was to investigate the macro-effects
of inulin on gut microbes and the function of bile acid reabsorption
in the gut. In addition, the effects of a high-fat diet (HFD) on the
metabolic phenotype of mice were studied.

2 Materials and methods

2.1 Animal experiments

C57BL mice (17 ± 1.5 g) (n = 40) were obtained from the
Experimental Animal Center, Fuzhou Medical College, Nanchang
University, Fuzhou, Jiangxi, China. The animals were maintained at
a controlled temperature (22°C ± 1°C), humidity (50%), and light
(12/12-h light/dark). All animal experiments were approved by the
Experimental Animal Ethics Committee of Fuzhou Medical College,
Nanchang University. Inulin was obtained from MCE (HY-N7075)
and dissolved in drinking water (10% w/w). The blood glucose
testing equipment was offered by Sinocare. The TG, low-density
lipoprotein (LDL), high-density lipoprotein, cholesterol, free fatty
acids, interleukin-6, interleukin-1β, and tumor necrosis factor
testing kits were obtained from Nanjing Jiancheng Company.

The insulin ELISA kit was purchased from Abcam. The HFD
consisted of 20% carbohydrates, 35% proteins, and 45% fats
(D12492; Research Diets; 60% of total calories).

2.2 Analysis of serum and fecal lipids

After the mice were fasted for 6 h, blood samples were obtained
from the orbit of the mice. Then, 5,000 g of the supernatant was
centrifuged and stored at −80° until use. According to the
manufacturer’s recommendations, the TG, LDL, high-density
lipoprotein, cholesterol, free fatty acids, interleukin-6, interleukin-
1β, and tumor necrosis factor levels were evaluated. For the fecal
lipid test, the mice were placed separately and samples were collected
for a 24-h fecal test. Then, the 24-h triglyceride level was calculated,
according to the manufacturer’s instructions.

2.3 Real-time polymerase chain
reaction (PCR)

Fresh tissues were ground and crushed, and total RNA was
prepared using the TRIzol reagent (Ambion). The amplified
products were labeled with SYBR (Yeasen, 10222ES60). RT-PCR
was performed using the Bio-rad PCR system. The relative mRNA
levels were calculated by comparison using the threshold cycle
method. The primer sequences are presented in Table 1.

2.4 Glucose tolerance and insulin tolerance
tests

Before the glucose tolerance test, the mice were fasted for 16 h
and injected with 2 g/kg body weight of glucose. Blood glucose levels
in the rat tail blood were measured at 0, 15, 30, 60, and 120 min.
Mice were fasted for 6 h before the insulin resistance test. Blood
glucose levels were measured at 0, 15, 30, 60, and 120 min after
injection of 0.55 µ/kg body weight.

2.5 Histological staining

Fresh liver and white adipose tissues were fixed with 4%
paraformaldehyde for 24 h and embedded with Oct. Then, the
samples were sectioned at a thickness of 4 µm using a Thermo
Fisher Scientific Slicer and stored at −80°. For hematoxylin and eosin
staining, the cut tissue sections were washed three times with
phosphate-buffered saline (PBS), placed into the hematoxylin
solution for 1 min, washed three times with PBS, placed into the
eosin solution for 1 min, washed three times with PBS, and sealed
with xylene transparent and neutral gum. The samples were
photographed under a Leica microscope. For oil-red staining, the
cut tissue sections were washed three times with PBS, stained with
oil red solution for 1 min, washed three times with PBS, washed
three times with hematoxylin solution for 1 min, washed three times
with PBS, and sealed with glycerol gelatin. The sections were
photographed under a Leica microscope. ImageJ software was
used to calculate the oil red-stained area.
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2.6 Western blot analysis

RIPA lysis buffer was used to extract intestinal epithelial tissue
protein. BCA protein assay kit was used to determine the protein
concentrations (Beyotime, Shanghai, China). The membrane was
sealed with 5% BSA for 2 h. The membrane was subsequently
compared with the target Fgf15 (1:1000, ab252922) at 4°C.
GAPDH (1:1000) was used as a loading control. Then, the
secondary antibody (1:2000) was allowed to bind to the primary
antibody for 2 h at room temperature. The signal was captured using
an emitter-coupled logic substrate (pierce chemical). ImageJ
software was used to quantitatively analyze the band intensity.

2.7 Detection of total bile acids

Serum and fecal total bile acid levels were determined using total
bile acid kits (e003-2-1; Nanjing Jiancheng Co., Ltd.).

2.8 Statistical analysis

Data are expressed as the mean ± standard error of the mean
(SEM). Furthermore, significant differences were determined by
performing a t-test with least significant difference (LSD) post hoc
tests, and statistical significance was set at p < 0.05.

3 Results

3.1 Inulin improved glucose and lipid
metabolism in mice fed normal diet

To understand the effects of inulin on glucose and lipid
metabolism, we fed inulin to mice on a regular diet for 7 weeks,
while the control group was fed with the same quantity of solvent.

The results showed that the body weight of inulin-fed mice was
significantly lower than that of the control group (p < 0.05;
Figure 1A). Inulin significantly improved glucose tolerance and
insulin sensitivity in mice fed a normal diet. The area of the
glucose tolerance test curve also confirmed that the inulin group
significantly improved the glucose tolerance (p < 0.05; Figures 1B,
C). To determine the effect of inulin on intestinal lipid synthesis and
transport, we examined the genes involved in inulin-fed small
intestinal epithelial cells in mice. The results showed that the
expressions of some lipid synthesis genes (Srebp-1c, Fasn, Acc,
and Scd-1) and lipid transport genes (Cd36 and Apob-48) were
significantly lower in inulin-fed mice than those in control mice
(Figure 1D). To observe the serum lipid content in inulin-fed mice,
we measured the serum levels of TG, LDL, cholesterol, free fatty
acids, and high-density lipoprotein. The results showed that the
serum levels of TG, LDL, and cholesterol were significantly lower in
inulin-fed mice than those in control mice (p < 0.05; Figure 1E). In
addition, we did not find any significant changes in the liver,
inguinal fat (igWAT), epididymal fat (Epwat), or brown fat
(BAT) when the mice were weighed (Figure 1F). To understand
the effect of inulin feeding on intestinal bile acid excretion, we
examined the total bile acid levels in the serum, portal vein, and feces
of mice. The results showed that inulin significantly promoted fecal
bile acid excretion (p < 0.05; Figure 1G). To observe the effect of
inulin on liver function, serum alanine aminotransferase and
aspartate aminotransferase levels were detected; however, no
significant differences were observed (Figures 1H, I).

3.2 Inulin enhances microbial diversity in
the gut

To further understand the effect of inulin on the gut microbiota,
we performed 16sRNA sequencing of intestinal contents in mice fed a
normal diet. We found that inulin increased the α-diversity of the gut
microbiota in mice (Figure 2A). At the same time, the principal

TABLE 1 Primer information table.

Gene Forword Reverse

Chrebp CCAGCCTCAAGGTGAGCAAA CATGTCCCGCATCTGGTCA

Srebp1c GCAGCCACCATCTAGCCTG CAGCAGTGAGTCTGCCTTGAT

Apob48 TTGGCAAACTGCATAGCATCC TCAAATTGGGACTCTCCTTTAGC

Fasn AGAGATCCCGAGACGCTTCT GCTTGGTCCTTTGAAGTCGAAGA

Acc CTCCCGATTCATAATTGGGTCTG TCGACCTTGTTTTACTAGGTGC

Scd-1 TTCTTGCGATACACTCTGGTGC CGGGATTGAATGTTCTTGTCGT

Cd36 ATGGGCTGTGATCGGAACTG TTTGCCACGTCATCTGGGTTT

Npc1l1 TGTCCCCGCCTATACAATGG CCTTGGTGATAGACAGGCTACTG

Tnf-α CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG

Il-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC

Il-1β GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG

Fgf15 GGTCCCTATGTCTCCAACTGC CTTGATGGCAATCGTCTTCAGA
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component analysis showed that inulin increased the β-diversity of the
gut microbes in mice (Figure 2B). To further evaluate the microbial
changes, we analyzed the microbial “Phylum” levels and found that
inulin increased the proportion of the Bacteroidetes enteritidis and
decreased the proportion of Firmicutes. Furthermore, the ratio of
bacteroides to Firmicutes was significantly increased (Figures 2C, D).

3.3 Inulin reduced intestinal bile acid
reabsorption and increased fecal TG
excretion

To further explore the effects of inulin on glycolipid metabolism,
we used mice fed a HFD and inulin or solvent as experimental
treatments. The results showed that inulin significantly reduced the
weight in mice fed a HFD, which was significantly lower at 7 weeks
than the control group (Figure 3A). Glucose tolerance and insulin
resistance tests were performed 20 weeks after feeding a HFD. The
results showed that inulin significantly improved the glucose tolerance
and insulin resistance symptoms associated with a HFD (Figures

3B–D). To further evaluate the effects of inulin on intestinal
absorption in mice fed a HFD, we examined the lipid and bile acid
reabsorption genes in small intestinal epithelial cells. The results
showed that inulin significantly decreased intestinal lipid absorption
(Srebp-1c, Fasn, ACC, CD36, NPC1L1, and APOB48) and the
expression of inflammatory genes (TNF-α, IL-6, and IL-1β) (p <
0.05). In addition, inulin reduced the expression of the bile acid
reabsorption gene (FGF15) (p < 0.05; Figure 3E). To determine the
effect of inulin on serum lipids and inflammation in mice fed a HFD,
we measured serum levels of lipids, total bile acids, and inflammatory
markers. The results showed that inulin decreased the serum levels of
alanine aminotransferase, aspartate aminotransferase, IL-6, IL-1β, and
TNF-α (p < 0.05) in mice fed with HFD (Figures 4A–C). Furthermore,
inulin improved the insulin resistance index (p < 0.05) in mice fed a
HFD (Figure 4D). The levels of TG, LDL, and FFA were significantly
lower in the inulin group than those in the control group (p < 0.05)
(Figure 4E). Interestingly, inulin-fedmice on aHFDhad lower levels of
serum total bile acids, whereas fecal excretion of bile acids was higher
(p < 0.05) (Figure 4F). To this end, we examined the fecal TG content
and found that the fecal TG content was significantly higher in inulin-

FIGURE 1
Phenotype of mice fed a normal diet with inulin. (A) Body weight of mice on normal diet, (B) glucose tolerance test, (C) insulin tolerance test, (D)
jejunal gene expression, (E) serum lipid levels, (F) tissue weight, (G) total bile acid content, (H) alanine transaminase, (I) aspartate transaminase.
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fed mice fed a HFD (p < 0.05) (Figure 4G). We further weighed the
liver and fat of mice on a HFD and found that inulin reduced the
weight of liver, inguinal fat (igWAT), and epididymal fat (EPWAT)
(p < 0.05) (Figure 4H). To further explore the beneficial effect of inulin
on the liver, we examined liver-associated genes for lipid absorption
and inflammation. Compared with the control group, inulin reduced
the steatosis lipid synthesis genes (CHREBP, Srebp-1c, FASN, and Scd-
1) in mice fed a HFD and also significantly decreased the expressions
of IL-6, IL-1β, and TNF-1α in the liver. In addition, inulin reduced the
expression of FGF15, a rate-limiting gene for bile acid synthesis in the
liver (p < 0.05; Figure 4I). These results suggest that inulin improves
the glycolipid metabolic phenotype of mice fed a HFD by reducing the
reabsorption of intestinal bile acids and TG excretion from the feces,
reducing the metabolic syndrome induced by a HFD.

3.4 Inulin reduced liver lipid accumulation
and white fat production

To further explore the benefit of inulin on lipid accumulation in
the liver, we performed oil-red staining of liver samples of inulin-
and HFD-fed mice and analyzed the liver lipid proportion. The

results showed that inulin significantly reduced the liver lipid
accumulation (p < 0.05; Figures 5A, B) in mice fed a HFD. To
observe the maturity of white fat, we performed hematoxylin and
eosin staining of inguinal fat and found that inulin significantly
reduced the diameter of inguinal fat in mice fed a HFD. The inguinal
fat size of inulin-fed mice on a HFD was 40% smaller than that of
controls (p < 0.05; Figures 5C, D). To further determine the
mechanism of bile acid reabsorption in the gut, we examined the
expression level of FGF15, a gut bile acid reabsorption protein. We
found that inulin significantly reduced the expression of intestinal
bile acid reabsorption protein FFG15 in mice fed a high-fat diet.
These results suggest that the inhibitory effect of inulin on the
intestinal bile acid reabsorption protein FGF15 leads to a reduction
in intestinal lipid absorption, which in turn affects lipid production
and accumulation of liver and white fat (p < 0.05; Figures 5E, F).

4 Discussion

The present results show that inulin improves glycolipid
metabolism by remodeling the gut microbiota and increasing
fecal bile acid excretion in mice. In particular, inulin ameliorated

FIGURE 2
Sequencing results of gut microbes frommice fed a normal diet. (A)Microbial α-diversity; (B)microbial β-diversity; (C) changes in levels of microbial
“Phyla”; (D) proportion of bacteroides and firmicutes.
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the glycolipid metabolic phenotype of mice fed a normal diet, which
included reduced intestinal lipid absorption, improved glucose
tolerance, enhanced insulin sensitivity, and reduced body weight.
Mice fed a HFD were resistant against weight loss. Furthermore,
sequencing of the gut microbiota revealed that inulin can enhance
the diversity of the gut microbiota, reshaping the gut
microenvironment, which in turn enables lipid absorption,
ameliorates hepatic steatosis, and augments white fat. This study
showed that inulin can improve metabolic syndrome in mice on a
HFD, which can reduce intestinal lipid absorption associated with
increased fecal bile acid excretion.

Globally, the number of obese people continues to grow. Studies
predict that, by 2030, the number of obese people worldwide will
reach 1.12 billion (Kelly et al., 2008; Ng et al., 2021). Furthermore,
the prevalence rates of obesity-related metabolic syndromes, such as
type 2 diabetes, steatosis, and hyperlipidemia, are increasing
worldwide (Luukkonen et al., 2022). The problem of intestinal
health, particularly among obese people, has attracted attention
worldwide and is a hot topic (Correa et al., 2023). A high-fat
Western diet absorbs large amounts of fat through the gut, which
accumulates in organs such as the liver, white fat, brown fat, and the
brain after absorption into the blood (Daskova et al., 2023). The
aforementioned pathological process is involved in several metabolic
diseases, such as hepatic steatosis, steatoinflammation, and insulin
resistance (Huang et al., 2018; Liu et al., 2022). Recent evidence
suggests that the gut microbiota plays a critical role in the control of

obesity and NAFLD (Duranti et al., 2017; Soderborg et al., 2018).
Microbial derivatives, including short-chain fatty acids,
lipopolysaccharides, secondary bile acids, and indoles, have been
shown to be involved in the regulation of liver lipid metabolism
(Chen et al., 2023; Shi et al., 2023). The gut is extremely important
for energy metabolism throughout the body, primarily maintaining
a balance between absorption and excretion (Shin et al., 2022).
Disruption of this balance leads to sub-optimal health, including
disruption of the intestinal mucosal barrier caused by intestinal
imbalance (Shin et al., 2022). Inulin, a plant-derived extract, is
currently a hot topic in metabolic disease research. A recent clinical
study of obese individuals showed that inulin can improve obesity-
related metabolic disorders by improving the gut microbiota
(Rodriguez et al., 2022).

Our study found that inulin reduced body weight, increased
glucose tolerance, and improved insulin resistance in mice fed a
regular diet. In addition, we showed that inulin reduced serum lipid
levels in mice fed a normal diet, but no change in fat mass was
observed. We believe that this evidence is sufficient to demonstrate
the beneficial effects of inulin on this mechanism. Our findings are
consistent with those of a previous study (Beisner et al., 2021), which
showed that inulin improves the metabolic phenotypes by regulating
the production of intestinal short-chain fatty acids. In addition, the
protective effect of the intestinal mucosal barrier was enhanced by
increasing the expression of intestinal antimicrobial peptides. We
observed increased fecal bile acid content in inulin-fed mice fed a

FIGURE 3
Metabolic phenotype after inulin-fed mice were fed a high-fat diet. (A) Body weight of mice on a high-fat diet; (B) glucose tolerance test; (C) area
under the curve of glucose tolerance test; (D) insulin tolerance test; (E) intestinal lipid absorption-related genes in mice on a high-fat diet.
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normal diet. Intestinal bile acids mediate intestinal absorption of
lipids (Hu et al., 2023b). A recent study found that fecal bile acid
excretion was positively associated with lower blood lipids (Wang
et al., 2023). Bile acids simultaneously affect microbial survival and
colonization by promoting lipid absorption (Wu et al., 2022).
Therefore, we evaluated the metabolic phenotype inulin-fed mice
fed a HFD to explore the underlying mechanisms. Compared with
the control group, the inulin-fed HFD mice had the following
phenotypes: decreased body weight, increased glucose tolerance,
increased insulin sensitivity, decreased white fat content, and
decreased liver lipid content. In addition, we observed an
increase in fecal TG and bile acid content in inulin-fed mice fed
a normal diet. These results suggested that inulin may reduce
intestinal lipid absorption by promoting bile acid excretion in
mice fed a normal diet. The increase in fecal TG excretion also
supports this view. We further performed 16S sequencing analysis of
feces frommice fed a normal diet and found that inulin increased the
intestinal microbiota α-diversity and increased the ratio of

bacteroides/firmicutes in mice. Previous studies have reported
that the bacteroides/firmicutes ratio is a marker of gut microbial
health, and a high proportion of bacteroides/firmicutes suggests a
healthier gut microenvironment (Gu et al., 2017; Grigor’eva, 2020;
Yang et al., 2020; Duan et al., 2021). However, we did not find
changes in β-diversity, and we suggest that inulin only changed the
composition of the gut microbes, not the species.

We found that inulin-fed mice on a HFD had lower serum total
bile acid levels and higher fecal bile acid excretion. To this end, we
examined the fecal TG content and found that the fecal TG content
was significantly higher in inulin-fed mice fed a HFD (p < 0.05;
Figure 4G). We further weighed the liver and fat of mice on a HFD
and found that inulin reduced the weight of liver, inguinal fat
(igWAT), and epididymal fat (EPWAT) (p < 0.05). The liver of the
control group showed vacuolar degeneration and lipid
accumulation in the cytoplasm, which showed typical hepatic
steatosis. Inulin-fed mice on a HFD showed a complete reversal
of these changes. We suggest that these changes may be due to

FIGURE 4
Serological detection and liver gene expression in mice fed a high-fat diet. (A) Alanine transaminase; (B) aspartate transaminase; (C) serum
inflammatory factors; (D) insulin homeostasis model (HOMA-IR); (E) serum lipid levels; (F) total bile acid levels; (G) fecal triglyceride content; (H) tissue
weight of mice on a high-fat diet; and (I) expression of liver-related genes.
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decreased lipid accumulation in the liver as a result of a reduction in
intestinal lipid absorption. We performed hematoxylin and eosin
staining on the inguinal fat and found that inulin significantly
reduced the diameter of the inguinal fat in mice fed a HFD. The
inguinal fat size of inulin-fed mice on a HFD was found to be 40%
smaller than that of the control group. Our findings are similar to
recent reports (Du et al., 2020; Rodriguez et al., 2020; Zhu et al.,
2020). The abovementioned evidence indicates a beneficial
metabolic effect of inulin. We suggest that these results can be
explained based on the decreased lipid absorption through increased
bile acid excretion. The gut microbiota mediates the conversion of
primary bile acids to secondary bile acid formation andmediates this
process as a dominant factor (Guzior and Quinn, 2021). Therefore,
we suggest that inulin causes increased bile acid excretion by
remodeling the gut microbiota, which in turn affects the
intestinal lipid absorption. To further determine the mechanism
of bile acid reabsorption in the gut, we examined the expression level
of FGF15, a gut bile acid reabsorption protein. We found that inulin
significantly reduced the expression of the intestinal bile acid
reabsorption protein FFG15 in mice fed a HFD. These results
suggest that the inhibitory effect of inulin on the intestinal bile
acid reabsorption protein FGF15 reduces the intestinal lipid

absorption, which in turn affects lipid production and
accumulation in the liver and white fat.

5 Conclusion

Inulin improves glycolipid metabolism by remodeling the gut
microbiota and increasing fecal bile acid excretion in mice. In
particular, inulin ameliorates the glycolipid metabolic phenotype
of mice fed a normal diet, which includes reduced intestinal lipid
absorption, improved glucose tolerance, enhanced insulin
sensitivity, and reduced body weight. These changes may be
caused by an increase in bile acid excretion resulting from
changes in the gut microbiota that affect intestinal lipid absorption.
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FIGURE 5
Tissue sections and protein expression of mice on a high-fat diet. (A) Liver oil-red staining; (B) lipid proportion statistics after liver oil-red staining; (C)
groin fat hematoxylin and eosin staining; (D) groin fat cell size statistics; (E) Western blot plot of FGF15, the intestinal bile acid reabsorption protein; (F)
protein expression statistics of intestinal bile acid reabsorption protein FGF15.
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Calebin A targets the HIF-1α/
NF-κB pathway to suppress
colorectal cancer cell migration
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Background: Hypoxia-inducible factor-1α (HIF-1α) is one of the major tumor-
associated transcription factors modulating numerous tumor properties such as
tumor cell metabolism, survival, proliferation, angiogenesis, and metastasis.
Calebin A (CA), a compound derived from turmeric, is known for its anti-
cancer activity through modulation of the NF-κB pathway. However, its impact
on HIF-1α in colorectal cancer (CRC) cell migration is unknown.

Methods: Human CRC cells (HCT-116) in 3D alginate and monolayer multicellular
TME (fibroblasts/T lymphocytes) were subjected to CA or the HIF-1α inhibitor to
explore the efficacy of CA on TME-induced inflammation, migration, and tumor
malignancy.

Results: CA significantly inhibited TME-promoted proliferation and migration of
HCT-116 cells, similar to the HIF-1α inhibitor. Colony formation, toluidine blue
staining, and immunolabeling showed that CA inhibited the migration of HCT-116
cells partly by inhibiting HIF-1α, which is critical for CRC cell viability, and these
observations were confirmed by electron microscopy. In addition, Western blot
analysis confirmed that CA inhibited TME-initiated expression of HIF-1α and
biomarkers of metastatic factors (such as NF-κB, β1-integrin, and VEGF), and
promoted apoptosis (caspase-3), in a manner comparable to the HIF-1α inhibitor.
Finally, TME induced a purposeful pairing between HIF-1α and NF-κB, suggesting
that the synergistic interplay between the two tumor-associated transcription
factors is essential for CRC cell malignancy and migration and that CA silences
these factors in tandem.

Conclusion: These results shed light on a novel regulatory modulation of CA
signaling in CRC cell migration, partially via HIF-1α/NF-κB with potentially relevant
implications for cancer therapy.
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Calebin A, 3D alginate, tumor microenvironment, CRC migration, HIF-1α, NF-κB,
neoangiogenesis, apoptosis
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GRAPHICAL ABSTRACT

1 Introduction

Advanced colorectal cancer (CRC), defined as metastatic
neoplasia of the colon or rectal epithelium, represents a global
health problem. A statistical survey of patient data from
185 countries showed that in 2020, CRC was responsible for
10% of the 19.3 million new cancer cases and 9.4% of the
10 million cancer-related deaths (Sung et al., 2021). In
particular, increasing numbers of cases are now observed
among younger people, which can probably be linked to
modern lifestyle factors (Sung et al., 2021). In general, the
disease is characterized by high aggressiveness, resulting in
high metastasis rates (Miller et al., 2022). Hereby, vital tumor
cells with inflammation-facilitated and epithelial–mesenchymal
transition (EMT)-triggered migratory capacity, as well as
neoangiogenesis after tumor cell colonization, are
requirements for metastasis development (Welch and Hurst,
2019). These events are closely interconnected and mutually
reinforcing. For instance, it is well established that the
transcription factor nuclear factor-κB (NF-κB) in CRC cells is
not only the central wheel in escalating inflammation cascades
but also its increased expression explicitly promotes EMT,
resulting in an enhanced migratory ability (El-Ashmawy et al.,
2019). Consistent with this finding, the prevention of CRC
metastasis including morphological changes and increased cell
motility has been demonstrated by NF-κB inhibition (Kim et al.,
2017).

Interestingly, CRC cell migration and invasion were also
promoted by angiogenesis-supporting transcription factor
‘hypoxia-inducible factor’ (HIF)-1α (Kim et al., 2017), which is,
in turn, initiated by the inflammatory NF-κB-activated milieu in a
tumor microenvironment (TME) (Buhrmann et al., 2020c). HIF-1α
is among the most important transcriptional regulators associated
with tumors, and its activity increases in hypoxia to initiate the

fulfillment of oxygen demand. For this purpose, the hydroxylation of
HIF-1α is inhibited, leading to the activation of erythropoietin and
vascular endothelial growth factor (VEGF). On the whole, it affects
the function of several transcription factors andmodulates a number
of different tumor functions, including cell metabolism, immune
response, survival, proliferation, angiogenesis, and metastasis. For
this reason, HIF-1α activation is largely responsible for poor
treatment outcomes. HIF-1α is known to play an important role
in hypoxia-induced angiogenesis, metastasis (Xing et al., 2011;
Bocca et al., 2014), EMT and invasion of cancer cells (Jo et al.,
2009; Xing et al., 2011; Bocca et al., 2014; Zhang et al., 2021; Zhang
et al., 2022), and also in inducing conventional drug-resistant
properties (Yu et al., 2012), thus playing a central role in tumor
cell malignancy. Moreover, as the success of targeted monotherapy
is uncertain, scientists have aimed in identifying agents that could
target and interfere withmultiple subcellular cell signaling pathways.

Numerous natural products are being considered for research
and production of new safe and reliable substances for cancer
prevention. The importance of different natural supplements
such as polyphenols and flavonoids for cancer prevention has
been extensively researched, and there is much circumstantial
evidence that a relatively high intake of fruits and plant foods is
associated with a reduced risk of CRC (Lee et al., 2020; Wang
et al., 2020; Ahmad et al., 2022; Amintas et al., 2022; Mahmod
et al., 2022; Rodríguez-García and Gutiérrez-Santiago, 2023). It
has already been reported that these natural compounds are able
to influence gene expression and their end products with their
versatile modulatory signaling pathways, which allows them to
regulate many events in the cell, such as the cell cycle,
differentiation, survival, migration, and apoptosis (Shweiki
et al., 1992; Dashwood et al., 1999; Latruffe et al., 2002;
Mohamed et al., 2004; Shen et al., 2007; Pan et al., 2011;
Costea et al., 2018; Pérez-Escalante et al., 2018; Wang et al.,
2020). In addition, overproduction of pro-inflammatory
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transcription factors such as NF-κB, STAT3, and HIF-1α and
cytokines such as IL-1β and TNF-α, which are important risk
factors for colitis and the development of CRC, has been
demonstrated more frequently, especially in the colon due to
recurrent inflammation, which could be inhibited by various
phytochemicals due to their anti-inflammatory effects, leading
to CRC prevention (Gupta et al., 2010; Ma et al., 2017; Fang et al.,
2018; Qin et al., 2022; Zeng et al., 2022).

Calebin A (CA) is a natural polyphenol, isolated from rhizomes
of the Asian plants Curcuma longa and Curcuma caesia (Majeed
et al., 2019). This curcuminoid component (Majeed et al., 2019) has
shown valuable properties for human health in initial preclinical
trials by protecting various organ systems such as the nervous
system (Kim and Kim, 2001) and modulating the oxidative and
metabolic states (Oliveira et al., 2015). Furthermore, early
indications of a strong anti-inflammatory potential were found,
especially via the regulation of NF-κB (Tyagi et al., 2017), which is
mainly responsible for inflammation, with high relevance in acute
and chronic inflammations, and resulting cancers (Fauve et al., 1974;
Libermann and Baltimore, 1990; Neurath et al., 1996). Taking
advantage of this, CA averted NF-κB activation in cells of
multiple myeloma and head and neck cancer (Tyagi et al., 2017),
leading to cancer cell growth inhibition. Moreover, CA suppressed
the proliferation of cells from malignant peripheral nerve sheath
tumors in both in vitro and in vivo conditions, resulting in tumor
size reduction in a xenograft mouse model (Lee et al., 2019).
Furthermore, CA treatment contributed to inhibiting
proliferation and metastasis while stimulating apoptosis in
various CRC cell lines via the NF-κB pathway (Tyagi et al., 2017;
Buhrmann et al., 2019; Buhrmann et al., 2020b). This even led to an
increase in the effect of the CRC standard chemotherapeutic 5-
fluorouracil (5-FU) in largely chemoresistant cells (Buhrmann et al.,
2020a).

To the best of our knowledge, it has not yet been described
whether treatment of CRC cells with CA affects their vascularization
abilities including the expression of HIF-1α. Therefore, we
investigated the effects of CA on HCT-116 CRC cells in a 3D-
TME in vitro cultivation, focusing on a possible functional link
between the tumor-promoting transcription factors NF-κB and
HIF-1α.

2 Materials and methods

2.1 Antibodies and additives

Themonoclonal antibody against HIF-1α (sc-13515), VEGF (sc-
7269), and normal mouse IgG was obtained from Santa Cruz
(Dallas, Texas, United States). Monoclonal anti-phospho-p65-NF-
κB (#MAB7226), anti-p65-NF-κB (#MAB5078), anti-PARP
(#MAB8095), and polyclonal anti-cleaved-caspase-3 (#AF835)
were purchased from R&D Systems (Heidelberg, Germany). The
monoclonal anti-β1-integrin (#14-0299-82) was obtained from
Thermo Fisher Scientific (Langenselbold, Germany). Monoclonal
anti-β-actin (#A4700), BMS-345541 (IKK inhibitor), DAPI, MTT
reagent, toluidine blue, alginate, Fluoromount, and 2-
mercaptoethanol were obtained from Sigma-Aldrich
(Taufkirchen, Germany). Secondary Western blot antibodies

(alkaline phosphatase-linked) were purchased from EMD
Millipore (Schwalbach, Germany), and secondary
immunofluorescence antibodies (rhodamine-coupled) were
obtained from Dianova (Hamburg, Germany). HIF-1α inhibitor
(PX-478), a specific suppressor of HIF-1α levels in cancer cells, was
bought from Cayman Chemical (Ann Arbor, Michigan,
United States). Epon was bought from Plano (Marburg,
Germany). CA was donated by Sabinsa Corporation (East
Windsor, New Jersey, United States). It was prepared as a
5,000 µM stock solution in dimethyl sulfoxide (DMSO) and
finally diluted in the cell culture medium without exceeding 0.1%
DMSO during the experiments.

2.2 Cell cultivation

The following cells were used in the presented studies: HCT-116
CRC cells (human) and MRC-5 fibroblasts (human) from the
European Collection of Cell Cultures (Salisbury,
United Kingdom), and Jurkat T lymphocytes (human) from the
Leibniz Institute (Braunschweig, Germany). HCT-116 and MRC-5
grow as a monolayer, and Jurkat floats in the cell culture medium.
All cell lines were cultivated in T75 cell culture flasks at 37°C and 5%
CO2. The DMEM F-12 (1:1) cell culture medium from Sigma-
Aldrich (Taufkirchen, Germany) was supplemented with 3% fetal
bovine serum (FBS, serum-starved) or 10% FBS, 1,2% penicillin/
streptomycin, 1% L-glutamine, 1% ascorbic acid, 1% essential amino
acids, and 0. 5% amphotericin B, as used previously (Brockmueller
et al., 2022b).

2.3 3D alginate matrix model

To set up an alginate model similar to previous attempts
(Brockmueller et al., 2022c), CRC cells were grown as a
monolayer in T75 cell culture flasks until 70%–80% confluency.
Passage 2 or 3 was counted (1 million) and resuspended in alginate
(1 ml, 2% alginate in a 0.15 M NaCl solution). The suspension was
dropped into a CaCl2 solution and polymerized for 10 min.
Subsequently, alginate drops were washed three times in Hank’s
salt solution and twice in a cell culture medium containing 10% FBS
and then incubated for 30 min in the cell culture medium. The
experiments were carried out as 3D cultures, with or without a
multicellular TME and with or without CA (1, 2, and 5 µM) or the
HIF-1α inhibitor (1, 10, 20, and 30 µM). During 10–14 days of
experimental run time, the cell culture medium contained 3% FBS to
superficially assess the effect of additives.

2.4 Multicellular tumor microenvironment

The TME was composed of CRC cells embedded in an alginate
matrix, fibroblasts grown as a monolayer on the bottom, and
T-lymphocytes floated in a cell culture medium as a 3D
cultivation model in 12-well plates. This construction mimicked a
pro-inflammatory and vivo-like cancerous body situation by
multicellular cultivation in vitro, avoiding animal testing as
already been established (Buhrmann et al., 2020c).
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2.5 Colony formation investigation

Growth progression of CRC cells in the alginate drops was
observed for 10–14 days using an Axiovert 40 CFL phase contrast
microscope (Zeiss, Oberkochen, Germany); photographs were
taken, and pictures were digitally stored, as mentioned previously
(Shakibaei and De Souza, 1997; Shakibaei et al., 2015).

2.6 Invasion investigation

The CRC cells multiplied in the alginate drops and formed
colonies that migrated out of the spheres and then settled on the
ground of 12-well plates. After 10–14 days, the 12-well plates were
fixed in a Karnovsky solution and stained with toluidine blue, which
resulted in the appearance of the settled colonies. These colonies
were clearly recognizable as large dark blue dots, while the fibroblast
monolayer was stained only light blue so that the two cell types were
clearly distinguishable. They were counted per well and averaged
from each treatment in three independent trials, as already described
(Shakibaei et al., 2015; Buhrmann et al., 2019).

2.7 MTT viability and cytotoxicity
investigation

For measuring the CRC cell viability, HCT-116 cells were
embedded in an alginate matrix, and after 10–14 days of

treatment in a 3D culture as described previously, a MTT assay
was carried out. Therefore, the CRC-alginate drops were removed
with bent tweezers from the experimental 12-well plate and washed
three times in Hank’s salt solution so that only HCT-116 cells were
measured as explained previously in detail (Brockmueller et al.,
2022c). Hereafter, the unpolluted CRC-alginate drops were
dissolved in 55 mM sodium citrate and centrifuged. Alginate
residues were removed, and HCT-116 cells were washed in
Hank’s salt solution and resuspended in the MTT medium
containing 3% FBS but without vitamin C and phenol red. A
measure of 100 μl of the cell suspension and 10 µl of the MTT
solution were distributed to each well of a 96-well plate. By admixing
100 µl of the MTT solubilization solution containing 10% Triton X-
100/acidic isopropanol to each well, the reaction was terminated
after 3 h. With a ‘Bio-Rad ELISA reader’ (Munich, Germany), the
optical density (OD) was obtained at 550 nm.

2.8 Migration investigation

For the implementation of the migration assay, the 3D
experimental set-up was modified. First, HCT-116 cells were
seeded on small, round glass 12-well plates (80,000 cells/well)
and grown in a cell culture medium containing 10% FBS. After
24 h, a wound incision was made in the grown CRC monolayer
using a standard pipette tip (50–1,000 µl) from Eppendorf
(Hamburg, Germany). The dissolved CRC cells were washed off
with Hank’s salt solution, wells were replenished with the 3% FBS

FIGURE 1
Effect of Calebin A or the HIF-1α inhibitor on CRC cell survival. (A) The chemical formula of CA. (B) X-axis: HCT-116 cells in alginate drops either self
(basal control, Ba. Co.) or in the TME were, first, not treated or, second, exposed to a series of doses of CA (1, 2, and 5 µM) or the HIF-1α inhibitor (1, 10, 20,
and 30 µM). Y-axis: cell survival was monitored by MTT evaluation at 550 nm OD. Compared with Ba.Co.: *p < 0.05 and **p < 0.01.
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cell culture medium, and wound incisions were photographed using
a phase contrast Axiovert 40 CFL microscope (Zeiss, Oberkochen,
Germany). Now, the trial substances were added for 2 h, and then,
the glass plates were located in a 3D-model, as already used
previously (Buhrmann et al., 2021b). The 3D-environment was
built in 6-well plates with each well containing a small steel
bridge on which the CRC-glass plates were placed. Although the
cells of the basal control were only surrounded by the cell culture
medium, in TME treatment, there were also fibroblasts at the bottom
of the 6-well plates and free-floating T lymphocytes. After 1–3 days,
the CRC-glass plates were removed from the bridges with tweezers,
wound incisions were observed in a 12-well plate, and the CRC-glass
plates were placed back on the steel bridges. The wound incision
width was recorded at three different positions on the respective
light image, and the mean value was calculated. The extent of closure
of wound incisions over a period of 3 days was calculated and
compared with the control. After 2 days, the CRC-glass plates were
washed with Hank’s salt solution, photographed again in a 12-well
plate, methanol-fixed for immunolabeling, and frozen at −20°C.

2.9 Immunofluorescence investigation

Methanol-fixed CRC-glass plates from the 3D culture
environment (detailed described in the ‘Migration assay’ section
and earlier publications (Buhrmann et al., 2021b; Brockmueller
et al., 2022b)) were defrosted, washed with Hank’s salt solution,
and then processed with the Triton solution (0.5% in Hank’s salt
solution) and bovine serum albumin solution (1% in Hank’s salt
solution). For immunolabeling, the cells were incubated with the

primary antibody (dilution 1:80) overnight in a moist chamber. The
next day, the cells were incubated in the secondary (dilution 1:100)
antibody for 90 min and stained with DAPI for 15 min. Finally, the
CRC-glass plates were covered in Fluoromount and examined and
photographed with a Leica DM 2000 microscope (Wetzlar,
Germany), in accordance with the previous protocol
(Brockmueller et al., 2022c).

2.10 Electron microscopic investigation

HCT-116 were 3D-cultivated on small, round glass plates equal
to the process described in the ‘Migration assay’ and
‘Immunofluorescence’ sections. The CRC-glass plates were fixed
in the Karnovsky solution (1 h) and then trans-filled into tubes by
means of a cell scraper, followed by a fixation with osmium tetroxide
(OsO4, 2 h). Afterward, they were dehydrated (ascending alcohol
series) and embedded in Epon, as explained previously (Shakibaei
and De Souza, 1997; Buhrmann et al., 2018). The samples were
processed with Reichert-Jung Ultracut E (Darmstadt, Germany) and
contrasted (2% uranyl acetate/lead citrate solution). The
investigation of ultrastructural changes was carried out with a
transmission electron microscope (TEM) 10 from Zeiss (Jena,
Germany).

2.11 Western blot evaluation

Western blot samples were obtained from HCT-116 cells that
had been grown in alginate drops for 10–14 days with or without

FIGURE 2
Effect of Calebin A or the HIF-1α inhibitor on colony formation and invasion properties of CRC cells. HCT-116 cells were embedded in the alginate
matrix and treated as follows: basal control (Ba. Co.) or TMEwithout additives or TMEwith the dose-dependent concentration of CA (1, 2, and 5 µM) or the
HIF-1α inhibitor (1, 10, 20, and 30 µM). The evaluationwas performed by (A) colony formation observation: arrows represent the formedCRC cell colonies
in the alginate matrix (black/white arrows are synonymous, alternated for better visibility) and (B) invasion investigation: invaded CRC cell colonies
settled on the bottom of the well plate were stained with toluidine blue. (C) Statistic report of (A) and (B). X-axis: treatments; y-axis: number of formed
CRC cell colonies (white bars) and number of settled CRC cell colonies (black bars). Relative to Ba.Co.: *p < 0.05 and **p < 0.01.
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treatment additives and with or without TME, as mentioned
previously. The CRC-alginate drops were removed from
experimental 12-well plates and washed in Hank’s salt solution to
ensure that only HCT-116 cells were investigated. After that, CRC
cells were dissolved from the alginate matrix with a sodium citrate
solution, resuspended in lysis buffer, centrifuged for 30 min, and the
supernatant was frozen at −80°C. The sample proteins were
determined with a ‘Protein Quantification Kit’ from Interchim
(Montlucon Cedex, France) and reduced with 2-mercaptoethanol.
Subsequently, the samples were separated with a transblot apparatus
from Bio-Rad (Munich, Germany) by SDS-PAGE, as described
previously (Shakibaei et al., 2015; Brockmueller et al., 2022c).
Nitrocellulose membranes from Fisher Scientific (Schwerte,
Germany) were pre-incubated in blocking buffer for 2 h,
incubated overnight with a primary antibody (dilution 1:10,000),
and subsequently incubated with a secondary antibody (dilution 1:
5,000) for 90 min. 1-Step™ NBT/BCIP from Fisher Scientific
(Schwerte, Germany) was used to finalize, and densitometric
evaluation was carried out via the ‘Quantity One’ program from
Bio-Rad (Munich, Germany).

2.12 Immunoprecipitative investigation

HCT-116 samples were collected as explained in the ‘Western
blot evaluation’ section and immunoprecipitated to study the
functional link between NF-κB and HIF-1α signaling. For this
purpose, the samples were incubated with 25 µl IgG serum
(normal mouse or rabbit) and Staphylococcus aureus to preclear.
Hereafter, they were treated with anti-p65-NF-κB (primary
antibody, 4°C/2 h) and processed with S. aureus (4°C/1 h), as
carried out previously (Buhrmann et al., 2014). The SDS-PAGE
separation was performed, as described in the ‘Western blot
evaluation’ section with HIF-1α as an antibody.

2.13 Statistical analysis

Investigations were performed as three independent
experiments, and data were evaluated by unpaired Student’s t-test
and ANOVA (one-way) by a post hoc test to contrast each group’s
parameters. A significant difference was indicated by p-values less
than 0.05.

3 Results

3.1 Calebin A suppresses CRC cell viability,
proliferation, and metastatic capacity,
similar to the HIF-1α inhibitor

Recently, angiogenesis inhibitors such as bevacizumab or
ramucirumab have been integrated into CRC treatment,
especially at an advanced stage of the disease. Both are
monoclonal antibodies that inhibit VEGF through receptor
binding, leading to the suppression of new blood vessel
formation and thus to a bottleneck in tumor supply (Hurwitz
et al., 2005; Garcia-Carbonero et al., 2014). This led us to

consider the emerging multi-targeted-phytopharmacon Calebin A
(Figure 1A) for its anti-neovascularizing properties in CRC cells. For
this purpose, we chose the human CRC cell line HCT-116 and
compared the effect of CA with that of a specific HIF-1α inhibitor in
3D alginate CRC culture models. Therefore, the HCT-116 cells were
embedded in the alginate matrix, as described in the ‘Material and
methods’ section, and it was treated and examined as follows: first, a
basal control without the TME, followed by a TME control
(including Jurkat and MRC-5 cells as explained in Material and
methods) without additives and concentration-dependent
treatments of the TME with CA (1, 2, and 5 µM) or the HIF-1α
inhibitor (1, 10, 20, and 30 µM), was taken. After completion of the
experiments, the CRC cell’s viability, proliferation, and metastatic
capacity were evaluated in the following section.

3.1.1 Inhibition of CRC cell viability and toxicity
Initially, the vitality of the HCT-116 cells that have been

separated from the 3D alginate matrix was compared and
evaluated by the MTT assay (Figure 1B). A basal control culture
confirmed overall cell viability without the influence of the pro-
inflammatory, multicellular TME. Interestingly, the addition of
5 µM CA to the basal control cultures significantly reduced the
number of viable HCT-116 cells by more than one-third. The TME
made a remarkable difference in this experiment: when the CRC
cells were grown on it (as a control without the addition of any other
substances), the number of viable cells was more than twice as high
as in the basal control cultures. The subsequent treatment of HCT-
116 cells in the TME with an ascending concentration series of CA
(1, 2, and 5 µM) led to a continuous decrease in their cell viability.
This was particularly significant with the addition of 5 μM CA,
which reduced the number of viable cells by more than half when
compared to TME control cultures (Figure 1B). Subsequently and
comparatively, the concentration-dependent treatment of a specific
HIF-1α inhibitor (1, 10, 20, and 30 µM) was investigated. Thereby,
the number of viable CRC cells was almost halved with the addition
of 20 µM of the HIF-1α inhibitor, and only the addition of 30 µM
HIF-1α inhibitor produced a viability-reducing effect comparable to
that of 5 µM CA (Figure 1B).

Overall, these results suggest that CA suppressed the cell
viability of CRC cells in a manner similar to that of the HIF-1α
inhibitor.

3.1.2 Inhibition of CRC cell proliferation and colony
formation

Before the HCT-116 cells were removed from the alginate drops,
their growth behavior in the basal control, TME control, and TME
under the influence of CA (1, 2, and 5 µM) or the HIF-1α inhibitor
(1, 10, 20, and 30 µM) was observed in detail, as described in colony
formation investigation. Viewing under the light microscope, visible,
treatment-dependent differences in proliferation and colony
formation behavior were documented (Figure 2A). In the
inflammation-stimulated TME control cultures, significantly more
colonospheres had formed (Figure 2A, arrows) than those in the
basal control cultures. This high proliferation rate also persisted with
the addition of 1 µM CA and decreased slightly at 2 µM CA. TME
treatment with 5 μM CA finally reduced the number of
colonospheres ready to emigrate by approximately 50% (Figures
2A, C, white bars). Moreover, an addition of the HIF-1α inhibitor
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also reduced the number of CRC cell colonospheres in a
concentration-dependent manner, whereby treatment with 30 µM
had a similar proliferation-inhibiting effect as a form of treatment
with 5 µM CA (Figures 2A, C).

Altogether, this observation was consistent with the previously
described MTT assay result and highlights the selective and precise
blockade of colony formation as one of the many anti-tumor
mechanisms in CRC-TME by CA, similar to the suppression of
colony formation by targeted HIF-1α inhibitors, which shows at
least in part a HIF-1α protein dependence.

3.1.3 Inhibition of CRC cell invasion
In parallel to the proliferation and colony formation

observation, it was also analyzed how many cells were finally
settled as colonies at the bottom of the well plates, as described in
the Materials and methods section, symbolizing the metastatic
potential of HCT-116 cells. With this aim, the well plates were
stained with toluidine blue after the end of the experiment,
whereby the colonies appear as distinctive dark blue dots
(Figure 2B). The statistical evaluation (Figure 2C, black bars)
revealed that the multicellular TME promoted the invasion of
CRC cells and, thus, the colonies by more than one-third
compared to the basal control cultures. The higher the dosage
of CA (1, 2, and 5 µM) added to the TME cultures, the fewer
colonies settled at the bottom of the experimental well plates.
Interestingly, treatment of the alginate-embedded CRC cells with
5 µM CA reduced the invasion and colony formation and

inhibited the metastatic capacity by more than 80%. In
comparison, the addition of the HIF-1α inhibitor (1, 10, 20,
and 30 µM) also caused a concentration-dependent decrease in
the colony count. To sum up, the evaluations by the MTT
viability test, colony formation observation, and invasion
investigation confirmed each other and provided consistent
evidence that the effect of 5 µM CA is similar to that of the
30 µM HIF-1α inhibitor in inhibiting viability, proliferation, and
the metastatic capacity of HCT-116 CRC cells.

3.2 Calebin A suppresses TME-induced
migration of CRC cells similar to the HIF-1α
inhibitor

To study the migration capacity of the CRC cells in more detail,
we initiated a wound-healing assay (migration assay). For this
purpose, the HCT-116 cells were grown on round glass plates
and, after monolayer incision, cultivated on small steel bridges in
a TME culture. Wound healing was measured by an average
reduction in the area between the wound edges at the respective
times and dosages.

As shown in Figure 3, different treatments (basal control, TME
control, and TME with CA (1, 2, and 5 µM) and TME with 1, 10, 20,
and 30 µM HIF-1α inhibitors were evaluated by phase contrast
microscopy (upper row, gray) and β1-integrin immunolabeling
(middle row, red), as a cell surface receptor (migration-

FIGURE 3
Effect of Calebin A or the HIF-1α inhibitor on the migration of CRC cells. The migration of HCT-116 cells on a wound incision-exposed surface in a
CRC cell monolayer on glass plates (procedure described in detail in the ‘Migration investigation’ section, Material and methods) was carried out under
different conditions: first, a treatment-free basal control (Ba. Co.) and TME control (TME). Second, the TME was treated with 1, 2, and 5 µMCA or 1, 10, 20,
and 30 µM HIF-1α inhibitor. Analysis was carried out by phase contrast microscopy (upper row; yellow dashed lines represent the distance of the
made wound incision), immunofluorescence (middle row; red labeling represents the β1-integrin), and DAPI staining (lower row; blue marking shows
DAPI staining). The images shown represent the CRC cells at treatment day 5. The bar chart shows different CRC cell treatments on the x-axis and the
measured glass plate area occupied by HCT-116 cells (%) on the y-axis in the course of the trial. White bars represent day 0, monolayer with standardized
wound incision. Gray bars (day 3) and black bars (day 5) represent CRC cell migration in the course of treatment. Statistics with n = 3: *p < 0.05 and **p <
0.01 related to basal control.
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biomarker), and DAPI staining (lower row, blue), as a marker for
vital cells.

The first striking observation was the tumor-promoting effect of
the TME, noticeable in a dense influx with complete closure of the
wound incision, while a narrow wound incision opening remained
in the basal control cultures at the end of the experiment.
Remarkably, an addition of CA (1, 2, and 5 µM) to the TME
showed two concentration-dependent effects: a) it significantly
prevented the migration of the incision (an inhibition of more
than 50% compared to the addition-free TME) and b) the
expression of the cell surface receptor β1-integrin was inhibited,
visible by weaker immunolabeling while the DAPI-staining
remained strong (Figure 3). More interestingly, a similar,
migration-inhibiting and β1-integrin-weakening effect was also
presented by the HIF-1α inhibitor (1, 10, 20, and 30 µM), and in
this experiment, these effects were also observed at significantly
higher concentrations (Figure 3).

In addition to the images shown, representing the fifth, final day
of the trial, the treatment-dependent migratory dynamics were
measured and statistically processed during the course of the
trial. The white bars show a uniform initial situation of the glass
plates after the monolayer wound incision, in which approximately
28% of the glass surface was occupied by HCT-116 cells. The gray
bars mark the intermediate state of progress on day 3, and the black
bars represent the evaluation of the final situation on day 5
(Figure 3). In summary, the multicellular 3D-TME effectively
stimulated the CRC cells in a tumor-promoting manner, and
both CA and the HIF-1α inhibitor suppressed their migratory
propensity in a concentration-dependent manner. The dose of
CA required to achieve a similar effect was lower than that of
the HIF-1α inhibitor so that the differences observed in the alginate
matrix were also reflected in HCT-116 monolayer cultures.

Moreover, the observation of β1-integrin immunolabeling
weakened by CA or the HIF-1α inhibitor could indicate the use
of the β1-integrin receptors by both substances for migration
inhibition and offers a future research question.

3.3 Calebin A suppresses intranuclear
activation of HIF-1α in CRC cells similar to
the HIF-1α inhibitor

Another investigation in the 3D-monolayer model was the
immunofluorescence examination, as described in the “Material
and methods” section. In this experiment, a basal control with or
without CA (5 µM) was compared with HCT-116 cells in the TME
without additives or with CA (5 µM) or with an addition of the HIF-
1α inhibitor (10, 20, and 30 µM). Afterward, the CRC cells were
immunolabeled with a monoclonal antibody against HIF-1α
(Figure 4, upper row, red) for detection of the activated protein
and were DAPI-stained (Figure 4, lower row, blue) to reinsure the
vitality of the HCT-116 cells.

In both, basal control and TME control, the CRC cell nuclei were
significantly immunomarked (Figure 4, upper row, white arrows) in
accordance with an active, intranuclear localization of the HIF-1α
protein. However, treatment with CA significantly reduced the
number of positively labeled HCT-116 cells with HIF-1α, more
effectively as compared to basal control and TME control. Not
surprisingly, treatment with the HIF-1α inhibitor also inhibited the
expression of the HIF-1α protein, this time with greater efficiency
than CA. As shown in Figure 4, from a concentration of 20 µMHIF-
1α inhibitor, a stronger HIF-1α inhibition was achieved than that by
the CRC treatment with 5 µM CA. Overall, these results confirmed
a) the specific efficacy of the synthetic HIF-1α inhibitor and b) the

FIGURE 4
Effect of Calebin A or the HIF-1α inhibitor on immunocytochemical HIF-1α localization in CRC cells. HCT-116 cells grown on glass plates were
incubated without TME as a basal control (Ba. Co.) or with the TME and with/without CA (5 µM) or HIF-1α inhibitor (10, 20, and 30 µM) addition. CRC cells
were immunolabeled by anti-HIF-1α (upper row; red labeled; white arrows), stained with DAPI (lower row: blue marked), and investigated by
immunofluorescence microscopy. Scale bars = 30 µm. Determination of positively labeled HIF-1α cells (white arrows) was performed by counting
400–500 cells from 15 microscopic areas. Statistics with n = 3: *p < 0.05 and **p < 0.01 related to the basal control.
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great potential of a HIF-1α inhibitor-like effect of the natural
component CA in HCT-116 CRC cells.

3.4 Calebin A suppresses EMT morphology
in CRC cells similar to the HIF-1α inhibitor

To specify the morphological influences of CA (1, 2, and 5 µM)
and the HIF-1α inhibitor (1, 10, 20, and 30 µM) leading on EMT,
HCT-116 cells in basal control or in the TME, were compared and
examined at the ultrastructural level. Therefore, the CRC cells were
also grown in the already mentioned monolayer model in the TME
(in-depth description in Materials and methods) and subsequently
evaluated by transmission electron microscopy (TEM, Figure 5).
Compared to the CRC cells in the basal control (Figure 5A),
inflammation-stimulated HCT-116 cells showed much more
active pseudopodia (black arrows) in the TME control
(Figure 5B), underlining their strong migration tendency. We
observed a decrease in these active pseudopodia at an addition of
1 µM CA (Figure 5C) to the TME, and furthermore, apoptotic
bodies (black stars) appeared from an addition of 2 µM CA
(Figure 5D). On a highly interesting note, TME treatment with
5 µM CA (Figure 5E) induced two significant changes: a) the
mesenchymal, pseudopodia-rich surface of the HCT-116 cells
became smooth with an epithelial, migration-inhibited
characteristic (black arrowheads) and, moreover, b) the number
of visible apoptotic bodies increased. Again, CA’s effects were
compared with those of the HIF-1α inhibitor. Its addition by

1 µM did not result in a significant TME change because the
CRC cells remained pseudopodia-active (Figure 5F). Then,
treatment with 2 µM HIF-1α inhibitor (Figure 5G) caused, first,
apoptotic bodies and an effect comparable to the treatment of 2 µM
CA (Figure 5D). From a concentration of the 20 µM HIF-1α
inhibitor (Figure 5H) onward, there was an increase in apoptotic
bodies, while the activity of mesenchymal pseudopodia was reduced
and, at the same time, the first epithelial-tending surfaces became
observable. Finally, an addition of the 30 µM HIF-1α inhibitor
(Figure 5I) resulted in a cell morphology comparable to that of
the changes caused by CA (5 μM, Figure 5E), with numerous
apoptotic bodies and predominantly smooth epithelial surfaces.
Altogether, similar to the HIF-1α inhibitor, CA efficiently
induced apoptosis in HCT-116 cells, smoothed their surface to
epithelial morphology, and significantly reduced their migration
propensity and thus their metastatic ability.

3.5 Calebin A suppresses neoangiogenesis,
vascularization, inflammation, and
migration, and promotes apoptosis in CRC
cells, similar to the HIF-1α inhibitor

In the next step, the expression of central proteins representing
neoangiogenesis (HIF-1α), vascularization (VEGF), inflammation
(NF-κB), migration (β1-integrin), and apoptosis (cleaved-caspase-3)
was investigated, taking into account the molecular conditions. For
this purpose, HCT-116 cells were cultivated in the alginate matrix

FIGURE 5
Effect of Calebin A or the HIF-1α inhibitor on ultrastructural morphology of CRC cells. HCT-116 cells were grown on glass plates and handled
treatment-free as a basal control (Ba. Co.) or TME control, or TME was treated with a concentration-dependent series of CA (1, 2, and 5 µM) or the HIF-1α
inhibitor (1, 10, 20, and 30 µM). The samples presentedwere examined by TEM. Symbols: arrows represent active pseudopodia, arrowheads represent the
epithelial cell surface, and stars represent apoptotic bodies; scale bars = 1 µm.
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TME model under different treatments: basal control, TME control,
and TME with CA (1, 2, and 5 µM) or the HIF-1α inhibitor (1, 10,
20, and 30 µM). At length, the CRC cells were removed from alginate
and processed, as well as analyzed by Western blot as described in
the ‘Material and methods’ section.

Focusing on neoangiogenesis and vascularization, we first
looked at the parameters associated with it. Both HIF-1α and
VEGF were more highly expressed in the multicellular TME than
in the basal control cultures. Interestingly, concentration-dependent
treatment with CA or the HIF-1α inhibitor reduced the expression
of both parameters significantly in CRC cells, reaching a minimum
at 5 µM CA or 30 µM HIF-1α inhibitor. Thus, their dynamics
confirmed each other (Figure 6). An escalating inflammatory NF-
κB cascade represents a known fundamental problem in promoting
tumorigenesis (Fauve et al., 1974; Tyagi et al., 2017), so it was not
surprising that the main inflammation-related transcription factor
NF-κB was significantly activated in the TME control cultures
compared to the basal control. Confirming numerous previous
results (Tyagi et al., 2017; Buhrmann et al., 2020b), treatment
with CA lowered the activation of NF-κB (p-NF-κB-p65) similar

to the HIF-1α inhibitor. These results were corroborated by a
consistent expression of unphosphorylated NF-κB, which served
as a control parameter (Figure 6). As increased vascularization
enables growth and migration, the metastasis marker β1-integrin
was investigated further. Immunoblotting confirmed a migration-
promoting effect of the TME, shown by stronger expression in the
TME control than in the basal control. At increasing concentrations,
CA or the HIF-1α inhibitor inhibited this protein and caused
progressively lower expression, suggesting that adhesion and
metastasis of the HCT-116 cells were impeded (Figure 6). One of
the main goals of tumor therapy is the sustained eradication of
cancer cells. Therefore, the expression pattern of apoptosis-related
cleaved-caspase-3 was also relevant. Cleaved-caspase-3 was
extremely low in the basal control cultures, TME control
cultures, and in TME-treated cultures with low CA (1 µM) or
HIF-1α inhibitor (1 and 10 µM); however, its expression
improved with increasing addition of CA (2 µM) or the HIF-1α
inhibitor (20 µM). Finally, clear apoptosis evidence was achieved at
CRC cell treatment with 5 µM CA or 30 µM HIF-1α inhibitor
(Figure 6).

In total, CA suppressed TME-promoted and HIF-1α-associated
neoangiogenesis, vascularization, inflammation, and migration, and
elevated apoptosis in HCT-116 cells similar to a HIF-1α inhibitor.

3.6 Calebin A suppresses the functional
linkage between major tumor-associated
transcription factors NF-κB and HIF-1α

It has been previously reported that stimulation of both
transcription factors HIF-1α and NF-κB induces malignancy,
migration, and invasion of tumor cells (Colotta et al., 2009).
Moreover, the observation of inflammation-triggered tumor
promotion and neoangiogenesis-induced metastatic capacity led
to the search for a possible functional link between the major
tumor-associated marker proteins NF-κB and HIF-1α in their
activated forms. In order to take reciprocity into account, the
HCT-116 samples (basal control, TME control, 5 μM CA, 5 µM
specific IKK inhibitor (BMS-345541), and 20 µM HIF-1α inhibitor)
obtained from 3D alginate cultivation and prepared for
immunoblotting were first immunoprecipitated with NF-κB and
then immunoblotted with an antibody against HIF-1α (Figure 7).
The NF-κB-immunoprecipitated CRC cell samples showed an
enhanced HIF-1α expression in the TME control cultures
compared with the basal control cultures. This strong
angiogenesis induction was significantly limited by treatment
with CA, HIF-1α inhibitor, or the IKK inhibitor (Figure 7). The
consistent expression of immunoglobulin heavy-chain IgH and the
loading control PARP confirmed the balance of the CRC cell
samples (Figure 7).

Altogether, the immunoblot demonstrated coupling of HIF-1α
and NF-κB, which is interpretable as a functional axis between two
tumor-promoting transcription factors. The expression of HIF-1α
on this axis was effectively inhibited by CA or the IKK inhibitor. This
finding underscores that the effect of 5 µM CA is similarly sufficient
to that of the 20 µM HIF-1α inhibitor, suggesting that HIF-1α
appears to be a potential subcellular target of anti-tumor effects
of CA and resulting in inhibition migration of CRC cells.

FIGURE 6
Effect of Calebin A or the HIF-1α inhibitor on vascularizing,
inflammatory, metastatic, and apoptotic parameters. HCT-116
samples were isolated from the alginate matrix and assessed by
Western blotting. X-axis shows the treatments carried out: basal
control (B.Co.) or TME control, TME enriched with CA (1, 2, and 5 µM),
or the HIF-1α inhibitor (1, 10, 20, and 30 µM). Y-axis oriented to
densitometric units. In relation to Ba. Co.: *p < 0.05 and **p < 0.01.
Antibodies against HIF-1α, phosphorylated/unphosphorylated NF-κB,
VEGF, β1-integrin, and caspase-3 were used. β-actin served as a
loading control.
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4 Discussion

CA is a safe natural polyphenol and one of the main components
of the rhizome of Curcuma longa, which has anti-inflammatory,
antioxidant, anti-cancer, and anti-CRC properties (Tyagi et al., 2017;
Buhrmann et al., 2019; Buhrmann et al., 2020a; Buhrmann et al.,
2021b). Recent works have demonstrated that the use of CA in
addition to conventional chemotherapeutic agents efficiently
reduces drug resistance (Buhrmann et al., 2019; Buhrmann et al.,
2020b; Buhrmann et al., 2021a; Buhrmann et al., 2021b;
Brockmueller et al., 2022a; Brockmueller et al., 2023). However,
its biological activities and mode of action, particularly as a
migration inhibitor for cancer cells, are not yet known.

There is a large body of research data demonstrating that
hypoxia is highly expressed in the TME and tumor cells and that
it also plays a central role in angiogenesis and malignancy of tumors
(Xing et al., 2011; Kumar and Gabrilovich, 2014; Kim et al., 2017;
Roy et al., 2020; Zhang et al., 2021). In addition, hypoxia induces the
expression of cancer-promoting transcription factors such as HIF-
1α, which further induces angiogenesis-promoting growth factors
such as VEGF and pro-inflammatory cytokines such as TNF-α and
IL-1β, as well as the regulation of immune cells, metabolic signaling,
and the development of resistance in various types of tumors in the
TME (Kumar and Gabrilovich, 2014; Jiang et al., 2020; Roy et al.,
2020). Moreover, the role of the transcription factor NF-κB as a
controlling factor in inflammation and metastasis of the TME of
CRC is well-studied and established (Oliveira et al., 2015; Tyagi et al.,
2017; Buhrmann et al., 2019; Buhrmann et al., 2020a; Buhrmann
et al., 2020b), but little is known about HIF-1α in this context.
Therefore, in this study, we investigated whether CA exerts its anti-
inflammatory and anti-migratory effects via modulation of HIF-1α/

NF-κB signaling pathways in CRC-TME, and we compared its anti-
carcinogenic effects with a specific HIF-1α inhibitor.

The key insights of these investigations are as follows: CA
significantly instigated anti-tumorous properties in CRC cells and
was also similarly effective as a HIF-1α inhibitor related to I)
reduction of viability, proliferation, invasion, vascularization,
inflammation, migration, and II) promotion of apoptosis.
Furthermore, III) we show, here, for the first time that the
existence of a functional link between HIF-1α and NF-κB in
HCT-116 cells has been proven, and IV) that CA shows potential
to modulate this newly suspected axis in an anti-carcinogenic
manner in CRC.

Our results demonstrated significant inhibition of CRC cell
survival, viability, proliferation, and invasion by CA treatment.
This basically suggests the anti-tumor modulation of CRC by
CA, which is in line with previous findings of a versatile
malignancy reduction in the same CRC cell line caused by this
phytopharmaceutical (Buhrmann et al., 2021b). The fact that these
effects were comparable to those of a synthetic HIF-1α inhibitor led
to the assumption of the neoangiogenesis limitation as this is a
fundamental requirement for tumor growth and spread. Sufficient
vascularization promoted by HIF-1α (Zhang et al., 2015) and the
inflamed milieu of a multicellular TME (Buhrmann et al., 2021a)
induce EMT, which, in turn, enables tumor metastasis. Most
impressively, the migration assay demonstrated successful
disruption of this complex process by treatment with CA or a
HIF-1α inhibitor.

Furthermore, CA promoted apoptosis similar to the HIF-1α
inhibitor shown in the results. In this regard, other research groups
demonstrated an apoptosis induction by CA in various cancer cells.
The reasons proposed for these polyphenol-associated cell deaths

FIGURE 7
Effect of Calebin A, BMS-345541, or the HIF-1α inhibitor on the functional linkage between NF-κB and HIF-1α. HCT-116 cells were detached from
alginate drops, immunoprecipitated (IP) with anti-NF-κB, and immunoblotted (WB) against anti-HIF-1α. Anti-PARP was used as a loading control, and IgH
corresponds to the immunoglobulin heavy chain. The X-axis shows CRC cell treatments: basal control, TME control, TME with 5 μM CA, 5 µM BMS-
345541, or 20 µM HIF-1α inhibitor. The Y-axis shows densitometric units. p-values: *p < 0.05 and **p < 0.01 concerning to basal control.
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are, for example, a modulation of the mitogen-activated protein
kinase (MAPK) pathway in human gastric cancer cells (Li et al.,
2008) or an activation of histone acetyltransferase in peripheral
nerve sheath tumor cells, which has been confirmed in vitro and in
vivo (Lee et al., 2019). To summarize, we suggest a co-treatment with
the natural compound CA could cause tumor cells to die in a similar
way to interrupting the blood supply with synthetic medicines.

The cancer-promoting transcription factor HIF-1α is a
heterodimeric protein and consists of an oxygen-controlled α-
chain and a constant β-chain. Moreover, under hypoxia
conditions, the HIF-1α protein is stabilized together with HIF-1β
in the nucleus so that the heterodimer can promote the transcription
of many HIF-dependent down-stream target genes that mainly
promote tumor cell malignancy, including migration (Wu et al.,
2015; Zhang et al., 2021). Thereupon, we focused more precisely on
HIF-1α, which supports neoangiogenesis and enables the survival of
CRC cells despite oxygen-deficient conditions of a carcinogenic
milieu (Kim et al., 2017). This tumor-forcing environment,
represented by the TME in the previous and this study, is
promoted through various pro-inflammatory signaling cascades,
particularly those triggered by NF-κB; however, CA significantly
blocks andmodulates this signaling cascade (Buhrmann et al., 2019).
Indeed, NF-κB and the NF-κB signaling pathway, one of the well-
researched pro-inflammatory and tumor-promoting transcription
factors, have a central function in tumor cell survival, proliferation,
angiogenesis, invasion and metastasis (Ahn et al., 2007;
Kunnumakkara et al., 2020). For these reasons, we suspected a
functional connection between both tumor-associated transcription
factors, and we found, for the first time, a functional link between
two transcription factors in tandem, and this axis was clearly
demonstrated by a co-immunoprecipitation assay. Furthermore,
these results are consistent with those of earlier trials
demonstrating an NF-κB/HIF-1α/VEGF axis in cancer cells using
an in vivo angiogenesis assay (Huang et al., 2022). In addition, HIF-
1α has been reported to have multiple binding sites for NF-κB p65
(Rius et al., 2008; Raja et al., 2014), highlighting the nature of this
link in tumor cells, and our results point out this close relationship
between both the transcription factors in promoting CRC cell
migration.

We examined further whether CA modulates the HIF-1α/NF-κB
tandem and thereby inhibits cancer cell migration. Surprisingly, CA
markedly inhibits this functional cooperation between two
transcription factors in CRC cells. These results revealed a new
and one of the multiple subcellular targets for the anti-tumor
potential of CA, thus supporting the multiple modulatory activity
of CA against CRC. In addition, we found that TME-promoted
expression of many gene end products coordinated by HIF-1α and
NF-κB, including VEGF, β1-integrins, and HIF-1α, which are
associated with cell migration and metastasis, were downregulated
after CA treatment, whereas activation of caspase-3 led to induction of
apoptosis (Xing et al., 2011; Kumar and Gabrilovich, 2014; Buhrmann
et al., 2019; Kunnumakkara et al., 2020; Roy et al., 2020; Zhang et al.,
2021). Indeed, CA has been reported to be able to directly modulate
the binding of p65-NF-κB to the DNA promoter (Buhrmann et al.,
2020a; Buhrmann et al., 2021a).

Although the suppression of activated NF-κB has been reported
in various cancers such as multiple myeloma, head and neck cancer,
or CRC (Tyagi et al., 2017), the effect of CA on HIF-1α has not been

previously described. The finding that this phytopharmaceutical
simultaneously inhibits inflammation, angiogenesis and migration
may lead to a new role of CA for future CRC treatment options,
particularly in advanced, metastatic, or chemoresistant diseases
(Brockmueller et al., 2023).

5 Conclusion

The present results demonstrate a CA-associated reduction in
cell viability and proliferation, as well as suppression of
vascularization, invasion, and migration in HCT-116 CRC cells
with simultaneous induction of apoptosis. Interestingly, all
findings are associated with the inflammation transcription factor
NF-κB and the angiogenesis marker HIF-1α, whose common axis
was verified and successfully regulated by CA. This modulatory
mechanism of CA is described here for the first time and represents a
new research approach for prevention, prognosis, and improved
CRC therapy in the future.
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The sterile inflammatory responsemediated by Toll-like receptors (TLRs) 4 and 9 is
implicated in the massive hepatic damage caused by acetaminophen (APAP)-
overdose. There is a crosstalk between TLR-dependent signaling with other
intracellular kinases like phosphatidylinositol 3-kinases (PI3Ks). Nevertheless,
the detailed role of PI3Kα is still unknown in hepatic sterile inflammation.
Accordingly, the effect of the novel PI3Kα inhibitor alpelisib was investigated in
the setting of APAP-driven sterile inflammation in the liver. This was examined by
pretreating mice with alpelisib (5 and 10 mg/kg, oral) 2 h before APAP (500 mg/kg,
i.p.)-intoxication. The results indicated that alpelisib dose-dependently lowered
APAP-induced escalation in serum liver function biomarkers and hepatic
necroinflammation score. Alpelisib also attenuated APAP-induced rise in
cleaved caspase 3 and proliferating cell nuclear antigen (PCNA) in the liver
hepatocytes, as indices for apoptosis and proliferation. Mechanistically,
inhibition of PI3Kα by alpelisib limited APAP-induced overproduction of the
pro-inflammatory tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6 in
the blood circulation via switching off the activation of several signal transduction
proteins, including extracellular signal-regulated kinase (ERK), c-Jun N-terminal
kinase (JNK), signal transducer and activator of transcription-3 (Stat-3), glycogen
Synthase Kinase (GSK)-3β and nuclear factor (NF)-κB. Alpelisib also impaired
APAP-instigated immune cell infiltration in the liver via reducing systemic
granulocyte/macrophage-colony stimulating factor (GM-CSF) release and
reversed APAP-induced abnormalities in the systemic and hepatic levels of the
anti-inflammatory IL-10 and IL-22. In conclusion, selective modulation of the
PI3Kα activity by alpelisib can hinder the inflammatory response and infiltration of
immune cells occurring by APAP-hepatotoxicity.
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1 Introduction

Acetaminophen (APAP) accounts for a high rate of mortality
worldwide because of the massive hepatic failure caused by
overdose. Hepatic inflammation is the most common
pathological pattern distinguishing APAP-induced liver injury
(Chang and Schiano, 2007). The sterile inflammatory response
plays a major role in aggravating the first wave of hepatocellular
damage initiated by N-acetyl-p-benzoquinone imine (NAPQI)-
mediated depletion of hepatic GSH and the ensuing oxidative
stress (Jaeschke and Ramachandran, 2020). This response is
mainly driven by damage-associated molecular patterns (DAMPs)
like high-mobility group B1 (HMGB1) and host DNA released from
dying hepatocytes that can activate Toll-like receptors (TLRs) 4 and
9 localized on resident and recruited immune inflammatory (Shaker,
2022). Stimulation of these types of pattern recognition receptors
(PRRs) leads to nuclear translocation of nuclear factor (NF)-κB and
overproduction of pro-inflammatory cytokines like tumor necrosis
factor (TNF)-α, interleukin (IL)-1β and IL-6 (Shaker et al., 2016).
Hence, therapeutic strategies that interfered with either DAMPs,
PPRs or their downstream successfully spared the liver from the
inflammation cascade caused by APAP-overdose.

PRRs mediate the overexpression of pro-inflammatory
cytokines via certain signal transduction proteins that are
activated by certain kinases (Troutman et al., 2012). Of these
kinases, phosphatidylinositol 3-kinases (PI3Ks) are intracellular
lipid kinases that transduce signals for proliferation, survival,
differentiation and metabolism (Pourrajab et al., 2015). While
there are 3 classes of PI3Ks (I, II and III), Class IA PI3Ks are
heterodimers comprising catalytic (p110) and regulatory (p85)
subunits. PI3Ks are activated by receptor tyrosine kinases leading
to biosynthesis of phosphatidylinositol-3, 4, 5-triphosphate (PIP3)
and subsequent activation of protein kinase B (Akt) downstream
signals (Jean and Kiger, 2014). Class IA isoforms like PI3Kα and
PI3Kβ are ubiquitously expressed in all cells and tissues, while PI3Kδ
is mainly enriched in leukocytes. Class IA PI3Ks are activated by
tyrosine kinase receptors like those for the epidermal growth factor
and insulin, as well as G-protein coupled receptors (Vanhaesebroeck

et al., 2001). Class IB PI3Ks are composed of a catalytic subunit
(p110γ) and a regulatory subunit (p101). PI3Kγ, belongs to class IB,
plays a role in lymphocyte activation and inflammation following
stimulation of G-protein coupled receptors and some tyrosine
kinase receptors (Yang et al., 2019a).

Although several studies have identified crosstalk between TLRs
and the PI3K/Akt signaling pathways, studies about the detailed role
of PI3Kα in the liver are still limited and paradoxical. For instance,
mice lacking the hepatic PI3K (p110α) were having impaired insulin
sensitivity and glucose tolerance, as well as a rise in gluconeogenesis,
hyperleptinemia and hypolipidemia (Sopasakis et al., 2010).
Moreover, knockout mice for hepatic PI3K p110-α, but not
p110-β, had lower magnitude of liver steatosis induced by high
fat diet in comparison to wild type counterparts (Chattopadhyay
et al., 2011). This effect was linked to PI3K p110-α role in regulating
the atypical protein kinase C activation, lipogenesis and fatty acid
incorporation into triglycerides in liver hepatocytes. In the context
of liver fibrosis, selective inhibition of PI3K signaling in hepatic
stellate cells reduced their ability to proliferate, migrate and produce
collagen (Reif et al., 2003; Son et al., 2009). Pharmacological
inhibition of the PI3K by omipalisib reduced fibrogenesis
response of hepatic stellate cells alongside steatosis in precision-
cut liver slices of a choline deficient L-amino acid fed mice (Gore
et al., 2019). Otherwise, genetic ablation of p110-α subunit of PI3K
in mice embryonic fibroblasts prevented the oncogenic
transformation elicited by oncogenic receptor tyrosine kinases
(Zhao et al., 2006). In a mice model of hepatectomy, selective
inhibition of PI3K (p110α) with siRNA reduced hepatocyte
proliferation, infiltration of macrophages and activation of
Kupffer cells (Jackson et al., 2008).

Inhibition PI3K/Akt/mTOR signaling pathway can promote
autophagy and decrease lipid deposition and inflammatory
cytokines release in a high-fat diet mice model (Sun et al., 2023).
PI3K can prohibit NF-κB activation and TLR4 signaling in
monocytes via interfering with the recruitment of Toll-IL-
1 resistance domain junction protein (TIR) toward the cellular
membrane (Guha and Mackman, 2002; Acosta-Martinez and
Cabail, 2022). On the other hand, inflammation responses caused

FIGURE 1
Impact of pretreatment with the PI3Kα inhibitor alpelisib (5 and 10 mg/kg) on APAP-induced alterations in activities of ALT (A) AST (B) and LDH (C) in
sera after 24 h. Statistical significances (n= 6–7 per group) are denoted as ***p < 0.001 from the control group, while ###p < 0.001 from the APAP group.
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by TLR9 stimulation to neutrophils disappeared by administration
of PI3K inhibitors independent of the myeloid differentiation
primary response 88 (MyD88)/IL-1 receptor-associated kinase 4
(IRAK-4)/inhibitor of NF-κB kinase (IKK)/NF-κB pathway (Hoarau
et al., 2007). Moreover, aberrant activation of the PI3K(p110α) has
been convicted for the progression of liver cancer (Li et al., 2015).

Alpelisib is an oral inhibitor of the class I PI3K that selectively
inhibits the catalytic subunit p110α (Royer et al., 2023). Alpelisib
was approved by Food and Drug Administration as a treatment for
metastatic breast cancer and the manifestation of PIK3CA-related
overgrowth spectrum in 2019 and 2022, respectively (André et al.,
2019; Garreta Fontelles et al., 2022). Data about the role of PI3Kα in
the context of APAP-driven sterile inflammation in the liver are still

unavailable so far. In the current study, the impact of the
pharmacological inhibition of PI3Kα by alpelisib was examined
on APAP-induced injury, inflammation and regeneration in the
liver.

2 Materials and methods

2.1 Animals

Male BALB/c mice (aged 11–12 weeks, weighing 28–32 g)
were provided with food-pellets and water bottles 1 week during
the adaptation prior to the experiments. Animal care and

FIGURE 2
Impact of pretreatment with alpelisib (5 and 10 mg/kg) on APAP-induced alterations in hepatic histology (A) and necroinflammation score (B) after
24 h. Hepatic sections (HE staining; magnification power at ×100 (bar = 100 µm) and 400× (bar = 50 µm)) of the APAP-group showed severe
necroinflammatory changes characterized by confluent areas of coagulative necrosis (*), manifestingmore eosinophilic cytoplasm, nuclear pyknosis, and
severe polymorphnuclear cells infiltration (straight black arrows), followed by a zone of hepatocellular hydropic or ballooning degeneration (dashed
black arrows). Hepatic sections from the group received APAP + Alpelisib (5 mg/kg) had decreased necroinflammatory changes that characterized by
small multifocal centriboular areas of hepatocellular coagulative necrosis (*), degeneration (dashed black arrows), apoptosis, mild inflammation and
polymorphnuclear cells infiltration (straight black arrows). Hepatic sections from group received APAP + Alpelisib (10 mg/kg) had improved histological
picture withmid areas of hepatocellular degeneration (*). Statistical significances (n= 6–7 per group) are denoted as ***p < 0.001 from the control group,
while ##p < 0.01 from the APAP group.
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experimentation were consistent with the regulations of the
National Institutes of Health and the institutional bioethical
committees (Mansoura University-Faculty of Pharmacy, Code:
2021-259).

2.2 Design of experiments and treatments

Alpelisib (formerly BYL719; Novartis, Switzerland) was
dissolved in a solution of physiological saline containing
carboxymethylcellulose 0.5% w/v to yield a concentration of 5 or
10 mg/10 mL, while APAP (Sigma-Aldrich, United States) was
dissolved in a warm physiological saline as 500 mg/20 mL.

2.2.1 Alpelisib pretreatment for APAP-intoxicated
mice

Alpelisib treatments (5 and 10 mg/kg; 0.3 mL/30 g mice) were
given orally 2 h before the intraperitoneal (i.p.) administration of
APAP (500 mg/kg; 0.6 mL/30 g mice). APAP-dose was based on
inducing a significant hepatic inflammation with least mortality
(Shaker, 2014). The doses of alpelisib (5–10 mg/kg) were chosen to
fulfill the efficacy and safety in mice and the clinical applicability

(Gobin et al., 2015). The mice were assigned into the following
5 groups after overnight fasting:

(1) Control: Mice were administered the vehicle without alpelisib
(0.3 mL/30 g mice, oral) and after 2h, received saline without
APAP (0.6 mL/30 g mice, i.p.);

(2) APAP:Micewere administered the vehicle without alpelisib (0.3mL/
30 g mice, oral) and after 2h, received APAP (500mg/kg);

(3) Control + Alpelisib (10 mg/kg): Mice were administered
alpelisib (10 mg/kg) and after 2h, received saline without
APAP (0.6 mL/30 g mice, i.p.);

(4) APAP + Alpelisib (5 mg/kg): Mice were administered alpelisib
(5 mg/kg) and after 2h, received APAP (500 mg/kg); and

(5) APAP + Alpelisib (10 mg/kg): Mice were administered alpelisib
(10 mg/kg) and after 2h, received APAP (500 mg/kg).

2.2.2 Alpelisib treatment after APAP-intoxication
One group of mice received APAP as above and received saline

without alpelisib (0.3 mL/30 g mice, oral) 2 h afterwards. Another
group of mice received APAP as above and received saline
containing N-acetylcysteine (NAC, Sigma, United States;
100 mg/kg/10 mL, 0.3 mL/30 g, oral) 2 h afterwards. The other

FIGURE 3
Impact of pretreatment with alpelisib (5 and 10 mg/kg) on APAP-induced alterations in immunostaining expressions of cleaved caspase 3 (A,C) and
PCNA (B,D) in the liver after 24 h. Statistical significances (n=6–7 per group) are denoted as *p < 0.05, **p < 0.01 and ***p < 0.001 from the control group,
while ##p < 0.01 and ###p < 0.001 from the APAP group.
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2 groups of mice were administered APAP as above and after 2 h or
4 h received saline containing alpelisib (10 mg/kg, oral).

2.3 Collection of samples

After 1, 4 or 24 h from APAP-challenge, the animals were
euthanatized by thiopental (100 mg/kg/10 mL, 0.3 mL/30 g mice,
i.p). After cardiac puncture for blood collection, blood samples were
permitted to clot and centrifuged (3,000 g, 10 min, room
temperature) for separation of serum. Thereafter, sera were kept
at −20 °C for the latter biochemical evaluation of liver injury and
ELISA. Liver samples of the 4 h APAP-challenge groups were
collected and stored at −80 °C for Western blotting. Meanwhile,
some of liver samples of 24 h APAP-challenge groups were either
stored at −80 °C ELISA or fixed in 10% v/v of formalin in saline
solution for the latter histopathological and immunostaining
evaluations.

2.4 Biochemical evaluation of hepatic injury

Biochemical kits (Biomed diagnostics, Egypt) were employed to
assess alanine transaminase (ALT), aspartate transaminase (AST)
and lactate dehydrogenase (LDH) in serum samples.

2.5 Hepatic histopathological and
immunostaining evaluations

Liver slices were fixed inside paraffin blocks, followed by cutting
into 5 μm sections, displacement on glass slides and staining with
hematoxylin and eosin (HE). Hepatocellular necroinflammation
was assessed based on the following scores: 0, absent; 1 = spotty
necrosis; few necrotic hepatocytes; 2 = confluent necrosis; and 3 =
bridging necrosis (González-Périz et al., 2006).

Some sections were also displaced on coated slides for the
immunostaining protocol with the primary antibodies. These include
cleaved caspase 3 (Santa Cruz, United States), F4/80, Ly6G, proliferating
cell nuclear antigen (PCNA) and NF-κB (BioLegend, United States).
Thereafter, the sections were subjected to HRP-linked secondary
antibody and visualized with a solution composed of 3,3′-
diaminobenzidine and peroxide substrate. Immunostaining
expression was determined by ImageJ software (United States).

2.6 Evaluation of the pro-inflammatory and
anti-inflammatory cytokines

TNF-α, IL-1β, IL-6, IL-22 and granulocyte/macrophage colony-
stimulating factor (GM-CSF) concentrations were determined in serum
aliquots, while those of IL-10 and IL-22 were determined in serum

FIGURE 4
Impact of pretreatment with alpelisib (5 and 10 mg/kg) on APAP-induced alterations in concentrations of IL-1β (A), TNF-α (B), IL-6 (C) in sera and IL-
17A in the liver (D) after 24 h. Statistical significances (n = 6–7 per group) are denoted as *p < 0.05, **p < 0.01 and ***p < 0.001 from the control group,
while #p < 0.05, ##p < 0.01 and ###p < 0.001 from the APAP group.
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aliquots and hepatic lysates. Hepatic IL-17A concentration was also
quantified. The concentrations of these cytokines were determined by
ELISA kits (MAX™ Deluxe Sets, BioLegend, United States). Briefly,
portions from the liver (10%w/v) were homogenized and lysed in an ice
cooled lysis buffer (10 mM Tris pH 7.4, 150 mM NaCl, 0.5% Triton X-
100) containing a protease inhibitor cocktail (Roche Diagnostics,
Germany). Thereafter, the lysed liver aliquots were centrifuged at
(5,000 g, 10 min, 4 °C), and the clear supernatants were loaded on a
96-well plate precoated overnight with the appropriate capture
antibody. Serum aliquots were prediluted in physiological saline (2:
1), followed by loading on the 96-well plate like those of lysates. The
routine protocol steps of ELISA were then followed as provided by the
manufacturer. The concentration of protein was also assessed in the
liver lysates by the Bradford’s assay (Bradford, 1976).

2.7 Western blotting of liver samples

Liver samples (20 mg of tissue/sample) were lysed and
homogenized in 0.3 mL of an ice-cold RIPA buffer containing
protease and phosphatase inhibitors (Sigma, United States).
Then, liver samples were kept on ice for 20 min, followed by
centrifugation (8,000 g, 20 min, 4 °C) and isolation of
supernatants. Thereafter, 30 μg of protein per supernatant was

added to Laemmali’s buffer, denatured by heat and resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
technique. The separated proteins on gel were transblotted to a
nitrocellulose membrane by the aid of an electric current at 4 °C.
After preincubation with a blocking buffer supplemented bovine
serum albumin, the membrane was subjected overnight at 4 °C to a
primary antibody for the phosphorylated forms of c-Jun N-terminal
kinase (p-JNK) (Cell Signaling, United States, Cat no. 4668),
extracellular signal-regulated kinase (p-ERK, Cat no. 4370) (Cell
Signaling, United States), signal transducer and activator of
transcription-3 (p-Stat-3; Cat no. 9145) (Cell Signaling,
United States), inhibitor of NF-κB (p-IκBα) (Abcam,
United States; Cat no. ab133462), or glycogen Synthase Kinase
(p-GSK)-3β at serine 9 position (Elabscience, United States; Cat
no. E-AB-20886). Also, the membrane was incubated after stripping
with β-actin (BioLegend, United States; Cat no. 664803) as a loading
control. After numerous washing cycles, the primary antibodies
attached to the membrane were then linked to a horseradish
peroxidase-labeled secondary antibody (Cell Signaling,
United States; Cat no. 7074) raised against the host of the
primary antibody. Thereafter, the target proteins were detected
by a chemiluminescent camera system in the presence of a
chemiluminescent substrate, and the density of detected bands
were quantitated by ImageJ software (United States).

FIGURE 5
Impact of pretreatment with alpelisib (5 and 10 mg/kg) on APAP-induced alterations in concentrations of IL-10 (A,B) and IL-22 (C,D) in the serum
and liver samples after 24 h. Statistical significances (n=6–7 per group) are denoted as *p < 0.05 and ***p < 0.001 from the control group, while #p < 0.05
and ##p < 0.01 from the APAP group.
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2.8 Evaluation of hepatic GSH concentration

Liver samples of the control, APAP and APAP + Alpelisib
(10 mg/kg) groups were also collected after 1 h from APAP-
intoxication. Thereafter, liver samples were homogenized as 10%
w/v in phosphate-buffered saline, followed by centrifugation
(4,000 g, 10 min, 4 °C) and isolation of supernatants. Samples of
hepatic supernatants (0.45 mL) were added to 0.05 mL of 50% (w/v)
trichloroacetic acid for precipitation of proteins, followed by
centrifugation (4,000 g, 10 min, 4 °C) and isolation of
supernatants. Then, 0.2 mL of the isolated supernatant was
diluted with 1 mL of 0.2 M Tris-HCl (supplied with 1 mM
EDTA, pH 8.9), followed by addition of 0.05 mL methanol
containing 10 mM 5,5′-dithiobis(2-nitrobenzoic acid) (Sigma,
United States) for yellow color formation. The absorbances of
samples were measured spectrophotometrically under similar
conditions of a standard curve of GSH (Acros Organics,
United States) at a wavelength of 412 nm (Moron et al., 1979).

2.9 Statistical analysis

The one-way ANOVA succeeded by Tukey-Kramer test was
employed for analyzing the parametric data (means ± SE), whereas
the Kruskal–Wallis ensued by Dunn’s test was applied for the non-

parametric data of histopathological scoring. Normal distribution of
data was determined using Shapiro-Wilk test. The GraphPad Prism
8 (United States) was used in statistical analysis. The level of
statistical significance was set at a probability less than 0.05.

3 Results

3.1 Inhibition of PI3K by alpelisib limits APAP-
induced elevation in biochemical and
pathological parameters of hepatocellular
injury

There was a pronounced rise of ALT, AST and LDHactivities in the
sera of mice challenged with an overdose of APAP in comparison to
those of the normal counterparts at p < 0.001 (Figures 1A–C). Besides,
APAP-overdose elicited massive areas of necrosis in the hepatic tissue
and significantly (p < 0.001) raised the necroinflammation score
2.5 folds over that of the normal level (Figures 2A, B). Intriguingly,
these biochemical and pathological abnormalities driven by APAPwere
dose-dependently mitigated by pretreatment with alpelisib (5 and
10 mg/kg). Moreover, APAP-induced hepatocellular necrosis was
markedly abolished by alpelisib at the higher dose level. Of note,
oral administration of alpelisib (10 mg/kg) alone to the normal mice
had no effect on markers of hepatic injury.

FIGURE 6
Impact of pretreatment with alpelisib (5 and 10 mg/kg) on APAP-induced alterations in hepatic phosphorylation of Stat 3, JNK, ERK, GSK3B and IκB
after 4 h as determined by Western blotting (A) and the densitometric analysis (B–F). Statistical significances (n = 3 per group) are denoted as *p < 0.05,
**p < 0.01 and ***p < 0.001 from the control group, while #p < 0.05, ##p < 0.01 and ###p < 0.001 from the APAP group.
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3.2 Alpelisib abates APAP-induced apoptosis
and hepatocellular proliferation

APAP-overdose may occasionally cause hepatocellular death by
apoptosis if necrosis is inhibited. Thereby, we assessed the
immunostaining of cleaved caspase 3 to investigate whether
alpelisib can abate or aggravate apoptosis caused by APAP-
overdose. The immunostaining results revealed that APAP-
overdose increased the hepatic expression of cleaved caspase-3
(p < 0.001), compared to that of normal mice (Figures 3A, C).
Meanwhile, alpelisib pretreatments (5 and 10 mg/kg) prior to
APAP-challenge dose-dependently lowered the activity of this
executioner caspase in the liver. Next, hepatocellular proliferation
is known to occur after APAP-damage as an attempt for
hepatocellular regeneration. Accordingly, we assessed the
immunostaining of nuclear PCNA to reveal the impact of
alpelisib on APAP-mediated hepatocellular regeneration. The
immunostaining results revealed that APAP-hepatocellular
damage was ensued with numerous positive nuclei staining for
PCNA (p < 0.001) higher than the normal extent in control mice
(Figurse 3B, D). Interestingly, this higher PCNA nuclear expression

was lowered by both doses of alpelisib (5 and 10 mg/kg)
pretreatments.

3.3 Inhibition of PI3K by alpelisib counteracts
APAP-induced overproduction of the
inflammatory IL-1β, TNF-α, and IL-6 in the
blood circulation and IL-17A in the liver.

The translocation of NF-κB toward the nucleus of inflammatory
immune cells, either recruited or resident, drives the upregulation along
with exogenous release of IL-1β, TNF-α and IL-6. Thereby, the
concentrations of these cytokines were assessed in the systemic
circulation by ELISA. The results indicated that the IL-1β, TNF-α,
and IL-6 concentrations were elevated in serum samples of APAP-
intoxicated mice in comparison to those of the normal counterparts
(Figures 4A–C). Moreover, there was an increase in the hepatic
expression of IL-17A due to APAP-intoxication (Figure 4D).
Interestingly, alpelisib pretreatment, particularly at a dose of
10 mg/kg, countered APAP-elicited escalation of these inflammatory
cytokines.

3.4 Inhibition of PI3K by alpelisib hinders
APAP-induced dysregulation of the anti-
inflammatory IL-10 and IL-22 in the blood
circulation and liver

The anti-inflammatory response is driven by cytokines like IL-10
and IL-22 as an attempt to lower the inflammation and induce repair.
Next, we investigated the impact of APAP alone or with alpelisib on the
systemic and hepatic levels of the anti-inflammatory IL-10 and IL-22.
APAP-insult was associated with a marked increase in the
concentrations of these cytokines in serum samples, but a decline in
the hepatic counterparts (Figures 5A–D). At the dose of 10 mg/kg,
alpelisib successfully reversed APAP-elicited abnormalities in the
systemic and hepatic levels of IL-10 and IL-22.

3.5 Alpelisib mitigates APAP-induced
phosphorylation of ERK, JNK, Stat3, GSK-3β
and IκB

As an attempt to identify the potential downstream signals controlled
by PI3K, we assessed the hepatic phosphorylation of ERK, JNK, Stat3,
GSK-3β and IκB after 4 h from APAP-challenge. The Western blotting
results indicated that there were pronounced elevations in the hepatic
phosphorylation of ERK (15-fold), JNK (5.3-fold), Stat3 (7.8-fold), GSK-
3β (5.1-fold) and IκB (4.2-fold) due to challenging the mice with APAP
(Figures 6A–F). However, these elevations were significantly reduced to
the normal control mice levels upon pretreating the mice with alpelisib
(10 mg/kg) prior to APAP. Following phosphorylation of IκB, the
cytoplasmic NF-κB moves to the nucleus for gene transcription of
mediators related to inflammation, apoptosis or regeneration.
Consistently, the immunostaining results revealed that APAP-induced
rise in the hepatic NF-κB expression was dose-dependently decreased by
alpelisib pretreatments (Figures 7A, B).

FIGURE 7
Impact of pretreatment with alpelisib (5 and 10 mg/kg) on APAP-
induced alterations in immunostaining expressions of NF-κB (A,B) in
the liver after 24 h. Statistical significances (n = 6–7 per group) are
denoted as *p < 0.05 and ***p < 0.001 from the control group,
while ###p < 0.001 from the APAP group.
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3.6 Alpelisib interferes with APAP-induced
recruitment for inflammatory cells in the
liver via reducing GM-CSF

Inflammatory immune cells like monocytes and neutrophils
transfer from the blood circulation toward the site of hepatic
damage to aggravate the initial insult elicited by APAP.
According, F4/80 and Ly6G-positive cells were assessed by
immunostaining as indices for monocytes and neutrophils,
respectively. APAP-intoxication elicited a marked (p < 0.001)
increase in the expression of F4/80 (Figures 8A, C) and Ly6G-
positive cells (Figures 8B, D) in the liver, compared to sections from
the normal controls. The white blood cell growth factor GM-CSF
drives stem cell conversion to granulocytes (neutrophils, basophils
and eosinophils) and monocytes. Accordingly, the serum
concentration of GM-CSF was determined to investigate the
impact of APAP alone or when combined with alpelisib. As
expected, challenge mice with APAP caused a pronounced (p <
0.01) rise in serum GM-CSF concentration, relative to the
concentration of the normal counterparts (Figure 8E).
Meanwhile, pretreating the mice with alpelisib (5 or 10 mg/kg)
substantially (p < 0.05) abated APAP-mediated rise in GM-CSF
release, compared to APAP-untreated mice.

3.7 Alpelisib does not reverse APAP-induced
depletion of GSH in the liver

APAP-overdose generates copious amount of NAPQI that depletes
GSH and drives the initial wave of hepatocellular damage. Accordingly,
we assessed the hepatic GSH concentration after 1 from APAP
challenge with or without alpelisib to ascertain whether the
hepatoprotective effect of alpelisib can be attributed to prevention of
APAP-induced GSH depletion. The result indicated that pretreatment
of alpelisib (10 mg/kg) could not reverse the decline in hepatic GSH
concentration caused by APAP-overdose for 1 h (Figure 9).

3.8 Alpelisib can be used a treatment after
APAP-challenge

To assess the possible clinical application of alpelisib for
treatment of APAP-induced hepatotoxicity, alpelisib was given to
mice as a treatment after 2h and 4 h from APAP-administration.
Interestingly, alpelisib (10 mg/kg) could still limit APAP-elicited rise
in serum ALT and AST activities to an extent comparable to NAC
(100 mg/kg), especially when administered after 2 h from the
intoxication (Figures 10A, B).

FIGURE 8
Impact of pretreatment with alpelisib (5 and 10 mg/kg) on APAP-induced alterations in immunostaining expressions of F4/80 (A,C) and Ly6g (B,D) in
the liver and concentration of GM-CSF (E) in serum after 24 h. Statistical significances (n = 6–7 per group) are denoted as *p < 0.05, **p < 0.01 and ***p <
0.001 from the control group, while #p < 0.05 and ###p < 0.001 from the APAP group.
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4 Discussion

Iatrogenic liver injury is linked to about 10% of acute hepatitis
cases and represents an urgent cause for regulatory authorities to
withdraw a pharmaceutical product from the market (O’Donnell
et al., 2014). Because of the limited therapeutic options, investigating

new agents that interfere with the subcellular inflammatory cascades
would be of great importance for combating iatrogenic liver injury.
Accordingly, we investigated the effect of the novel PI3Kα-specific
inhibitor alpelisib on APAP-induced liver inflammation and the
underlying mechanism of action behind such effect. The results
indicated that the inhibition of PI3Kα by alpelisib ameliorated
APAP-hepatotoxicity in mice as denoted by lowering the rise in
serum liver function biomarkers (AST, ALT and LDH) and
necroinflammation score (hepatic HE staining). The type of
hepatocellular death in APAP-model is dominantly necrosis, but
there may an occasional apoptosis secondary to the inhibition of
APAP-necrosis (Du et al., 2019). The hepatic cleaved caspase
3 immunostaining revealed that alpelisib did not elicit apoptosis
secondary to inhibition of APAP-necrosis.

Immune cell infiltration is intuitively responsible for the
cytokine storm and a second much stronger wave of oxidative
stress in the context of APAP-hepatotoxicity. As a next step, we
investigated the ability of alpelisib to abrogate immune cell
infiltration into the liver. Alpelisib prior to APAP-challenge
lessened the recruitment of neutrophils (Ly6G) and monocytes
(F4/80), as well as the systemic release of GM-CSF. GM-CSF acts
on resident and/or migrated immune cells to promote their survival,
maturation and trafficking of myeloid cells toward the injured tissue,
as well as the overproduction of pro-inflammatory mediators
(Hamilton, 2020).

Although neutrophils can participate in APAP-induced liver
injury, they can also contribute to tissue repair and orchestrate
resolution of inflammation. For instance, the depletion of
neutrophils by anti-Gr-1 reduced the capability of production of
ROS, leading to less serum ALT release and hepatocellular necrosis
in APAP-challenged mice (Liu et al., 2006). Moreover, neutrophil
depletion or abolishing neutrophil extracellular traps by DNase
decreased the HMGB1 level and hindered hepatocellular necrosis
(Liu et al., 2021). Meanwhile, recent advances indicated that early
neutrophil depletion lessened hepatic injury, but late neutrophil
depletion decreased the hepatocellular repair and proliferation (Guo

FIGURE 9
Impact of treatment with alpelisib (10 mg/kg) before 2 h from
APAP-challenge and the alterations in concentrations of hepatic GSH
after 1 h from APAP-challenge. Statistical significance is denoted as
***p < 0.001 from the control group.

FIGURE 10
Impact of treatment with alpelisib (10 mg/kg) after 2 and 4 h from APAP-challenge and the associated changes in serum activities of ALT (A) and AST
(B) after 24 h. Statistical significance is denoted as ###p < 0.001 from the APAP group.
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et al., 2021; Yang et al., 2022). Although monocytes are recruited to
aggravate the inflammatory response, they can mature into
monocyte-derived macrophages with the aid of neutrophils to
resolve the inflammation (Yang et al., 2019b). Moreover,
neutrophil extracellular traps can be induced by stimulation of
neutrophils with TNF-α or GM-CSF, and these responses were
recently found to be dependent on activation of PI3Kα and PI3Kγ
isoforms (de Carvalho Oliveira et al., 2023). Taken these findings
together, PI3Kα inhibition by alpelisib countered APAP-mediated
release of HMGB1 due to hepatic necrosis and interfered with TNF-
α and GM-CSF-mediated release NETs from neutrophils.

Pooling of such immune cells in the inflamed hepatic tissue
releases numerous arrays of cytokines. Among these, TNF-α has an
axial role in maintaining liver homeostasis as it stimulates
hepatocellular regeneration via DNA synthesis in normal
hepatocytes. However, once exposed to a hepatotoxin, TNF-α
signaling is transferred from proliferation to apoptosis by
mediating crosstalk with heterologous signaling pathways. Such
pathways include the canonical NF-κB activation, the stress-
activated protein kinase JNK, and activation of the mitochondrial
apoptotic pathway and proteolytic activation of the apoptosis
executioner caspase-3 (Hayden and Ghosh, 2014; Liu et al.,
2017). Interestingly, alpelisib (10 mg/kg) could suppress such
inflammatory cascade as evidenced by reducing APAP-escalated
release of TNF-α, phosphorylation of IκB, nuclear expression of p-
65, phosphorylation of JNK and cleavage of caspase-3.

NF-κB upregulates the proinflammatory pro-IL-1β (Liu et al.,
2017) that is implicated alongside IL-6 in driving the acute phase
response (Bode et al., 2012). Meanwhile, alpelisib, especially the
10 mg/kg dose, was able to suppress APAP-instigated release of IL-
1β and IL-6 in the systemic circulation that was concordant with
lowering the activation of NF-κB alongside Stat3. Pro-IL-1β is fully

processed by cleaved caspase 1 subsequent to P2X7 activation by
ATP and NLRP3 inflammasome assembly (Hoque et al., 2012).
Alpelisib mediated reduction of IL-1β release can be linked to
suppression of PI3K/AKT pathway, which was recently found to
promote the NLRP3-inflammasome activation in LPS-stimulated
macrophages (Wang et al., 2020). Thus, PI3Kα inhibition seems to
be an effective therapeutic strategy that could interfere with either
DAMPs, PPRs or their downstream for sparing the liver from APAP
insult. Otherwise, the exuberant IL-6-dependent signaling results in
a sustained activation of Stat3 which in turn raises the IL-6
expression and release (Garbers et al., 2015). Hence, this positive
feedback loop was abated by alpelisib as confirmed by reducing the
systemic release of IL-6 and activation of Stat3 in the liver.

IL-17A, another contributor to the inflammatory status, is
mainly produced by Th17 cells. IL-17A stimulation to IL-17R
can activate NF-κB and MAPK leading to overproduction of
TNF-α and IL-6 from Kupffer cells (Yan et al., 2012). Besides,
IL-17A is capable of inducing GM-CSF production from stromal
cells that drives neutrophils recruitment to the inflammation site
(Iwakura and Ishigame, 2006; Jin and Dong, 2013). Hence, the
10 mg/kg dose of alpelisib was capable of reducing APAP-induced
rise in the hepatic IL-17 content that also withholds the deleterious
dependent effects in the liver.

Activation of PI3K mediates the generation of PIP3 and
phosphorylation of Akt, which can subsequently phosphorylate
several proteins including GSK-3β (Rayasam et al., 2009). While
GSK-3β is functionally active in the cytosol, its activity is augmented
or inhibited via phosphorylation at tyrosine 216 or serine 9 sites,
respectively (Augello et al., 2020). Inactivation of GSK-3β drives the
anti-inflammatory response via upregulating the anti-inflammatory
IL-10 and modulating signaling inhibitors that can terminate the
inflammatory pathways elicited by TLR4/NF-κB dependent

FIGURE 11
Summary of alpelisib actions on APAP-induced hepatoxicity.
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signaling (Cortés-Vieyra et al., 2021). However, inhibition of GSK-
3β was reported to increase hepatocyte apoptosis toward TNF-α
(Schwabe and Brenner, 2002). Although both forms of GSK-3β
(tyrosine 216 and serine 9) have been activated after 4 h fromAPAP-
challenge in the mice hepatocytes, silencing or inhibition of GSK-3β
attenuated JNK activation and mitochondrial dysfunction caused by
APAP-overdose (Shinohara et al., 2010). Taking these findings
together, alpelisib pretreatments reduced APAP-induced
inhibitive phosphorylation of GSK-3β serine 9 in a dose-
dependent manner, which indicates sparing of the liver cells from
the deleterious abnormalities elicited by APAP-overdose.

The flood of pro-inflammatory cytokines serves as a protective
attempt to remove the injurious stimuli. However, if not controlled, it
would result in a potentially dangerous situation (Mauriz et al., 2013).
Inflammation caused by APAP-challenge was associated with increased
systemic release of the anti-inflammatory cytokines IL-10 and IL-22
levels to buffer inflammation, while their hepatic levels were decreased.
IL-10 exhibits its anti-inflammatory effects through multiple effectors
including NF-κB signaling inhibition and modulating Stat3 signaling,
which has dual pro- and anti-inflammatory capabilities relying on the
acting cytokine (O’Shea andMurray, 2008; Sanjabi et al., 2009). APAP-
induced alterations in both hepatic and serum IL-10 concentrations
were reversed by alpelisib, especially the 10 mg/kg dose.

IL-22 is distinguished from other cytokines in that it signals directly
to of acting directly on the tissue that expresses functional IL-22R1 and
does not serve to communicate between different leukocytes. Although
IL-22 has a critical role in provoking acute phase response for
maintaining tissue integrity during inflammation (Liang et al., 2010),
it also has a key role in tissue recovery after injury through enhancing
the proliferative and antiapoptotic programs (Chestovich et al., 2012).
According to our results, APAP-induced increase in the release of IL-22
in the circulationwas dampened by both doses of alpelisib. On the other
side, the hepatic content of IL-22 was elevated by the 10 mg/kg dose of
alpelisib, compared to the diseased group, indicating the improved
regenerative capacity of hepatocytes after injury.

The impact of alpelisib was also elucidated on APAP-
instigated hepatocellular regeneration by evaluating the
nuclear expression of PCNA and the phosphorylation of ERK,
a pro-proliferative component of the MAPK signaling pathway.
While APAP escalated the nuclear staining of PCNA and
hepatocellular ERK protein expression, alpelisib pretreatment
successfully curbed these rises. These findings indicate that
APAP-mediated regeneration after injury is dependent on the
ERK phosphorylation, whereas pretreatment with alpelisib
curbed both processes in the liver. Of note, alpelisib
hepatoprotective effects mediated by PI3K inhibition appear to
be primarily related to impairment of activation JNK and NF-κB
in the period of 4 h from APAP-intoxication, rather than
prevention of hepatic GSH. This finding was corroborated by
maintenance of alpelisib beneficial effects when given after 2 h
and 4 h from APAP-intoxication.

In conclusion, inhibition of PI3Kα with alpelisib not only can
prevent but also treat APAP-induced liver toxicity via reduction of
immune cells infiltration and inflammatory cytokines production
(Figure 11). Alpelisib may become a valuable candidate to treat this

type of iatrogenic liver injury that is commonly encountered in
humans.
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Colorectal cancer (CRC) is one of the most common malignancies, accounting for
approximately 10% of global cancer incidence and mortality. Approximately 20% of
patients with CRC present metastatic disease (mCRC) at the time of diagnosis.
Moreover, up to 50% of patients with localized disease eventually metastasize.
mCRC encompasses a complex cascade of reactions involvingmultiple factors and
processes, leading to a diverse array of molecular mechanisms. Improved
comprehension of the pathways underlying cancer cell development and
proliferation, coupled with the accessibility of relevant targeted agents, has
propelled advancements in CRC treatment, ultimately leading to enhanced
survival rates. Mutations in various pathways and location of the primary tumor
in CRC influences the efficacy of targeted agents. This review summarizes available
targeted agents for different CRCpathways, with a focus on recent advances in anti-
angiogenic and anti-epidermal growth factor receptor agents, BRAFmutations, and
human epidermal growth factor receptor 2-associated targeted agents.

KEYWORDS

colorectal cancer, EGFR, HER2, BRAF, anti-angiogenic

1 Introduction

Colorectal cancer (CRC) is the third most common cancer and the third leading cause of
cancer-related death worldwide. The onset of CRC is subtle and challenging to detect in early
stages, underscoring the importance of timely screening. Moreover, approximately 22% of
patients are diagnosed with metastatic disease at the outset. The 5-year metastatic CRC (mCRC)
survival rate is approximately 15% (Howlader N et al., 2020). Therefore, precise treatment of
mCRC using appropriate drugs based on relevant molecular biosignatures is essential to prolong
the survival time of patients.
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The main treatment strategies for mCRC are chemotherapy using
cytotoxic agents, molecular-targeted therapy, and immunotherapy.
Combination chemotherapy regimens frequently involve the use of
fluorouracil (5-FU)-based drugs together with oxaliplatin or
irinotecan. These combinations have demonstrated significant
improvements in patient survival, with survival durations exceeding
20months (Tournigand et al., 2004; Van Cutsem et al., 2014; García-
Alfonso et al., 2021; Glimelius et al., 2021). Rapid and significant
advancement in the development of targeted agents for CRC has been
observed since the approval of cetuximab for mCRC treatment in 2004
(Figure 1) Currently, more than 10 agents have been approved formCRC
treatment. Combined treatments utilizing targeted drugs and
chemotherapy have been reported to increase the 5-year survival rate
from 9% to 15% and survival to more than 30months in mCRC patients
(Van Cutsem et al., 2016; Siegel et al., 2022). As distant metastasis is the
main cause of death in CRC, relevant review that comprehensively
explores and summarizes the efficacy of molecularly targeted drugs in
CRC and associated latest research progress does not exist, and this review
highlights these. This review focuses on progress of research on targeted
agents for treatingmCRC patients, providing a reference for clinicians for
precise treatment of CRC.

2 Classification and mechanism of
common targets in CRC

2.1 Vascular endothelial growth factor
(VEGF) target

VEGF family includes VEGFA–D, VEGF receptor (VEGFR),
and placental growth factor. VEGFA, commonly known as VEGF or

vascular permeability factor, is the main angiogenic feature of the
VEGF family. The role of VEGFB in tumor angiogenesis has not yet
been elucidated; however, VEGFC and VEGFD mainly regulate
lymphatic endothelial cell growth (Dvorak, 2002; Karkkainen et al.,
2002; Ferrara et al., 2003; Bry et al., 2014). VEGFR includes
VEGFR1–3, with VEGFA capable of binding to VEGFR1 and 2,
and VEGFC and VEGFD binding to VEGFR2 and 3, respectively.
VEGFR activation can promote cell proliferation, migration, and
growth via the mitogen-activated protein kinase (MAPK) and
phosphoinositide 3-kinases (PI3K) pathways, leading to angiogenesis
and tumor angiogenesis (Ivy et al., 2009). VEGF inhibitors used in CRC
treatment include monoclonal antibodies (mAbs) like bevacizumab,
ramucirumab, Ziv-aflibercept, as well as tyrosine kinase inhibitors
(TKIs), such as sunitinib, sorafenib, fruquintinib, and regorafenib.
These drugs target the VEGF pathway to inhibit angiogenesis and
tumor growth (Figure 2).

2.2 EGFR and HER2 target

Epidermal growth factor receptor (EGFR), also known as ERBB1 or
human epidermal growth factor receptor (HER) 1, is a member of the
HER family, which also includes HER2–4. EGFR promotes tumor cell
proliferation, differentiation, growth, and distant metastasis by
activating downstream signaling pathways, such as PI3K and MAPK
(Roskoski, 2014; Kumagai et al., 2021). EGFR activation induces the
secretion of angiogenic factors, such as VEGF, which stimulate the
formation of new blood vessels. Increased angiogenesis ensures
sufficient blood supply to the tumor, facilitating its expansion and
providing nutrients for sustained growth. Additionally, EGFR signaling
provides anti-apoptotic signals through the activation of AKT, which

FIGURE 1
FDA-approved molecular targeted agents for mCRC and their associated clinical studies.
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inhibits apoptosis by inactivating pro-apoptotic proteins (De Luca et al.,
2008). This allows cancer cells to evade programmed cell death and
survive in unfavorable conditions. Furthermore, HER2 overexpression,
as a member of the EGFR family, inhibits the tumor suppressor gene,
p53 (Ménard et al., 2003). Common EGFR inhibitors used in cancer
treatment include anti-EGFR mAbs, such as cetuximab and
panitumumab, EGFR TKIs like gefitinib, erlotinib, and afatinib, as
well as HER2 mAbs trastuzumab and pertuzumab, and HER2 TKI
lapatinib. The inhibitors target EGFR and HER2, blocking their
signaling pathways and inhibiting tumor growth and progression.

2.3 RAS/RAF/MEK/ERK target

The RAS/RAF/MEK/ERK signaling cascade (MAPK) pathway is
one of the downstream EGFR pathways, which mainly regulates cell
proliferation and differentiation. RAS family members include KRAS,
NRAS, and HRAS (Karnoub and Weinberg, 2008). KRAS mutation
(MT) accounts for approximately 32%–40% of CRC cases, and BRAF
V600EMT accounts for 5%–15% (De Roock et al., 2011; Pakneshan
et al., 2013). MEK, or MAPK/ERK kinase, plays a pivotal role as a
mediator in the downstream signaling of the MAPK pathway. ERK,
also known as extracellular signal-regulated kinase, is a critical
component of this pathway (Downward, 2003). Studies have
confirmed that MEK/ERK inhibitors significantly enhance the
treatment efficacy in patients with KRAS/BRAF-mutant tumors
(Hatzivassiliou et al., 2013; Morris et al., 2013). Available inhibitors
targeting the RAS/RAF/MEK/ERK pathway include dabrafenib and
vemurafenib as BRAF inhibitors, and trametinib and encorafenib as

MEK inhibitors. Additionally, there are ERK inhibitors such as
ulixertinib and temuterkib.

2.4 PI3K/AKT/mTOR target

PI3K is an enzyme that plays a crucial role in cellular signaling
pathways involved in cell growth, survival, and metabolism. It functions
by phosphorylating the lipid phosphatidylinositol 4,5-bisphosphate
(PIP2) to generate phosphatidylinositol 3,4,5-trisphosphate (PIP3),
which in turn activates downstream signaling pathways. PIP3 acts as
a docking site for AKT, facilitating its activation through
phosphorylation. Notably, one of the significant downstream AKT
targets the mammalian target of rapamycin (mTOR), which plays a
critical role in protein synthesis, cellular growth, and metabolic
regulation. Aberrant activation of PI3K can occur through various
mechanisms, including genetic mutations, PI3K genes amplification,
or upstream receptors activation such as EGFR. Dysregulation of the
PI3K/AKT/mTOR pathway has been implicated in various diseases,
including cancer, highlighting its significance as a therapeutic target for
intervention and treatment strategies (Fruman and Rommel, 2014;
Polivka and Janku, 2014; Janku et al., 2018). Several inhibitors have
been developed to target the PI3K/AKT/mTOR pathway. These include
PI3K inhibitors such as buparlisib and sonolisib, which specifically target
the PI3K enzyme and AKT inhibitors like MK-2206 and ipatasertib that
block the activity of the AKT protein, a downstream effector of PI3K.
Sirolimus and everolimus are targeted towardsmTOR, a key component
of the pathway. Additionally, dual PI3K/mTOR inhibitors such as
dactolisib and apitolisib simultaneously target PI3K and mTOR.

FIGURE 2
Common molecular targets and their mechanisms of action in CRC.
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2.5 NOTCH target

NOTCH signaling involves the activation of NOTCH receptors
by ligands such as JAG1, resulting in the release of the Notch
intracellular domain (NICD). The NICD then translocates to the
nucleus and forms a complex with transcriptional regulators to
activate target genes, including the hairy and enhancer of split (HES)
family genes. This signaling pathway plays a crucial role in cell fate
determination, differentiation, and various cellular processes (Siebel
and Lendahl, 2017; Li et al., 2023). NOTCH receptors mAbs such as
tarextumab and demcizumab, have been developed and tested in
preclinical and clinical studies.

2.6 Wnt target

TheWnt signaling pathway plays a critical role in various biological
processes, including embryonic development, tissue homeostasis, and
cell proliferation. Dysregulation of this pathway has been implicated in
several diseases, particularly cancer. Recruitment and activation of
Disheveled (Dvl) are initiated by the activation of the Wnt signaling
pathway. Subsequently, a complex involving Adenomatous Polyposis
Coli (APC), glycogen synthase kinase 3β (GSK-3β), Casein kinase 1
(CK1), and Axin forms, leading to phosphorylation and inhibition of
GSK3β (Duchartre et al., 2016; Zhang and Wang, 2020). This, in turn,
results in increased levels of β-catenin, a pivotal component of the Wnt
signaling pathway, which drives cancer cell proliferation. WNT974 and
CGX1321, inhibitors targeting the Wnt ligand/receptor interface, have
shown promising efficacy in preclinical studies (Rodon et al., 2021a;
Rodon et al., 2021b).

2.7 NTRK gene fusion target

The tropomyosin receptor kinase (TRK) family comprises TRK
A–C, which is encoded by neurotrophic TRK (NTRK)1–3. NTRK
gene fusion occurs when the 3′region of the NTRK gene and 5′end of
the fusion chaperone gene are connected by intra-chromosome or
inter-chromosome rearrangement. The protein encoded by the
fusion gene can bind to TRK and activate the downstream PI3K
and MAPK pathways, resulting in tumor growth, proliferation, and
differentiation. NTRK gene fusion was first identified in patients
with CRC and then in those with other tumors (Martin-Zanca et al.,
1986; Vaishnavi et al., 2015; Amatu et al., 2019; Solomon et al.,
2019). Entrectinib, which targets the NTRK fusion gene, has been
shown to be highly therapeutic for patients with NTRK. (2019).

3 Common targeted agents for CRC
therapy

3.1 Bevacizumab

Bevacizumab specifically binds to VEGF, blocking its interaction
with the receptor, degrading existing tumor blood vessels, normalizing
surviving ones, and inhibiting tumor neovascularization to exert
antitumor effects.

3.1.1 Adjuvant therapy
The QUASAR 2 study showed that CRC patients treated with

capecitabine (Cap) + bevacizumab or only Cap after radical (R0)
resection had 3-year disease-free survival (DFS) rates of 75.4% and
78.4%, respectively (Kerr et al., 2016). Similarly, the NSABP
protocol C-08 and other studies (Allegra et al., 2011; de
Gramont et al., 2012; André et al., 2020) confirmed that
neoadjuvant chemotherapy with bevacizumab in combination
with oxaliplatin did not increase DFS in patients compared to
that in patients treated with chemotherapy alone. Overall, none of
these trials showed a significant survival benefit for CRC patients
treated with adjuvant bevacizumab; therefore, none of the current
guidelines recommend the use of bevacizumab as adjuvant
therapy. Adjuvant and neoadjuvant treatment trials in mCRC
are summarized in Table 1.

3.1.2 Neoadjuvant therapy
A previous study showed that six cycles of bevacizumab in

combination with chemotherapy, followed by chemoradiotherapy
(CRT) achieved an objective response rate (ORR) of 88.9% in locally
advanced colorectal patients with T4 or high-risk T3, with
R0 resection rate of 97.8% (Masi et al., 2019). Similarly, the
CRAB study reported a 95% R0 resection rate in patients with
stage II/III rectal cancer treated with neoadjuvant bevacizumab +
CRT (Velenik et al., 2020). Although these studies reported positive
outcomes, available evidence is insufficient to support the adoption
of bevacizumab as a standard neoadjuvant (Table 1).

3.1.3 First-line treatment
The AVF2107 study showed the administration of FOLFIRI +

bevacizumab as a first-line treatment significantly improved (p <
0.001) the median overall survival (mOS; 20.3 vs. 15.6 months) and
median progression-free survival (mPFS; 10.6 vs. 6.2 months) of
mCRC patients compared to those of the mCRC patients treated
with chemotherapy alone (Hurwitz et al., 2004). This finding
facilitated the approval of bevacizumab by the United States
Food and Drug Administration (FDA) as a first-line mCRC
treatment in 2004. Additionally, the administration of
bevacizumab + chemotherapy significantly increased (p = 0.0023)
the mPFS of patients compared to that of the patients treated with
chemotherapy alone (9.4 vs. 8.0 months) but did not affect mOS
(Saltz et al., 2008). Moreover, both the MAVERICC (Parikh et al.,
2019) and ARIES studies (Bendell et al., 2012) confirmed that
FOLFIRI or FOLFOX + bevacizumab had similar PFS and OS.

However, the TRIBE2 study (Cremolini et al., 2020) showed that
FOLFOXIRI + bevacizumab achieved higher mOS (27.4 vs.
22.5 months) and mPFS (19.2 vs. 16.4 months) than mFOLFOX6
+ bevacizumab. The treatment benefit was independent of RAS and
BRAF mutation status but was better in patients with right-sided
tumors, and the same benefit was achieved in patients who
progressed after treatment with FOLFOXIRI + bevacizumab
(Loupakis et al., 2015; Cremolini et al., 2018b). Moreover, both
the AVEX (Cunningham et al., 2013) and PRODIGE20 (Aparicio
et al., 2018a) studies confirmed that bevacizumab provided
increased treatment benefits in elderly patients and did not
induce adverse events. Key trials of anti-VEGF agents in the
treatment of mCRC are illustrated in Table 2.
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TABLE 1 Adjuvant and neoadjuvant treatment trials in mCRC.

Trial
name

Clinical
number

Patients
(n)

Population Treat line Treatment Result DFS (%) HR OS (%)

3 years 5 years p-value 5 years

NSABP
protocol
C-08

NCT00096278 2710 NA Adjuvant
therapy

FOLFOX6 +Bev negative 77.4

FOLFOX6 75.5

AVANT NCT00112918 3451 NA Adjuvant
therapy

FOLFOX4 +Bev negative 73.0

CAPOX + Bev 75.0

FOLFOX4 76.0

S-AVANT NCT00112918 2867 NA Adjuvant
therapy

FOLFOX4 +Bev negative 68.5

CAPOX + Bev 71.0

FOLFOX4 3.2

QUASAR 2 ISRCTN45133151 1952 NA Adjuvant
therapy

CAP + Bev negative 75.4 80.0

CAP 78.4

E3204 NCT00321685 57 NA Neoadjuvant
therapy +
Adjuvant
therapy

CAPOX + Bev +
Radiotherapy
(Adjuvant
therapy)

positive 81 83.7

FOLFOX + Bev
(Neoadjuvant

therapy)

88.3

ECOG-
ACRIN-
E5204

NCT00303628 355 NA Adjuvant
therapy

mFOLFOX6
+Bev

negative 76.5

mFOLFOX6 71.2

CTRUST NCT03085992 49 NA Neoadjuvant
therapy

FOLFOXIRI
+ Bev

positive 80.45 (2 years) 72.2

Radiotherapy
+ Bev

Surgery

CRAB NCT00842686 61 NA Neoadjuvant
therapy

CAP + Bev +
Radiotherapy

positive 70.0

[NCCTG]
N0147

NCT00079274 2686 KRAS WT Adjuvant
therapy

FOLFOX6+Cet negative 71.5 1.21

74.6 p
=

0.08

KRAS MT FOLFOX6 67.1 1.12

65.0 p
=

0.38

EXPERT-C 165 KRAS/BRAF Neoadjuvant
therapy

Radiotherapy
after CAPOX +
Cet Radiotherapy
after CAPOX

NA 27.0

p < 0.034

PETACC-8 EudraCT, number
2005-003463-23

2559 KRAS WT Adjuvant
therapy

FOLFOX4+Cet negative 75.1 1.05

79.1 p
=

0.66

(Continued on following page)
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3.1.4 Maintenance treatment
In the CAIRO3 study (Simkens et al., 2015), bevacizumab + Cap

was used as maintenance treatment for mCRC patients after first-line
treatment with chemotherapy + bevacizumab that led to improved
mPFS (8.5 vs. 4.1 months, p < 0.0001); however, the maintenance
treatment did not affect OS. Similarly, both the PRODIGE9 (Aparicio
et al., 2018b) and AIO0207 (Hegewisch-Becker et al., 2015) studies
confirmed bevacizumab-induced improvement in PFS after induction
chemotherapy. Moreover, the 2016 ESMO guidelines state that Cap +
bevacizumab can be used for maintenance therapy after first-line
treatment, but bevacizumab alone is not recommended for
maintenance therapy. Additionally, the National Comprehensive
Cancer Network (NCCN) guidelines do not recommend
bevacizumab as maintenance therapy.

3.1.5 Second-line treatment
The E3200 study (Giantonio et al., 2007) showed that the

administration of bevacizumab as a second-line treatment in
mCRC patients achieved mOS of 12.9, 10.2, and 10.8 months and
mPFS of 7.3, 2.7, and 4.7 months in patients subjected to FOLFOX +
bevacizumab, bevacizumab only, or chemotherapy only first-line
therapies, respectively. Thus, bevacizumab was approved in 2006 as
a second-line treatment for patients with mCRC. Additionally, the
ML18147 study showed that the administration of chemotherapy +
bevacizumab or chemotherapy only as a second-line treatment
achieved mOS of 11.2 vs. 9.6 months (p = 0.0062) and mPFS of
5.7 vs. 4.1 months (p < 0.0001), respectively, in mCRC patients
subjected to bevacizumab as a first-line therapy (Bennouna et al.,
2013). Moreover, the ML18147 and several other studies confirmed
that retreatment with bevacizumab-containing regimens exerted
significant therapeutic effects in mCRC patients who received
bevacizumab-containing regimens as first-line therapy (Grothey
et al., 2008; Hurwitz et al., 2014). Based on these findings, the
FDA approved bevacizumab as a cross-line therapy in 2013.

3.1.6 Third-line treatment and beyond
A previous study showed that trifluridine and tipiracil (TAS-

102) + bevacizumab was more effective than TAS-102 alone as a
third-line treatment in patients with anti-EGFR positive and
chemotherapy-resistant mCRC, with considerable increase in

mOS (9.4 vs. 6.7 months, p = 0.028) and mPFS (4.6 vs.
2.6 months, p = 0.0010) (Pfeiffer et al., 2020). Similarly, the TAS-
CC3 study confirmed the positive effects of TAS-102 + bevacizumab
as a third-line treatment in Asian patients with mCRC (Yoshida
et al., 2021). Accordingly, the NCCN guidelines recommend the use
bevacizumab in combination with TAS-102 as a third-line treatment
in patients with mCRC (Table 2).

3.2 Ziv-aflibercept

Ziv-aflibercept is an anti-VEGFagent that inhibits neovascularization
by tightly binding to VEGF and reducing vascular permeability. The
AFFIRM study showed (Folprecht et al., 2016) that abatacept did not
achieve promising outcomes as a first-line treatment for mCRC.
However, considerable therapeutic benefit was obtained with Ziv-
aflibercept as a second-line treatment (Van Cutsem et al., 2012).
Notably, FOLFIRI + Ziv-aflibercept was more effective than FOLFIRI
only as a second-line treatment in mCRC patients, with improved mOS
(13.5 vs. 12.06 months, p = 0.0032) and mPFS (6.90 vs. 4.67 months, p <
0.0001). Accordingly, Ziv-aflibercept was approved by the FDA as a
second-line treatment for mCRC patients who progressed or were
resistant to first-line oxaliplatin therapy in 2012 (Table 2).

3.3 Cetuximab

Cetuximab binds specifically to EGFRand competitively blocksVEGF
and other receptors, inhibiting intracellular signaling pathways, thereby
suppressing the proliferation of cancer cells and inducing apoptosis.

3.3.1 Adjuvant therapy
In the N0147 [NCCTG] study (Alberts et al., 2012), mFOLFOX

+ cetuximab did not show significant health-promoting effects as an
adjuvant compared to those of chemotherapy alone, with no
statistical difference in 3-year DFS in patients with KRAS wild-
type (WT). Moreover, the PETACC-8 (Taieb et al., 2014) study
confirmed that cetuximab adjuvant therapy had no survival benefit
in patients with KRAS WT. Current guidelines do not recommend
the use of cetuximab as an adjuvant therapy (Table 1).

TABLE 1 (Continued) Adjuvant and neoadjuvant treatment trials in mCRC.

Trial
name

Clinical
number

Patients
(n)

Population Treat line Treatment Result DFS (%) HR OS (%)

3 years 5 years p-value 5 years

KRAS/
BRAF WT

75.9 0.99

FOLFOX4 79.1 p
=

0.92

KRAS MT 70.7 1.06

71.0 p
=

0.65

SWOG
0713

NCT00686166 83 KRAS WT Neoadjuvant
therapy

Radiotherapy and
CAPOX + Cet

after CAPOX-Cet

NA 72.0

Abbreviations: DFS, disease-free survival; OS, overall survival; Cet, cetuximab; Bev, bevacizumab; CAP, capecitabine; NA, not applicable; WT, mutation.
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TABLE 2 Key trials of anti-VEGF agents in the treatment of mCRC.

Trial
name

Clinical
number

Patients
(n)

Treat line Treatment Result mOS
(months)

HR mPFS
(months)

HR ORR
(%)

p-
value

p-
value2

AVF2107 NCT00109070 813 First line FOLFIRI + Bev Positive 20.3 0.66 10.6 0.54

FOLFIRI + placebo 15.6 p <
0.001

6.2 p < 0.001

ITACa NCT01878422 376 First line FOLFIRI/FOLFOX
+ Bev

Positive 9.6 0.86 20.8 1.13

FOLFIRI/FOLFOX 8.4 p =
0.182

21.3 p = 0.317

NO1966 NCT00069095 1401 First line CAPOX/FOLFOX4
+ Bev

Positive 21.3 0.89 9.4 0.83

CAPOX/FOLFOX4
+ placebo

19.9 p =
0.077

8.0 p =
0.0023

MAVERICC NCT01374425 376 First line mFOLFOX6 + Bev Negative 10.1 0.79 23.9 0.76

FOLFIRI + Bev 12.6 p
= 0.06

27.5 p = 0.09

TRIBE NCT00719797 508 First line FOLFOXIRI + Bev Positive 31.0 0.79 12.1 0.75 65.0

FOLFIRI + Bev 25.8 p =
0.054

9.7 p = 0.003 53.0

TRIBE2 NCT02339116 679 First line mFOLFOX6 + Bev Positive 27.4 0.82 19.2 0.74 62.0

FOLFOXIRI + Bev 22.5 p =
0.032

16.4 p =
0.0005

50.0

TRIBE2 NCT02339116 679 Second line FOLFOXIRI Positive 12.0 0.74

FOLFIRI 9.8 p =
0.0002

AVEX NCT00484939 280 First line CAP + Bev Positive 20.7 0.79 9.1 0.53

CAP 16.8 p
= 0.18

5.1 p <
0.0001

PRODIGE 20 NCT01900717 102 First line chemotherapy + Bev Positive 21.7 0.73 9.7 0.79 37.2

chemotherapy 19.8 7.8 32.6

PRODIGE 9 NCT00952029 491 Maintenance
after First line

FOLFOX + Bev Negative 21.7 1.07 9.2 0.91

Observation 22.0 p =
0.500

8.9 p = 0.316

AIO 0207 NCT00973609 837 Maintenance
after First line

Fol + Bev Positive 20.2 p
= 0.77

6.3 p <
0.0001

Bev 21.9 4.6

Observation 23.2 3.5

CAIRO3 NCT00442637 558 Maintenance
after First line

CAP + Bev Positive 25.9 0.89 8.5 0.43

Observation 22.4 p
= 0.22

4.1 p ≤
0.0001

CAIRO3 NCT00442637 558 Second line CAP + Bev
(progress after
maintenence)

Positive 11.7 0.67

8.5 p ≤
0.0001

E3200 NCT00025337 829 Second line FOLFOX4 + Bev Positive 12.9 0.75 7.3 0.61

FOLFOX4 10.8 p =
0.0011

4.7 p < 0
.0001

(Continued on following page)
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3.3.2 Neoadjuvant treatment
The EXPERT-C study (Dewdney et al., 2012) showed that

CAPOX + cetuximab was more effective than CAPOX only (four
cycles each) in neoadjuvant therapy, with significantly higher
response rate (RR) and OS in the cetuximab group. However,
some studies, including the COIN study (Maughan et al., 2011;
Tveit et al., 2012), showed that cetuximab treatment did not improve
patient survival; in contrast, the TAILOR study (Qin et al., 2018)

confirmed cetuximab OS benefit. The 2012 NCCN guidelines do not
recommend cetuximab as a neoadjuvant therapy because of
insufficient evidence (Table 1).

3.3.3 First-line treatment
The CRYSTAL study (Van Cutsem et al., 2009) showed that

treatment with FOLFIRI + cetuximab significantly increased mOS
(24.9 vs. 21.0 months) and mPFS (9.9 vs. 8.7 months) in patients

TABLE 2 (Continued) Key trials of anti-VEGF agents in the treatment of mCRC.

Trial
name

Clinical
number

Patients
(n)

Treat line Treatment Result mOS
(months)

HR mPFS
(months)

HR ORR
(%)

p-
value

p-
value2

Bev 10.2 2.7

ML18147 NCT00700102 820 Second line chemotherapy + Bev Positive 11.2 0.81 5.7 0.68

chemotherapy 9.6 p =
0.0062

4.1 p <
0.0001

BEBYP NCT00720512 185 Second line chemotherapy + Bev Positive 14.1 0.77 6.8 0.70

chemotherapy 15.5 p =
0.043

5.0 p = 0.010

ARIES NCT00388206 1550 First line FOLFOX + BEV NA 23.7 0.95 10.3 1.03

FOLFIRI + BEV 25.5 p =
0.625

10.2 p = 0.688

ARIES NCT00388206 482 Second line BEV +
chemotherapy (first-
line Bev-exposed VS.
first-line Bev-naive)

Positive 19.8 7.6

17.2 8.1

BRiTE 1445 Second line BEV +
chemotherapy (first-
line Bev-exposed VS.
first-line Bev-naive)

Positive 19.9 0.48

31.8 p <
0 .001

Pfeiffer et al.
(2020)

EudraCT,
2016–005241–23

93 Third line and
beyond

TAS-102 + Bev Positive 9.4 0.55 4.6 0.45

TAS102 6.7 p =
0.028

2.6 p =
0.0015

TAS-CC3 UMIN000022438 32 Third line and
beyond

TAS-102 + Bev Positive 4.5 9.2

AFFIRM NCT00851084 236 First line mFOLFOX6 + Ziv-
aflibercept

Negative 19.5 0.98 8.48 1

mFOLFOX6 22.3 8.77

VELOUR NCT00561470 1226 Second line FOLFIRI + Ziv-
aflibercept

Positive 13.5 0.817 6.90 0.758

FOLFIRI 12.06 p =
0.0032

4.67 p <
0.0001

RAISE NCT01183780 1072 Second line Ramucirumab +
FOLFIRI

Positive 13.3 0.844 5.7 0.793

Ramucirumab 11.7 p =
0.0219

4.5 p <
0.0005

De Gramont
et al. (2012)

NCT01111604 153 Second line mFOLFOX-6 +
Ramucirumab

Negative 41.7 w 1.18 21.4 w 1.116

mFOLFOX-6 53.6 w 18.4 w p = 0.623

mOS, median overall survival; mPFS, median progression-free survival; ORR, objective response rate; Bev, bevacizumab; CAP, capecitabine; TAS-102, trifluridine and tipiracil; NA, not

applicable; WT, mutation.
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TABLE 3 Pivotal trials of anti-EGFR mAbs treatment in mCRC.

Trial name Clinical number Patiens
(n)

Population Treat line Treatment Result mOS
(months)

HR mPFS
(months)

HR ORR
(%)

p-value p-value

CRYSTAL NCT00154102 599 EGFR (+) First-line FOLFIRI + Cet Positive ITT: 19.9 0.93 ITT: 8.9 0.85

18.6 p = 0.31 8.0 p =
0.048

FOLFIRI KRAS WT: 24.9 0.84 KRAS WT: 9.9 0.68

21.0 8.7 p = 0.02

COIN NCT00182715 1630 NA First-line CAPOX/FOLFOX
+ Cet

Negative 17.0 1.04 8.6 0.96

CAPOX/FOLFOX 17.9 p = 0.67 8.6 p = 0.60

TAILOR NCT01228734 393 RAS WT First-line FOLFOX4 + Cet Positive 20.7 0.69 9.2 0.69 61.1

FOLFOX-4 17.8 p = 0.004 7.4 p =
0.004

39.5

NORDIC-VII NCT00145314 566 NA First-line FOLFOX Negative 20.4 0.89 7.9 41.0

FOLFOX + Cet 19.7 p = 0.31 8.3 49.0

FOLFOX
(intermittent)+ Cet

20.3 (First two
groups)

7.3 47.0

GALGB/SWOG NCT00265850 1137 KRAS WT First-line FOLFOX/FOLFIRI
+ Cet

Negative 30.0 0.88 10.5 0.95

FOLFOX/FOLFIRI
+ Bev

29.0 p = 0.08 10.6 p = 0.45

FIRE3 NCT00433927 400 NA First-line FOLFIRI + Cet Positive ITT: 28.7 0.77 ITT: 10.0 1.06

25.0 p = 0.017 10.3 p = 0.55

RAS WT: 31.1 0.70 RAS WT: 10.4

FOLFIRI + Bev 25.6 p = 0.011 10.2 p = 0.54

Tol et al. (2009) NCT00208546 755 NA First-line CAPOX + Cet Negative 20.3 p = 0.16 10.7 1.22

CAPOX + Bev + Cet 19.4 9.4

MACRO2 TTD NCT01161316 193 KRAS WT Maintenance after First-
line

Cet alone Negative 23.0 1.2 9.0 1.2

mFOLFOX6 + Cet 27.0 p = 0.2649 10.0 p =
0.3907

Wang et al. (2022) NCT02717923 47 RAS WT Maintenance after
First-line

Cap + Cet NA 27.4 12.7

(Continued on following page)
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TABLE 3 (Continued) Pivotal trials of anti-EGFR mAbs treatment in mCRC.

Trial name Clinical number Patiens
(n)

Population Treat line Treatment Result mOS
(months)

HR mPFS
(months)

HR ORR
(%)

p-value p-value

MACBETH NCT02295930 143 RAS/
BRAF WT

Maintenance after
First-line

Cet NA 13.3 0.73

Bev 10.8

BOND 329 EGFR (+) Second-line IRI + Cet Positive 4.1 p < 0.001 8.6 p = 0.48

Cet 1.5 6.9

CAPRI-GOIM EudraCT number 2009-
014041-81

153 KRAS WT Second-line FOLFOX + Cet Positive 23.7 0.57 6.9 0.56

FOLFOX 19.8 p = 0.056 5.3 p =
0.025

EPIC 1298 EGFR (+) Second-line Cet + IRI Positive 10.7 0.975 4.0 0.692

IRI 10.0 p = 0 .71 2.6 p <
0.0001

The UNICANCER
PRODIGE18

NCT01442649 132 KRAS WT Second-line chemotherapy + Bev NA 15.8 0.69 7.1 0.71 24.6

chemotherapy + Cet 10.4 p = 0.08 5.6 p = 0 .06 31.8

Jonker DJ NCT00079066 572 EGFR (+) Third-line and beyond BSC + Cet Positive 6.1 0.77 0.68

BSC 4.6 p = 0.005 p < 0.001

Vincenzi B 55 EGFR (+) Third-line and beyond IRI + Cet NA 9.8 4.7

Santini D 39 KRAS WT Third-line and beyond
(Rechallenge)

IRI + Cet NA 6.6

JACCRO CC-08 UMIN000010638 34 KRAS WT Third-line and beyond
(Rechallenge)

IRI + Cet NA 8.2 2.4

PRIME NCT00364013 1183 NA First-line FOLFOX4 + Pmab Positive RAS WT: 23.9 0.83 RAS WT: 9.6 0.8

19.7 p = 0.072 8.0 p = 0.02

FOLFOX4 RAS MT: 15.5 1.2 RAS MT: 7.3 1.29

19.3 p = 0.068 8.8 p = 0 .02

ASPECCT NCT01001377 1010 KRAS WT Third-line Pmab + BSC NA 10.4 0.97 4.4 1

Cet + BSC 10.0 4.1

(Continued on following page)
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TABLE 3 (Continued) Pivotal trials of anti-EGFR mAbs treatment in mCRC.

Trial name Clinical number Patiens
(n)

Population Treat line Treatment Result mOS
(months)

HR mPFS
(months)

HR ORR
(%)

p-value p-value

PEAK NCT00819780 285 KRAS WT First-line mFOLFOX6 + Pmab Positive KRAS WT: 34.2 0.62 KRAS WT: 10.9 0.87

24.3 p = 0.009 10.1 p =
0.353

mFOLFOX6 + Cet RAS WT: 41.3 0.63 RAS WT: 13.9 0.65

28.9 p = 0 .058 9.5 p =
0.029

Bennouna et al. (2013) NCT01126112 33 KRAS WT First-line Pmab NA 7.1 4.3 9.1

VOLFI NCT01328171 96 RAS WT First-line mFOLFOXIRI + Pmab Positive 35.7 0.67 9.7 1.07 87.3

mFOLFOXIRI 29.8 p = 0.12 9.7 p = 0.76 60.6

p =
0.004

GONO NCT01358812 37 RAS/
BRAF WT

First-line FOLFOXIRI + Pmab NA 11.3 89.0

Pietrantonio et al. (2019) NCT02476045 229 RAS WT Maintenance after
First-line

LV/5-FU + Pmab Positive 18 months OS
rate

1.13 10 months PFS
rate

1.51

Pmab 66.4% p = 0.60 59.9% p =
0.009

62.4% 49.0%

SAPPHIRE NCT02337946 164 RAS WT Maintenance after
First-line

mFOLFOX6 + Pmab Positive 8.1 0.9 9.1 0.93

5-FU/LV + Pmab 8.1 9.3

PANAMA NCT01991873 248 RAS WT Maintenance after
First-line

5-FU + Pmab Positive 28.7 0.84 8.8 0.72 10.8

5-FU 25.7 p = 0 .32 5.7 p =
0 .014

26

p = 0.02

PICCOLO ISRCTN93248876 460 KRAS WT Second-line IRI Positive 10.9 1.01 0.78

IRI + Pmab 10.4 p = 0.91 p =
0.015

20050181 NCT00339183 1186 KRAS WT Second-line Pmab + FOLFIRI Positive 14.5 0.92 6.7 0.82

FOLFIRI 12.5 p = 0.37 4.9 p =
0.023

(Continued on following page)
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with KRAS WT mCRC compared to those in patients with KRAS
WT treated with FOLFIRI treatment alone. Accordingly, cetuximab
was approved by the FDA in 2012 as a first-line treatment in patients
with KRAS WT mCRC. In contrast, the COIN (Maughan et al.,
2011) and NORDIC-VII (Tveit et al., 2012) studies showed
insignificant differences in OS and PFS between oxaliplatin +
cetuximab and oxaliplatin treated patients with KRAS WT
mCRC. However, the TAILOR study (Qin et al., 2018) showed
that cetuximab + FOLFOX increased mPFS (9.2 vs. 7.4 months, p =
0.004) and mOS (20.7 vs. 17.8 months, p = 0.02) in patients with
RAS WT mCRC compared to those in FOLFOX alone treated
patients with RAS WT mCRC. Moreover, previous studies have
shown that cetuximab was as effective as bevacizumab in patients
with RAS WT (Heinemann et al., 2014; Venook et al., 2017).
Additionally, the NCT00208546 study showed insignificant
difference in efficacy between cetuximab + bevacizumab and
cetuximab only (Tol et al., 2009); therefore, cetuximab +
bevacizumab is not recommended for patients with mCRC.

The CALGB/SWOG80405 (Alliance) study (Venook et al., 2017)
found that cetuximab achieved significantly higher OS and PFS in
patients with left-sided primary tumors than in those with right-sided
primary tumors. Several studies confirmed that anti-EGFR antibody in
combination with chemotherapy exerted the best effects in patients with
left-sided primary tumors and RAS WT mCRC (Arnold et al., 2017;
Tejpar et al., 2017). Pivotal trials of anti-EGFR monoclonal antibody
treatment in mCRC are summarized in Table 3.

3.3.4 Maintenance treatment
The MACRO2TTD study (Aranda et al., 2018) confirmed

insignificant differences in mPFS and mOS between continuation
of the original regimen and maintenance treatment with cetuximab
alone after induction therapy with mFOLFOX + cetuximab.
Moreover, the MACBETH study (Cremolini et al., 2018a)
suggested that cetuximab could be used for maintenance therapy
in patients with RAS/RAF WT mCRC. However, current guidelines
do not recommend the use of cetuximab for maintenance therapy.

3.3.5 Second-line treatment
The BOND study (Cunningham et al., 2004) confirmed that

cetuximab in combination with chemotherapy achieved a better
therapeutic benefit than cetuximab alone in mCRC treatment, with
increase in mOS (8.6 vs. 6.9 months, p = 0.48) and mPFS (4.1 vs.
1.5 months, p < 0.001). Cetuximab was approved by the FDA in
2004 as a second-line treatment for patients with mCRC.
Subsequent studies (Sobrero et al., 2008; Ciardiello et al., 2016)
have confirmed the therapeutic benefit of cetuximab in combination
with chemotherapy over chemotherapy alone. Moreover, the
UNICANCERPRODIGE18 study (Bennouna et al., 2019) showed
that cetuximab had therapeutic benefits comparable to those of
bevacizumab as second-line treatment.

3.3.6 Third-line treatment
The NCT00079066 study (Jonker et al., 2007) demonstrated that

cetuximab monotherapy resulted in higher OS and PFS in patients
with refractory mCRC than the best supportive care (BSC) alone.
Vincenzi et al. (2006) treated patients with mCRC using cetuximab
+ irinotecan as third-line chemotherapy, with an mPFS of
4.7 months and mOS of 9.8 months.TA
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TABLE 4 Major trials of HER2 mAbs and all TKIs in mCRC.

Trial name Clinical number Patiens
(n)

Population Treat line Treatment Result mOS
(months)

HR
P-value

mPFS
(months)

HR
p-value2

ORR
(%)

RAISE NCT01183780 1072 NA Second-line Ramucirumab + FOLFIRI Positive 13.3 0.844 5.7 0.793

Ramucirumab
11.7 p = 0.0219 4.5 p < 0.0005

Jonker et al. (2007) NCT01111604 153 NA Second-line mFOLFOX-6 + Ramucirumab Negative 41.7 W 1.18 21.4 W 1.116

mFOLFOX-6
53.6 W 18.4 W p = 0.623

FRESCO NCT02314819 416 NA Third-line and
beyond

Furoquinitinib + BSC Positive 9.3 0.65 3.7 0.26

BSC
6.6 p < 0.001 1.8 p < 0.001

FRESCO-2 NCT04322539 691 NA Furoquinitinib + BSC Positive 7.4 0.66 3.7 0.32

P + BSC
4.8 p < 0.001 1.8 p < 0.001

CORRECT NCT01103323 760 NA Third-line and
beyond

Regorafenib + BSC Positive 6.4 0.77 1.9 0.49
BSC

5.0 p = 0.0052 1.7 p < 0.0001

CONCUR NCT01584830 204 NA Third-line and
beyond

Regorafenib placebo Positive 8.8 0.55 3.2 0.31

6.3 p =
0.00016

1.7 p < 0.0001

REVERCE UMIN000011294 NA Cet ± IRI after Regorafenib Positive 17.4 0.61

Regorafenib after Cet ± IRI
11.6 p = 0.0293

NCI-MATCH NCT02465060 35 BRAF
V600E MT

Darafenib + Trametinib NA 28.6 11.4

Corcoran et al. (2018) NCT01750918 142 BRAF
V600E MT

Pmab(P)+Darafenib(D)+Trametinib(T) Positive 9.1 3.5

D + P
13.2 4.2D + T + P

8.2 2.6T + P

Yaeger et al. (2015) NCT01791309 12 BRAF
V600E MT

Vemurafenib NA 7.6 3.2

Hong et al. (2020) NCT01787500 19 BRAF
V600E MT

Vemurafenib + IRI + Cet NA 7.7

BEACON NCT02928224 605 BRAF
V600E MT

Second-lineand
beyond

Encorafenib + Binimetinib + Cet Positive 9.3 4.5

Encorafenib + Cet
9.3 4.3FOLFIRI ± Cet

5.9 1.5

(Continued on following page)
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TABLE 4 (Continued) Major trials of HER2 mAbs and all TKIs in mCRC.

Trial name Clinical number Patiens
(n)

Population Treat line Treatment Result mOS
(months)

HR
P-value

mPFS
(months)

HR
p-value2

ORR
(%)

CodeBreaK100
(phase 1)

NCT03600883 42 KRAS Thrid-line and
beyond

sotorasib Positive 12.8 4.0 20.0%

G12C MT

CodeBreaK100
(phase 2)

NCT03600883 62 KRAS
G12C MT

Second-line and
beyond

sotorasib Positive 10.6 4.0 9.7%

HERACLES EudraCT, number 2012-
002128-33.

27 KRAS WT
and

HER2(+)

Second-line and
beyond

Trastuzumab + Lapatinib Positive 30.0

MyPathway NCT02091141 57 HER2(+) Second-line and
beyond

Trastuzumab + Pertuzumab Positive 11.5 2.9 32.0

HERACLES- B NCT03225937 31 HER2(+) Fourth-line and
beyond

Trastuzumab + Pertuzumab Positive 4.1 9.7

DESTINY-CRC01 NCT03384940 86 RAS WT
and

HER2 (+)

Third-line and
beyond

Trastuzumab deruxtecan (DS-8201) Positive 15.5(HER2
+++)

6.9 (HER2+++) 45.3

7.3 (HER2 ++) 2.1 (HER2 ++)

7.7(HER2 +) 1.4 (HER2 +)

MOUNTAINEER NCT03043313 117 RAS WT
and

HER2 (+)

Fourth-line and
beyond

Trastuzumab + Tucatinib Positive 24.1 8.2 38.1%

mOS, median overall survival; mPFS, median progression-free survival; ORR, objective response rate; EGFR, epidermal growth factor receptor; HER2, human epidermal growth factor receptor 2; MT, mutation; WT, wild-type; NA, not applicable; Cet, cetuximab; Bev,

bevacizumab; Pmab, Panitumumab; IRI, irinotecan; BSC, best supportive care; LV, folinic acid; W, weeks.
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Rechallenge therapy means the reintroduction of targeted agent
to which a tumor has already proven to be resistant (Tonini et al.,
2013). Santini et al. (2012) performed cetuximab rechallenge as a
third-line treatment for refractory mCRC and achieved promising
results, with ORR of 53.8% [partial response (PR), 48.7%; complete
response (CR), 5.1%] and mPFS of 6.6 months. Similarly, patients
with KRAS WT mCRC rechallenged with cetuximab as third-line
treatment exhibited positive results, with mPFS and OS of 2.4 and
8.2 months, respectively (Masuishi et al., 2020). A meta-analysis
conducted byMauri et al. (2019) showed that anti-EGFR rechallenge
therapy yielded better therapeutic benefits than sequential and dose
escalation therapies. Therefore, cetuximab could be used as a third-
line treatment (Table 3).

3.4 Panitumumab

Panitumumab is an IgG2 monoclonal antibody that binds to
EGFR, blocking the binding of VEGFR and VEGF and inhibiting
cancer cell growth.

3.4.1 First-line treatment
The PRIME study (Douillard et al., 2010) showed that treatment

with FOLFOX4 + panitumumab significantly improved mPFS in
patients with KRAS WT mCRC compared to that in patients with
KRASWT mCRC treated with FOLFOX4 alone (9.6 vs. 8.0 months,
p = 0.02) but did not affect OS and was not significant in patients
with KRAS MT. Moreover, the ASPECCT trial (Price et al., 2014)
confirmed that panitumumab achieved results comparable to those
of cetuximab in patients with KRAS WT mCRC. Based on these
findings, panitumumab was approved by the FDA as a first-line
treatment for patients with KRAS WT mCRC in 2014. A
retrospective analysis of the PRIME study (Douillard et al., 2013)
showed that all patients with RASWT benefited from panitumumab
treatment. Interestingly, the PEAK study (Schwartzberg et al., 2014)
showed that panitumumab had better efficacy than bevacizumab in
patients with KRAS/NRAS WT mCRC. Therefore, the FDA
included NRAS WT mCRC as an indication for panitumumab
treatment in 2017. Additionally, studies (Arnold et al., 2017;
Boeckx et al., 2017; Peeters et al., 2018) have shown that
panitumumab was more effective against RAS WT tumors
located on the left side than those on the right side.

Furthermore, although treatment with mFOLFOXIRI +
panitumumab did not significantly affect mOS and mPFS in
patients with RAS WT mCRC, there was a significant increase
(p = 0.004) in ORR (87.3% vs. 60.6%, p = 0.004) and metastasis
resection-free recurrence survival (7.9 vs. 4.0 months) in the
mFOLFOXIRI + panitumumab group compared to those in the
mFOLFOXIRI group (Modest et al., 2019a). Similar results were
found in the GONO study (Fornaro et al., 2013). Overall,
panitumumab + FOLFOXIRI could be used for patients with
RAS WT mCRC with metastases that require surgical resection.

3.4.2 Maintenance treatment
The NCT02476045 study (Pietrantonio et al., 2019) showed that

5-Fu + panitumumab was more effective than 5-Fu only as
maintenance treatment in patients with RAS WT mCRC, with
10-month PFS of 59.9% and 49.0% (p = 0.01) in the 5-Fu +

panitumumab and 5-Fu groups, respectively. Additionally, there
were no significant differences in PFS, OS, and RR between
panitumumab + mFOLFOX6-and 5-Fu + panitumumab-treated
patients with RAS WT mCRC (Munemoto et al., 2019).
Moreover, the PANAMA study (Modest et al., 2022) confirmed
that 5-Fu + panitumumab was a better maintenance treatment than
5-Fu alone. A retrospective analysis of the PRIME and PEAK studies
confirmed that panitumumab was comparable to bevacizumab as a
maintenance therapy (Modest et al., 2019b), indicating that
panitumumab could be combined with other agents as a
maintenance therapy for patients with RAS WT mCRC.

3.4.3 Second-line treatment
The PICCOLO study (Seymour et al., 2013) showed that irinotecan

+ panitumumab was effective as a second-line treatment against KRAS
WTmCRC than irinotecan only, as evidenced by a significant increase
in PFS and RR in the panitumumab group; however, the OS was not
significantly affected. Moreover, panitumumab had limited effects on
patients with RAS MT. Similar results were obtained in the
20050181 study (Peeters et al., 2010; Peeters et al., 2014); therefore,
panitumumab and cetuximab are sometimes used interchangeably as
second-line treatments.

3.4.4 Third-line treatment and beyond
Cutsem Eric Van Cutsem et al. (2007) reported that panitumumab

monotherapy as a third-line treatment significantly increased (p <
0.0001) mPFS to 8 weeks in patients with mCRC compared to that in
patients with mCRC treated with BSC only (7.3 weeks) but did not
affect OS. Accordingly, panitumumab was approved by the FDA as a
third-line treatment for patients with EGFR-positive mCRC in 2006.
Similar results were observed in patients retreated with panitumumab +
BSC (Van Cutsem et al., 2008). Overall, several studies have confirmed
the efficacy of panitumumab monotherapy as a third-line treatment for
mCRC (Hecht et al., 2007; Kim et al., 2016; Kim et al., 2018). Moreover,
the GERCOR (André et al., 2013) andWJOG6510G (Sakai et al., 2020)
studies both confirmed that panitumumab + irinotecan improved PFS
in patients with KRAS WT mCRC but did not affect OS (Table 3).

3.5 Ramucirumab

Ramucirumab exerts its antitumor effects by specifically binding to
VEGFR-2 and inhibiting tumor angiogenesis. The RAISE study
(Tabernero et al., 2015) showed that treatment with FOLFIRI +
ramucirumab increased mOS (p = 0.0219) and mPFS (p < 0.0005)
to 13.3 and 5.7 months, respectively, compared with 11.7 and
4.5 months, respectively, in FOLFIRI-treated patients. Moreover, the
treatment benefit of ramucirumab was superior to chemotherapy-only
for bothOS and PFS in any subgroup. Ramucirumab was approved as a
second-line treatment for patients with mCRC by the FDA in 2015
(Table 3).

3.6 Fruquintinib

Fruquintinib is a VEGFR inhibitor that blocks neointimal
growth associated with tumor proliferation and is a potent and
highly selective small-molecule inhibitor of VEGFR1–3. The
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FRESCO study (Li et al., 2018) showed that fruquintinib + BSC
treatment achieved considerable therapeutic effects in mCRC
patients, irrespective of whether the patients were previously
treated with anti-VEGF or anti-EGFR drugs, as evidenced by an
increase (p < 0.001) in mOS (9.3 months) and mPFS (3.7 months)
compared to those in mCRC patients treated with the BSC only
(mOS, 6.6 months; mPFS, 1.8 months). Accordingly,
fruquintinib was approved by the China National Medical
Products Administration as a third-line treatment for patients
with mCRC in 2018; however, fruquintinib has not been
approved for use in other countries. Similarly, the results of
FRESCO-2 study showed that fruquintinib treatment
significantly improved (p < 0.001) mOS (7.4 months) and
mPFS (3.7 months) compared to those of BSC treatment
(mOS, 4.8 months; mFPS, 1.8 months) (Dasari et al., 2022).
Key trials of HER2 targeted agents and TKIs in mCRC are
summarized in Table 4.

3.7 Regorafenib

Regorafenib is a TKI that acts on multiple targets, such as
VEGFR and BRAF V600E. The CORRECT study (Grothey et al.,
2013) showed that regorafenib + BSC improved mOS (6.4 months)
and mPFS (1.9 months) in patients with mCRC compared to
patients with mCRC treated with BSC only (mOS, 5 months;
mPFS, 1.7 months). Accordingly, regorafenib was approved as a
third-line treatment for patients with mCRC by the FDA in 2012.
The CONCUR study (Li et al., 2015) demonstrated the benefits of
regorafenib in Asian population. Regorafenib is the only
monotherapy recommended by the NCCN guidelines for third-
line therapy and further treatment (Table 4).

3.8 Encorafenib

Encorafenib primarily targets the BRAFV600E MT, which is
commonly found in certain types of cancer. Additionally, it has
inhibitory effects on JNK1–3, LIMK1–4, and STK36. The BEACON
study (Kopetz et al., 2019) showed that encorafenib + binimetinib +
cetuximab triple-agent treatment exerted considerable therapeutic
effects in mCRC patients compared to those in the mCRC patients
treated with FOLFIRI + cetuximab (control). However, subsequent
studies showed insignificant differences in OS and mPFS between
encorafenib + binimetinib + cetuximab and encorafenib +
cetuximab groups (Tabernero et al., 2021). Accordingly, the
NCCN guidelines recommend the use of encorafenib in
combination with anti-EGFR as a second-line treatment in
patients with BRAFV600E MT mCRC (Table 4).

3.9 Dabrafenib and trametinib

Dabrafenib specifically targets BRAF mutations (V600E and
V600K), while trametinib selectively inhibits MEK1 and MEK2, key
components of the RAS/RAF/MEK/ERK signaling pathway,
resulting in the tumor growth suppression. The
NCT01072175 study (Corcoran et al., 2015) showed that
combined second-line treatment with dabrafenib (BRAF
inhibitor) and trametinib (MEK inhibitor) increased mPFS to
3.5 months in patients with BRAF V600E MT mCRC, with PR
observed in 12% of the patients and CR in one patient. Similarly, the
NCT01750918 study (Corcoran et al., 2018) showed that
panitumumab + dabrafenib + trametinib treatment increased RR
(21%), mPFS (4.2 months), and mOS (13.2 months) in patients with
BRAFV600E MT mCRC compared to those in patients with

FIGURE 3
The current strategies for molecular targeted therapy in mCRC.
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BRAFV600EMTmCRC treated with panitumumab + dabrafenib or
panitumumab + trametinib. Therefore, the 2020 NCCN guidelines
recommend that dabrafenib + trametinib could be combined with
cetuximab or panitumumab as a second-line treatment for
BRAFV600E MT mCRC. However, the 2021 and 2022 NCCN
guidelines do not include dabrafenib and trametinib in
combination with anti-EGFR for mCRC treatment (Table 4).

3.10 Vemurafenib

Vemurafenib is a targeted therapy that specifically inhibits the
mutated BRAF form, BRAFV600E. A combination of vemurafenib
and panitumumab has been shown to have a 100% tumor shrinkage
rate, mPFS of 3.2 months, and mOS of 7.6 months in patients with
BRAFV600E MT mCRC (Yaeger et al., 2015). Similarly, RR of 35%
and mPFS of 7.7 months was obtained in patients with
BRAFV600E MT mCRC treated with a combination of
irinotecan, vemurafenib, and cetuximab (Hong et al., 2016).
Additionally, the SWOGS1406 study (Kopetz et al., 2021) showed
that irinotecan + cetuximab + vemurafenib treatment significantly
increased PFS in patients with BRAFV600EMTmCRC compared to
patients with BRAFV600E MT mCRC administered treatment
regimens without vemurafenib. Moreover, FOLFIRI + cetuximab
+ vemurafenib treatment achieved an ORR of 81%, mPFS of
9.7 months, and mOS of 15.4 months in patients with
BRAFV600E MT mCRC (Wang et al., 2022). Overall, these
results confirmed that vemurafenib plus anti-EGFR can achieve
significant efficacy in patients with BRAF MT mCRC; however,
vemurafenib is yet to be approved for use inmCRC patients owing to
shortage of relevant trials and limited number of enrolled patients
(Table 4).

3.11 Sotorasib and adagrasib

Sotorasib and adagrasib are potent inhibitors of KRASG12C,
specifically designed to target this mutation and act as antineoplastic
agents. These agents selectively bind to and inhibit the mutant
KRASG12C protein, offering potential therapeutic options for patients
withKRASG12CMTcancers. In the phase 1CodeBreaK100 study (Fakih
et al., 2022) involving KRASG12CMT solid tumors, sotorasib treatment
resulted in a median mPFS of 4.0 months and an ORR of 7.1% in the
mCRC group. In the phase 2 study specifically conducted with mCRC
patients, the ORR was 12.9%, with a mOS of 10.6 months and mPFS of
4.0 months (Hong et al., 2020). MRTX849 study (Klempner et al., 2022)
showed that adagrasib + cetuximab mPFS was 6.9 vs. 5.6 months in
adagrasib only group, and ORR was 46% vs. 19. The aforementioned
studies have provided evidence of sotorasib and adagrasib efficacy in the
treatment of mCRC. Nevertheless, additional clinical validation is
required to further substantiate their practical clinical application.

3.12 Trastuzumab, pertuzumab, lapatinib
and tucatinib

Trastuzumab and pertuzumab are monoclonal antibodies
that specifically bind to different epitopes of the HER2 receptor,

inhibiting HER2 signaling and enhancing immune-mediated
destruction of tumor cells. In contrast, lapatinib is a TKI that
targets both HER2 and EGFR receptors, effectively blocking
their activation and downstream signaling pathways. The
HERACLES study (Sartore-Bianchi et al., 2016) showed that
trastuzumab + lapatinib treatment achieved an ORR of 30% in
patients with KRAS WT and HER2-positive mCRC who
previously underwent anti-EGFR therapy. Moreover,
trastuzumab + pertuzumab treatment (HER2 antibodies)
achieved an ORR of 32%, mPFS of 2.9 months, and mOS of
1.5 months in patients with HER2 positive mCRC (Meric-
Bernstam et al., 2019) and an mPFS of 5.3 months in RAS
WT subgroup. The HERACLES-B study (Sartore-Bianchi
et al., 2020) showed that trastuzumab + panitumumab
treatment achieved an ORR of 9.7% and mPFS of 4.1 months
in patients with RAS WT and HER2-positive mCRC who had
previously been treated with a third-line regimen.

Trastuzumab deruxtecan (DS-8201) is a novel antibody-drug
conjugate with a humanized anti-HER2 antibody, cleavable
peptide linker, and potent topoisomerase I inhibitor payload
that has been confirmed to be effective in multiple solid
tumors, including CRC (Tsurutani et al., 2020). The DESTINY-
CRC01 study (Siena et al., 2021; Yoshino et al., 2023) treated
HER2-positive mCRC patients with DS-8201 after two or more
prior regimens. The patients were divided into three cohorts based
on HER2 expression levels: cohort A (HER2-positive, IHC 3+ or
IHC 2+/ISH+), cohort B (HER2 IHC 2+/ISH-), and cohort C
(HER2 IHC 1+). The mOS in cohorts A, B, and C was 15.5, 7.3, and
7.7 months, respectively, while the mPFS was 6.9, 2.1, and
1.4 months, respectively. Notably, the ORR was observed only
in cohort A, with a rate of 24%.

Tucatinib blocks proliferation and the phosphorylation of
HER2 and its downstream effector, which is a TKI.
MOUNTAINEER Trial (Strickler et al., 2022) rolled mCRC
patients with RAS WT and HER2-positive which was treatment
before but without anti-HER2, mOSwas 24.1 months andmPFS was
8.2 months in the tucatinib + trastuzumab. As a result of the
remarkable breakthrough in this study, the FDA granted
accelerated approval in 2023 for the use of tucatinib +
trastuzumab as a second-line treatment in HER2+ and RAS WT
mCRC patients.

In light of the research findings mentioned above, the NCCN
guidelines recommend trastuzumab in combination with either
pertuzumab, lapatinib, tucatinib, or DS-8201 as second-line and
beyond treatment options for patients with mCRC who have RAS
WT and HER2-positive (Table 4).

4 Conclusion

Recent years have witnessed remarkable advancements in
tumor research, driven by breakthroughs in sequencing
technologies. These advancements have enhanced our
understanding of tumors, including their genetic and genomic
alterations. The knowledge provided a basis for personalized
treatments, identification of new therapeutic targets, and
improved diagnostic methods for different types of cancer.
Particularly, the rapid progress in single-cell sequencing
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technology has revolutionized the field by enabling investigations
at individual tumor cell level. This approach has provided
unprecedented insights into tumor heterogeneity, allowing us
to gain a better understanding of the diverse cellular composition
within tumors and identify potential therapeutic targets.
Furthermore, it has enhanced our understanding of the tumor
microenvironment, including the distinct subpopulations and
functions of different cells, as well as their intricate interactions.
These advancements have particularly highlighted the crucial
role of the tumor microenvironment in studying mechanisms of
drug resistance.

In the context of targeted therapy for tumors, significant
improvements have been made in terms of CRC survival rates.
The current strategies for targeted therapy in mCRC are
summarized in Figure 3. However, several challenges remain.
Drug resistance remains an inescapable obstacle, as the
development of resistance in patients often goes unnoticed until
disease progression occurs. Additionally, economic costs pose a
major concern, as the need for testing multiple target markers
further amplifies the financial burden on patients. Moreover,
adverse drug reactions are a significant consideration, especially
among vulnerable populations such as the elderly and children,
given the varying tolerances to drug dosages. Striking a balance
between achieving optimal efficacy and minimizing adverse effects
remains an ongoing area of research.

Furthermore, the integration of immunotherapy and molecular
targeted therapy has shown potential for further improvement of the
survival rates of patients with tumors, including those with mCRC.
However, combination of these therapies presents its own set of
challenges requiring careful consideration. Co-administration of
multiple drugs can potentially intensify adverse reactions,
underscoring the importance of identifying the most effective
combination regimen through thorough evaluation.

In summary, scientific progress has significantly enhanced our
ability to combat CRC and other tumors. While obstacles and
unanswered questions remain, the field of targeted therapy
continues to advance, and it is anticipated that future clinical
trials and research efforts will yield major breakthroughs, further
increasing the survival rates and overall outcomes for cancer
patients.

Author contributions

SH and JY drafted the manuscript, tables and figures. XG, XH,
CL assisted the literature search. RL and YaL assisted the revision.
ML, LL, YoL, and JH advised on the manuscript. YaL and RL
supervised and finalized the work. All authors contributed to the
article and approved the submitted version.

Funding

This research was supported by Guangxi Key Research and
Development Program (NO. GUIKEAB19245002), National
Natural Science Foundation of China (NO.82103297,
NO.82060427), Advanced Innovation Teams and Xinghu
Scholars Program of Guangxi Medical University, Guangxi
Medical and health key cultivation discipline construction
project, Training Program for Thousands of Young and Middle-
aged Backbone Teachers in Guangxi Colleges and Universities,
Guangxi Medical University Outstanding Young Talents Training
Program, Nanning Qingxiu District Science and Technology Project
(NO. 2020037, NO. 2020038, NO. 2021007, NO. 2021010, NO.
2021012), Guangxi Medical and health key discipline construction
project.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Alberts, S. R., Sargent, D. J., Nair, S., Mahoney, M. R., Mooney, M., Thibodeau, S. N.,
et al. (2012). Effect of oxaliplatin, fluorouracil, and leucovorin with or without
cetuximab on survival among patients with resected stage III colon cancer: A
randomized trial. JAMA 307, 1383–1393. doi:10.1001/jama.2012.385

Allegra, C. J., Yothers, G., O’connell, M. J., Sharif, S., Petrelli, N. J., Colangelo, L. H., et al.
(2011). Phase III trial assessing bevacizumab in stages II and III carcinoma of the colon:
Results of NSABP protocol C-08. J. Clin. Oncol. 29, 11–16. doi:10.1200/JCO.2010.30.0855

Amatu, A., Sartore-Bianchi, A., Bencardino, K., Pizzutilo, E. G., Tosi, F., and Siena, S.
(2019). Tropomyosin receptor kinase (TRK) biology and the role of NTRK gene fusions
in cancer. Ann. Oncol. official J. Eur. Soc. Med. Oncol. 30, viii5–viii15. doi:10.1093/
annonc/mdz383

André, T., Blons, H., Mabro, M., Chibaudel, B., Bachet, J. B., Tournigand, C., et al.
(2013). Panitumumab combined with irinotecan for patients with KRAS wild-type
metastatic colorectal cancer refractory to standard chemotherapy: A GERCOR efficacy,
tolerance, and translational molecular study. Ann. Oncol. official J. Eur. Soc. Med. Oncol.
24, 412–419. doi:10.1093/annonc/mds465

André, T., Vernerey, D., Im, S. A., Bodoky, G., Buzzoni, R., Reingold, S., et al. (2020).
Bevacizumab as adjuvant treatment of colon cancer: Updated results from the S-avant

phase III study by the GERCOR group. Ann. Oncol. official J. Eur. Soc. Med. Oncol. 31,
246–256. doi:10.1016/j.annonc.2019.12.006

Aparicio, T., Bouché, O., Taieb, J., Maillard, E., Kirscher, S., Etienne, P. L., et al. (2018a).
Bevacizumab+chemotherapy versus chemotherapy alone in elderly patients with untreated
metastatic colorectal cancer: A randomized phase II trial-PRODIGE 20 study results. Ann.
Oncol. official J. Eur. Soc. Med. Oncol. 29, 2270–3138. doi:10.1093/annonc/mdx808

Aparicio, T., Ghiringhelli, F., Boige, V., Le Malicot, K., Taieb, J., Bouché, O., et al.
(2018b). Bevacizumab maintenance versus No maintenance during chemotherapy-free
intervals in metastatic colorectal cancer: A randomized phase III trial (PRODIGE 9).
J. Clin. Oncol. official J. Am. Soc. Clin. Oncol. 36, 674–681. doi:10.1200/JCO.2017.75.
2931

Aranda, E., Garcia-Alfonso, P., Benavides, M., Sanchez Ruiz, A., Guillen-Ponce, C.,
Safont, M. J., et al. (2018). First-line mFOLFOX plus cetuximab followed by mFOLFOX
plus cetuximab or single-agent cetuximab as maintenance therapy in patients with
metastatic colorectal cancer: Phase II randomised MACRO2 TTD study. Eur. J. Cancer
101, 263–272. doi:10.1016/j.ejca.2018.06.024

Arnold, D., Lueza, B., Douillard, J. Y., Peeters, M., Lenz, H. J., Venook, A., et al. (2017).
Prognostic and predictive value of primary tumour side in patients with RAS wild-type

Frontiers in Pharmacology frontiersin.org18

Huang et al. 10.3389/fphar.2023.1160949

408

https://doi.org/10.1001/jama.2012.385
https://doi.org/10.1200/JCO.2010.30.0855
https://doi.org/10.1093/annonc/mdz383
https://doi.org/10.1093/annonc/mdz383
https://doi.org/10.1093/annonc/mds465
https://doi.org/10.1016/j.annonc.2019.12.006
https://doi.org/10.1093/annonc/mdx808
https://doi.org/10.1200/JCO.2017.75.2931
https://doi.org/10.1200/JCO.2017.75.2931
https://doi.org/10.1016/j.ejca.2018.06.024
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1160949


metastatic colorectal cancer treated with chemotherapy and EGFR directed antibodies
in six randomized trials. Ann. Oncol. official J. Eur. Soc. Med. Oncol. 28, 1713–1729.
doi:10.1093/annonc/mdx175

Bendell, J. C., Bekaii-Saab, T. S., Cohn, A. L., Hurwitz, H. I., Kozloff, M., Tezcan, H., et al.
(2012). Treatment patterns and clinical outcomes in patients with metastatic colorectal
cancer initially treated with FOLFOX–bevacizumab or FOLFIRI–bevacizumab: Results
from ARIES, a bevacizumab observational cohort study. Oncol. 17, 1486–1495. doi:10.
1634/theoncologist.2012-0190

Bennouna, J., Hiret, S., Bertaut, A., Bouche, O., Deplanque, G., Borel, C., et al. (2019).
Continuation of bevacizumab vs cetuximab plus chemotherapy after first progression in
KRAS wild-type metastatic colorectal cancer: The UNICANCER PRODIGE18 randomized
clinical trial. JAMA Oncol. 5, 83–90. doi:10.1001/jamaoncol.2018.4465

Bennouna, J., Sastre, J., Arnold, D., Österlund, P., Greil, R., Van Cutsem, E., et al.
(2013). Continuation of bevacizumab after first progression in metastatic colorectal
cancer (ML18147): A randomised phase 3 trial. Lancet Oncol. 14, 29–37. doi:10.1016/
S1470-2045(12)70477-1

Boeckx, N., Koukakis, R., Op De Beeck, K., Rolfo, C., Van Camp, G., Siena, S., et al.
(2017). Primary tumor sidedness has an impact on prognosis and treatment outcome in
metastatic colorectal cancer: Results from two randomized first-line panitumumab
studies. Ann. Oncol. official J. Eur. Soc. Med. Oncol. 28, 1862–1868. doi:10.1093/annonc/
mdx119

Bry, M., Kivelä, R., Leppänen, V.-M., and Alitalo, K. (2014). Vascular endothelial
growth factor-B in physiology and disease. Physiol. Rev. 94, 779–794. doi:10.1152/
physrev.00028.2013

Ciardiello, F., Normanno, N., Martinelli, E., Troiani, T., Pisconti, S., Cardone, C., et al.
(2016). Cetuximab continuation after first progression in metastatic colorectal cancer
(CAPRI-GOIM): A randomized phase II trial of FOLFOX plus cetuximab versus
FOLFOX. Ann. Oncol. official J. Eur. Soc. Med. Oncol. 27, 1055–1061. doi:10.1093/
annonc/mdw136

Corcoran, R. B., Andre, T., Atreya, C. E., Schellens, J. H. M., Yoshino, T., Bendell, J. C.,
et al. (2018). Combined BRAF, EGFR, and MEK inhibition in patients with
BRAF(V600e)-mutant colorectal cancer. Cancer Discov. 8, 428–443. doi:10.1158/
2159-8290.CD-17-1226

Corcoran, R. B., Atreya, C. E., Falchook, G. S., Kwak, E. L., Ryan, D. P., Bendell, J. C.,
et al. (2015). Combined BRAF and MEK inhibition with dabrafenib and trametinib in
BRAF V600-mutant colorectal cancer. J. Clin. Oncol. 33, 4023–4031. doi:10.1200/JCO.
2015.63.2471

Cremolini, C., Antoniotti, C., Lonardi, S., Aprile, G., Bergamo, F., Masi, G., et al.
(2018a). Activity and safety of cetuximab plus modified FOLFOXIRI followed by
maintenance with cetuximab or bevacizumab for RAS and BRAF wild-type
metastatic colorectal cancer: A randomized phase 2 clinical trial. JAMA Oncol. 4,
529–536. doi:10.1001/jamaoncol.2017.5314

Cremolini, C., Antoniotti, C., Lonardi, S., Bergamo, F., Cortesi, E., Tomasello, G., et al.
(2018b). Primary tumor sidedness and benefit from FOLFOXIRI plus bevacizumab as
initial therapy for metastatic colorectal cancer. Retrospective analysis of the TRIBE trial
by GONO. Ann. Oncol. official J. Eur. Soc. Med. Oncol. 29, 1528–1534. doi:10.1093/
annonc/mdy140

Cremolini, C., Antoniotti, C., Rossini, D., Lonardi, S., Loupakis, F., Pietrantonio, F.,
et al. (2020). Upfront FOLFOXIRI plus bevacizumab and reintroduction after
progression versus mFOLFOX6 plus bevacizumab followed by FOLFIRI plus
bevacizumab in the treatment of patients with metastatic colorectal cancer
(TRIBE2): A multicentre, open-label, phase 3, randomised, controlled trial. Lancet.
Oncol. 21, 497–507. doi:10.1016/S1470-2045(19)30862-9

Cunningham, D., Humblet, Y., Siena, S., Khayat, D., Bleiberg, H., Santoro, A., et al.
(2004). Cetuximabmonotherapy and cetuximab plus irinotecan in irinotecan-refractory
metastatic colorectal cancer.N. Engl. J. Med. 351, 337–345. doi:10.1056/NEJMoa033025

Cunningham, D., Lang, I., Marcuello, E., Lorusso, V., Ocvirk, J., Shin, D. B., et al.
(2013). Bevacizumab plus capecitabine versus capecitabine alone in elderly patients with
previously untreated metastatic colorectal cancer (AVEX): An open-label, randomised
phase 3 trial. Lancet. Oncol. 14, 1077–1085. doi:10.1016/S1470-2045(13)70154-2

Dasari, N. A., Lonardi, S., Garcia-Carbonero, R., Fernandez, M. E. E., Yoshino, T.,
Sobrero, A. F., et al. (2022). LBA25 FRESCO-2: A global phase III multiregional clinical
trial (mrct) evaluating the efficacy and safety of fruquintinib in patients with refractory
metastatic colorectal cancer. Ann. Oncol. 33, S1391–S1392. doi:10.1016/j.annonc.2022.
08.021

De Gramont, A., Van Cutsem, E., Schmoll, H.-J., Tabernero, J., Clarke, S., Moore, M.
J., et al. (2012). Bevacizumab plus oxaliplatin-based chemotherapy as adjuvant
treatment for colon cancer (AVANT): A phase 3 randomised controlled trial.
Lancet. Oncol. 13, 1225–1233. doi:10.1016/S1470-2045(12)70509-0

De Luca, A., Carotenuto, A., Rachiglio, A., Gallo, M., Maiello, M. R., Aldinucci, D.,
et al. (2008). The role of the EGFR signaling in tumor microenvironment. J. Cell.
Physiology 214, 559–567. doi:10.1002/jcp.21260

De Roock, W., De Vriendt, V., Normanno, N., Ciardiello, F., and Tejpar, S. (2011).
KRAS, BRAF, PIK3CA, and PTEN mutations: Implications for targeted therapies in
metastatic colorectal cancer. Lancet. Oncol. 12, 594–603. doi:10.1016/S1470-2045(10)
70209-6

Dewdney, A., Cunningham, D., Tabernero, J., Capdevila, J., Glimelius, B., Cervantes,
A., et al. (2012). Multicenter randomized phase II clinical trial comparing neoadjuvant
oxaliplatin, capecitabine, and preoperative radiotherapy with or without cetuximab
followed by total mesorectal excision in patients with high-risk rectal cancer (EXPERT-
C). J. Clin. Oncol. official J. Am. Soc. Clin. Oncol. 30, 1620–1627. doi:10.1200/JCO.2011.
39.6036

Douillard, J. Y., Oliner, K. S., Siena, S., Tabernero, J., Burkes, R., Barugel, M., et al.
(2013). Panitumumab-FOLFOX4 treatment and RAS mutations in colorectal cancer.N.
Engl. J. Med. 369, 1023–1034. doi:10.1056/NEJMoa1305275

Douillard, J. Y., Siena, S., Cassidy, J., Tabernero, J., Burkes, R., Barugel, M., et al.
(2010). Randomized, phase III trial of panitumumab with infusional fluorouracil,
leucovorin, and oxaliplatin (FOLFOX4) versus FOLFOX4 alone as first-line
treatment in patients with previously untreated metastatic colorectal cancer: The
PRIME study. J. Clin. Oncol. 28, 4697–4705. doi:10.1200/JCO.2009.27.4860

Downward, J. (2003). Targeting RAS signalling pathways in cancer therapy. Nat. Rev.
Cancer 3, 11–22. doi:10.1038/nrc969

Duchartre, Y., Kim, Y.-M., and Kahn, M. (2016). The Wnt signaling pathway in cancer.
Crit. Rev. Oncology/hematology 99, 141–149. doi:10.1016/j.critrevonc.2015.12.005

Dvorak, H. F. (2002). Vascular permeability factor/vascular endothelial growth factor:
A critical cytokine in tumor angiogenesis and a potential target for diagnosis and
therapy. J. Clin. Oncol. official J. Am. Soc. Clin. Oncol. 20, 4368–4380. doi:10.1200/JCO.
2002.10.088

Fakih, M. G., Kopetz, S., Kuboki, Y., Kim, T. W., Munster, P. N., Krauss, J. C., et al.
(2022). Sotorasib for previously treated colorectal cancers with KRASG12C mutation
(CodeBreaK100): A prespecified analysis of a single-arm, phase 2 trial. Lancet. Oncol.
23, 115–124. doi:10.1016/S1470-2045(21)00605-7

Ferrara, N., Gerber, H.-P., and Lecouter, J. (2003). The biology of VEGF and its
receptors. Nat. Med. 9, 669–676. doi:10.1038/nm0603-669

Folprecht, G., Pericay, C., Saunders, M. P., Thomas, A., Lopez Lopez, R., Roh, J. K.,
et al. (2016). Oxaliplatin and 5-FU/folinic acid (modified FOLFOX6) with or without
aflibercept in first-line treatment of patients with metastatic colorectal cancer: The
AFFIRM study. Ann. Oncol. 27, 1273–1279. doi:10.1093/annonc/mdw176

Fornaro, L., Lonardi, S., Masi, G., Loupakis, F., Bergamo, F., Salvatore, L., et al. (2013).
FOLFOXIRI in combination with panitumumab as first-line treatment in quadruple
wild-type (KRAS, NRAS, HRAS, BRAF)metastatic colorectal cancer patients: A phase II
trial by the gruppo oncologico nord ovest (GONO). Ann. Oncol. official J. Eur. Soc. Med.
Oncol. 24, 2062–2067. doi:10.1093/annonc/mdt165

Fruman, D. A., and Rommel, C. (2014). PI3K and cancer: Lessons, challenges and
opportunities. Nat. Rev. Drug Discov. 13, 140–156. doi:10.1038/nrd4204

García-Alfonso, P., Muñoz Martín, A. J., Ortega Morán, L., Soto Alsar, J., Torres
Pérez-Solero, G., Blanco Codesido, M., et al. (2021). Oral drugs in the treatment of
metastatic colorectal cancer. Ther. Adv. Med. Oncol. 13, 17588359211009001. doi:10.
1177/17588359211009001

Giantonio, B. J., Catalano, P. J., Meropol, N. J., O’dwyer, P. J., Mitchell, E. P., Alberts,
S. R., et al. (2007). Bevacizumab in combination with oxaliplatin, fluorouracil, and
leucovorin (FOLFOX4) for previously treated metastatic colorectal cancer: Results from
the eastern cooperative oncology group study E3200. J. Clin. Oncol. 25, 1539–1544.
doi:10.1200/JCO.2006.09.6305

Glimelius, B., Stintzing, S., Marshall, J., Yoshino, T., and De Gramont, A. (2021).
Metastatic colorectal cancer: Advances in the folate-fluoropyrimidine chemotherapy
backbone. Cancer Treat. Rev. 98, 102218. doi:10.1016/j.ctrv.2021.102218

Grothey, A., Cutsem, E. V., Sobrero, A., Siena, S., Falcone, A., Ychou, M., et al. (2013).
Regorafenib monotherapy for previously treated metastatic colorectal cancer
(CORRECT): An international, multicentre, randomised, placebo-controlled, phase
3 trial. Lancet 381, 303–312. doi:10.1016/S0140-6736(12)61900-X

Grothey, A., Sugrue, M.M., Purdie, D. M., Dong,W., Sargent, D., Hedrick, E., et al. (2008).
Bevacizumab beyond first progression is associated with prolonged overall survival in
metastatic colorectal cancer: Results from a large observational cohort study (BRiTE).
J. Clin. Oncol. Official J. Am. Soc. Clin. Oncol. 26, 5326–5334. doi:10.1200/JCO.2008.16.3212

Hatzivassiliou, G., Haling, J. R., Chen, H., Song, K., Price, S., Heald, R., et al. (2013).
Mechanism of MEK inhibition determines efficacy in mutant KRAS- versus BRAF-
driven cancers. Nature 501, 232–236. doi:10.1038/nature12441

Hecht, J. R., Patnaik, A., Berlin, J., Venook, A., Malik, I., Tchekmedyian, S., et al.
(2007). Panitumumab monotherapy in patients with previously treated metastatic
colorectal cancer. Cancer 110, 980–988. doi:10.1002/cncr.22915

Hegewisch-Becker, S., Graeven, U., Lerchenmüller, C. A., Killing, B., Depenbusch, R.,
Steffens, C.-C., et al. (2015). Maintenance strategies after first-line oxaliplatin plus
fluoropyrimidine plus bevacizumab for patients with metastatic colorectal cancer (AIO
0207): A randomised, non-inferiority, open-label, phase 3 trial. Lancet Oncol. 16,
1355–1369. doi:10.1016/S1470-2045(15)00042-X

Heinemann, V., Von Weikersthal, L. F., Decker, T., Kiani, A., Vehling-Kaiser, U., Al-
Batran, S.-E., et al. (2014). FOLFIRI plus cetuximab versus FOLFIRI plus bevacizumab
as first-line treatment for patients with metastatic colorectal cancer (FIRE-3): A
randomised, open-label, phase 3 trial. Lancet Oncol. 15, 1065–1075. doi:10.1016/
S1470-2045(14)70330-4

Frontiers in Pharmacology frontiersin.org19

Huang et al. 10.3389/fphar.2023.1160949

409

https://doi.org/10.1093/annonc/mdx175
https://doi.org/10.1634/theoncologist.2012-0190
https://doi.org/10.1634/theoncologist.2012-0190
https://doi.org/10.1001/jamaoncol.2018.4465
https://doi.org/10.1016/S1470-2045(12)70477-1
https://doi.org/10.1016/S1470-2045(12)70477-1
https://doi.org/10.1093/annonc/mdx119
https://doi.org/10.1093/annonc/mdx119
https://doi.org/10.1152/physrev.00028.2013
https://doi.org/10.1152/physrev.00028.2013
https://doi.org/10.1093/annonc/mdw136
https://doi.org/10.1093/annonc/mdw136
https://doi.org/10.1158/2159-8290.CD-17-1226
https://doi.org/10.1158/2159-8290.CD-17-1226
https://doi.org/10.1200/JCO.2015.63.2471
https://doi.org/10.1200/JCO.2015.63.2471
https://doi.org/10.1001/jamaoncol.2017.5314
https://doi.org/10.1093/annonc/mdy140
https://doi.org/10.1093/annonc/mdy140
https://doi.org/10.1016/S1470-2045(19)30862-9
https://doi.org/10.1056/NEJMoa033025
https://doi.org/10.1016/S1470-2045(13)70154-2
https://doi.org/10.1016/j.annonc.2022.08.021
https://doi.org/10.1016/j.annonc.2022.08.021
https://doi.org/10.1016/S1470-2045(12)70509-0
https://doi.org/10.1002/jcp.21260
https://doi.org/10.1016/S1470-2045(10)70209-6
https://doi.org/10.1016/S1470-2045(10)70209-6
https://doi.org/10.1200/JCO.2011.39.6036
https://doi.org/10.1200/JCO.2011.39.6036
https://doi.org/10.1056/NEJMoa1305275
https://doi.org/10.1200/JCO.2009.27.4860
https://doi.org/10.1038/nrc969
https://doi.org/10.1016/j.critrevonc.2015.12.005
https://doi.org/10.1200/JCO.2002.10.088
https://doi.org/10.1200/JCO.2002.10.088
https://doi.org/10.1016/S1470-2045(21)00605-7
https://doi.org/10.1038/nm0603-669
https://doi.org/10.1093/annonc/mdw176
https://doi.org/10.1093/annonc/mdt165
https://doi.org/10.1038/nrd4204
https://doi.org/10.1177/17588359211009001
https://doi.org/10.1177/17588359211009001
https://doi.org/10.1200/JCO.2006.09.6305
https://doi.org/10.1016/j.ctrv.2021.102218
https://doi.org/10.1016/S0140-6736(12)61900-X
https://doi.org/10.1200/JCO.2008.16.3212
https://doi.org/10.1038/nature12441
https://doi.org/10.1002/cncr.22915
https://doi.org/10.1016/S1470-2045(15)00042-X
https://doi.org/10.1016/S1470-2045(14)70330-4
https://doi.org/10.1016/S1470-2045(14)70330-4
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1160949


Hong, D. S., Fakih, M. G., Strickler, J. H., Desai, J., Durm, G. A., Shapiro, G. I., et al.
(2020). KRASG12C inhibition with sotorasib in advanced solid tumors. N. Engl. J. Med.
383, 1207–1217. doi:10.1056/NEJMoa1917239

Hong, D. S., Morris, V. K., El Osta, B., Sorokin, A. V., Janku, F., Fu, S., et al. (2016).
Phase IB study of vemurafenib in combination with irinotecan and cetuximab in
patients with metastatic colorectal cancer with BRAFV600E mutation. Cancer Discov. 6,
1352–1365. doi:10.1158/2159-8290.CD-16-0050

Howlader N, N. A., and Krapcho, M., Miller, D., Brest, A, Yu, M., Ruhl, J., et al. (2020).
SEER cancer Statistics review (Bethesda, MD: National Cancer Institute). https://seer.
cancer.gov/csr/1975_2018/.based on November 2020 SEER data submission, posted to
the SEER web site, April 2021. [Online]. [Accessed]

Hurwitz, H., Fehrenbacher, L., Novotny, W., Cartwright, T., Hainsworth, J., Heim,
W., et al. (2004). Bevacizumab plus irinotecan, fluorouracil, and leucovorin for
metastatic colorectal cancer. N. Engl. J. Med. 350, 2335–2342. doi:10.1056/
NEJMoa032691

Hurwitz, H. I., Bekaii-Saab, T. S., Bendell, J. C., Cohn, A. L., Kozloff, M., Roach, N.,
et al. (2014). Safety and effectiveness of bevacizumab treatment for metastatic colorectal
cancer: Final results from the Avastin® registry – investigation of effectiveness and
safety (ARIES) observational cohort study. Clin. Oncol. 26, 323–332. doi:10.1016/j.clon.
2014.03.001

Ivy, S. P., Wick, J. Y., and Kaufman, B. M. (2009). An overview of small-molecule
inhibitors of VEGFR signaling.Nat. Rev. Clin. Oncol. 6, 569–579. doi:10.1038/nrclinonc.
2009.130

Janku, F., Yap, T. A., and Meric-Bernstam, F. (2018). Targeting the PI3K pathway in
cancer: Are we making headway? Nat. Rev. Clin. Oncol. 15, 273–291. doi:10.1038/
nrclinonc.2018.28

Jonker, D. J., O’callaghan, C. J., Karapetis, C. S., Zalcberg, J. R., Tu, D., Au, H.-J., et al.
(2007). Cetuximab for the treatment of colorectal cancer. N. Engl. J. Med. 357,
2040–2048. doi:10.1056/NEJMoa071834

Karkkainen, M. J., Mäkinen, T., and Alitalo, K. (2002). Lymphatic endothelium: A
new frontier of metastasis research. Nat. Cell Biol. 4, E2–E5. doi:10.1038/ncb0102-e2

Karnoub, A. E., and Weinberg, R. A. (2008). Ras oncogenes: Split personalities. Nat.
Rev. Mol. cell Biol. 9, 517–531. doi:10.1038/nrm2438

Kerr, R. S., Love, S., Segelov, E., Johnstone, E., Falcon, B., Hewett, P., et al. (2016).
Adjuvant capecitabine plus bevacizumab versus capecitabine alone in patients with
colorectal cancer (QUASAR 2): An open-label, randomised phase 3 trial. Lancet. Oncol.
17, 1543–1557. doi:10.1016/S1470-2045(16)30172-3

Kim, T. W., Elme, A., Kusic, Z., Park, J. O., Udrea, A. A., Kim, S. Y., et al. (2016). A
phase 3 trial evaluating panitumumab plus best supportive care vs best supportive care
in chemorefractory wild-type KRAS or RAS metastatic colorectal cancer. Br. J. Cancer
115, 1206–1214. doi:10.1038/bjc.2016.309

Kim, T.W., Elme, A., Park, J. O., Udrea, A. A., Kim, S. Y., Ahn, J. B., et al. (2018). Final
analysis of outcomes and RAS/BRAF status in a randomized phase 3 study of
panitumumab and best supportive care in chemorefractory wild type KRAS
metastatic colorectal cancer. Clin. Colorectal Cancer 17, 206–214. doi:10.1016/j.clcc.
2018.03.008

Klempner, S. J., Weiss, J., Pelster, M., Spira, A., Barve, M., Ou, S. H. I., et al.
(2022). LBA24 KRYSTAL-1: Updated efficacy and safety of adagrasib (MRTX849)
with or without cetuximab in patients with advanced colorectal cancer (CRC)
harboring a KRASG12C mutation. Ann. Oncol. 33, S1391. doi:10.1016/j.annonc.
2022.08.020

Kopetz, S., Grothey, A., Yaeger, R., Van Cutsem, E., Desai, J., Yoshino, T., et al. (2019).
Encorafenib, binimetinib, and cetuximab in BRAF V600e-mutated colorectal cancer. N.
Engl. J. Med. 381, 1632–1643. doi:10.1056/NEJMoa1908075

Kopetz, S., Guthrie, K. A., Morris, V. K., Lenz, H.-J., Magliocco, A. M., Maru, D., et al.
(2021). Randomized trial of irinotecan and cetuximab with or without vemurafenib in
BRAF-mutant metastatic colorectal cancer (SWOG S1406). J. Clin. Oncol. Official J. Am.
Soc. Clin. Oncol. 39, 285–294. doi:10.1200/JCO.20.01994

Kumagai, S., Koyama, S., and Nishikawa, H. (2021). Antitumour immunity regulated
by aberrant ERBB family signalling. Nat. Rev. Cancer 21, 181–197. doi:10.1038/s41568-
020-00322-0

Li, J., Qin, S., Xu, R. H., Shen, L., Xu, J., Bai, Y., et al. (2018). Effect of fruquintinib vs
placebo on overall survival in patients with previously treated metastatic colorectal
cancer: The FRESCO randomized clinical trial. JAMA 319, 2486–2496. doi:10.1001/
jama.2018.7855

Li, J., Qin, S., Xu, R., Yau, T. C. C., Ma, B., Pan, H., et al. (2015). Regorafenib plus best
supportive care versus placebo plus best supportive care in Asian patients with
previously treated metastatic colorectal cancer (CONCUR): A randomised, double-
blind, placebo-controlled, phase 3 trial. Lancet Oncol. 16, 619–629. doi:10.1016/S1470-
2045(15)70156-7

Li, X., Yan, X., Wang, Y., Kaur, B., Han, H., and Yu, J. (2023). The Notch signaling
pathway: A potential target for cancer immunotherapy. J. Hematol. Oncol. 16, 45. doi:10.
1186/s13045-023-01439-z

Loupakis, F., Cremolini, C., Antoniotti, C., Lonardi, S., Ronzoni, M., Zaniboni, A.,
et al. (2015). FOLFOXIRI plus bevacizumab versus FOLFIRI plus bevacizumab as initial
treatment for metastatic colorectal cancer (TRIBE study): Updated survival results and

final molecular subgroups analyses. J. Clin. Oncol. 33, 3510. doi:10.1200/jco.2015.33.15_
suppl.3510

Martin-Zanca, D., Hughes, S. H., and Barbacid, M. (1986). A human oncogene
formed by the fusion of truncated tropomyosin and protein tyrosine kinase sequences.
Nature 319, 743–748. doi:10.1038/319743a0

Masi, G., Vivaldi, C., Fornaro, L., Lonardi, S., Buccianti, P., Sainato, A., et al. (2019).
Total neoadjuvant approach with FOLFOXIRI plus bevacizumab followed by
chemoradiotherapy plus bevacizumab in locally advanced rectal cancer: The TRUST
trial. Eur. J. Cancer 110, 32–41. doi:10.1016/j.ejca.2019.01.006

Masuishi, T., Tsuji, A., Kotaka, M., Nakamura, M., Kochi, M., Takagane, A., et al.
(2020). Phase 2 study of irinotecan plus cetuximab rechallenge as third-line treatment in
KRAS wild-type metastatic colorectal cancer: JACCRO CC-08. Br. J. Cancer 123,
1490–1495. doi:10.1038/s41416-020-01042-w

Maughan, T. S., Adams, R. A., Smith, C. G., Meade, A. M., Seymour, M. T., Wilson, R.
H., et al. (2011). Addition of cetuximab to oxaliplatin-based first-line combination
chemotherapy for treatment of advanced colorectal cancer: Results of the randomised
phase 3 MRC COIN trial. Lancet 377, 2103–2114. doi:10.1016/S0140-6736(11)60613-2

Mauri, G., Pizzutilo, E. G., Amatu, A., Bencardino, K., Palmeri, L., Bonazzina, E. F.,
et al. (2019). Retreatment with anti-EGFR monoclonal antibodies in metastatic
colorectal cancer: Systematic review of different strategies. Cancer Treat. Rev. 73,
41–53. doi:10.1016/j.ctrv.2018.12.006

Ménard, S., Pupa, S. M., Campiglio, M., and Tagliabue, E. (2003). Biologic and therapeutic
role of HER2 in cancer. Oncogene 22, 6570–6578. doi:10.1038/sj.onc.1206779

Meric-Bernstam, F., Hurwitz, H., Raghav, K. P. S., Mcwilliams, R. R., Fakih, M.,
Vanderwalde, A., et al. (2019). Pertuzumab plus trastuzumab for HER2-amplified
metastatic colorectal cancer (MyPathway): An updated report from amulticentre, open-
label, phase 2a, multiple basket study. Lancet Oncol. 20, 518–530. doi:10.1016/S1470-
2045(18)30904-5

Modest, D. P., Karthaus, M., Fruehauf, S., Graeven, U., Müller, L., König, A. O., et al.
(2022). Panitumumab plus fluorouracil and folinic acid versus fluorouracil and folinic
acid alone as maintenance therapy in RAS wild-type metastatic colorectal cancer: The
randomized Panama trial (AIO KRK 0212). J. Clin. Oncol. 40, 72–82. doi:10.1200/JCO.
21.01332

Modest, D. P., Martens, U. M., Riera-Knorrenschild, J., Greeve, J., Florschütz, A.,
Wessendorf, S., et al. (2019a). FOLFOXIRI plus panitumumab as first-line treatment
of RAS wild-type metastatic colorectal cancer: The randomized, open-label, phase II
VOLFI study (AIO KRK0109). J. Clin. Oncol. 37, 3401–3411. doi:10.1200/JCO.19.
01340

Modest, D. P., Rivera, F., Bachet, J.-B., De Braud, F., Pietrantonio, F., Koukakis, R.,
et al. (2019b). Panitumumab-based maintenance after oxaliplatin discontinuation in
metastatic colorectal cancer: A retrospective analysis of two randomised trials. Int.
J. cancer 145, 576–585. doi:10.1002/ijc.32110

Morris, E. J., Jha, S., Restaino, C. R., Dayananth, P., Zhu, H., Cooper, A., et al. (2013).
Discovery of a novel ERK inhibitor with activity in models of acquired resistance to
BRAF and MEK inhibitors. Cancer Discov. 3, 742–750. doi:10.1158/2159-8290.CD-13-
0070

Munemoto, Y., Nakamura, M., Takahashi, M., Kotaka, M., Kuroda, H., Kato, T., et al.
(2019). Sapphire: A randomised phase II study of planned discontinuation or
continuous treatment of oxaliplatin after six cycles of modified FOLFOX6 plus
panitumumab in patients with colorectal cancer. Eur. J. Cancer (Oxford, Engl. 1990)
119, 158–167. doi:10.1016/j.ejca.2019.07.006

NTRK (2019). Entrectinib effective across NTRK fusion-positive cancers. Cancer
Discov. 9, OF4. doi:10.1158/2159-8290.CD-NB2018-156

Pakneshan, S., Salajegheh, A., Smith, R. A., and Lam, A. K.-Y. (2013).
Clinicopathological relevance of BRAF mutations in human cancer. Pathology 45,
346–356. doi:10.1097/PAT.0b013e328360b61d

Parikh, A. R., Lee, F.-C., Yau, L., Koh, H., Knost, J., Mitchell, E. P., et al. (2019).
MAVERICC, a randomized, Biomarker-stratified, phase II study of mFOLFOX6-
bevacizumab versus FOLFIRI-bevacizumab as first-line chemotherapy in metastatic
colorectal cancer. Clin. cancer Res. official J. Am. Assoc. Cancer Res. 25, 2988–2995.
doi:10.1158/1078-0432.CCR-18-1221

Peeters, M., Price, T. J., Cervantes, A., Sobrero, A. F., Ducreux, M., Hotko, Y., et al.
(2014). Final results from a randomized phase 3 study of FOLFIRI {+/-} panitumumab
for second-line treatment of metastatic colorectal cancer. Ann. Oncol. official J. Eur. Soc.
Med. Oncol. 25, 107–116. doi:10.1093/annonc/mdt523

Peeters, M., Price, T. J., Cervantes, A., Sobrero, A. F., Ducreux, M., Hotko, Y., et al.
(2010). Randomized phase III study of panitumumab with fluorouracil, leucovorin, and
irinotecan (FOLFIRI) compared with FOLFIRI alone as second-line treatment in
patients with metastatic colorectal cancer. J. Clin. Oncol. 28, 4706–4713. doi:10.
1200/JCO.2009.27.6055

Peeters, M., Price, T., Taieb, J., Geissler, M., Rivera, F., Canon, J.-L., et al. (2018).
Relationships between tumour response and primary tumour location, and predictors of
long-term survival, in patients with RASwild-typemetastatic colorectal cancer receiving first-
line panitumumab therapy: Retrospective analyses of the PRIME and PEAK clinical trials. Br.
J. cancer 119, 303–312. doi:10.1038/s41416-018-0165-z

Pfeiffer, P., Yilmaz, M., Möller, S., Zitnjak, D., Krogh, M., Petersen, L. N., et al. (2020).
TAS-102 with or without bevacizumab in patients with chemorefractory metastatic

Frontiers in Pharmacology frontiersin.org20

Huang et al. 10.3389/fphar.2023.1160949

410

https://doi.org/10.1056/NEJMoa1917239
https://doi.org/10.1158/2159-8290.CD-16-0050
https://seer.cancer.gov/csr/1975_2018/
https://seer.cancer.gov/csr/1975_2018/
https://doi.org/10.1056/NEJMoa032691
https://doi.org/10.1056/NEJMoa032691
https://doi.org/10.1016/j.clon.2014.03.001
https://doi.org/10.1016/j.clon.2014.03.001
https://doi.org/10.1038/nrclinonc.2009.130
https://doi.org/10.1038/nrclinonc.2009.130
https://doi.org/10.1038/nrclinonc.2018.28
https://doi.org/10.1038/nrclinonc.2018.28
https://doi.org/10.1056/NEJMoa071834
https://doi.org/10.1038/ncb0102-e2
https://doi.org/10.1038/nrm2438
https://doi.org/10.1016/S1470-2045(16)30172-3
https://doi.org/10.1038/bjc.2016.309
https://doi.org/10.1016/j.clcc.2018.03.008
https://doi.org/10.1016/j.clcc.2018.03.008
https://doi.org/10.1016/j.annonc.2022.08.020
https://doi.org/10.1016/j.annonc.2022.08.020
https://doi.org/10.1056/NEJMoa1908075
https://doi.org/10.1200/JCO.20.01994
https://doi.org/10.1038/s41568-020-00322-0
https://doi.org/10.1038/s41568-020-00322-0
https://doi.org/10.1001/jama.2018.7855
https://doi.org/10.1001/jama.2018.7855
https://doi.org/10.1016/S1470-2045(15)70156-7
https://doi.org/10.1016/S1470-2045(15)70156-7
https://doi.org/10.1186/s13045-023-01439-z
https://doi.org/10.1186/s13045-023-01439-z
https://doi.org/10.1200/jco.2015.33.15_suppl.3510
https://doi.org/10.1200/jco.2015.33.15_suppl.3510
https://doi.org/10.1038/319743a0
https://doi.org/10.1016/j.ejca.2019.01.006
https://doi.org/10.1038/s41416-020-01042-w
https://doi.org/10.1016/S0140-6736(11)60613-2
https://doi.org/10.1016/j.ctrv.2018.12.006
https://doi.org/10.1038/sj.onc.1206779
https://doi.org/10.1016/S1470-2045(18)30904-5
https://doi.org/10.1016/S1470-2045(18)30904-5
https://doi.org/10.1200/JCO.21.01332
https://doi.org/10.1200/JCO.21.01332
https://doi.org/10.1200/JCO.19.01340
https://doi.org/10.1200/JCO.19.01340
https://doi.org/10.1002/ijc.32110
https://doi.org/10.1158/2159-8290.CD-13-0070
https://doi.org/10.1158/2159-8290.CD-13-0070
https://doi.org/10.1016/j.ejca.2019.07.006
https://doi.org/10.1158/2159-8290.CD-NB2018-156
https://doi.org/10.1097/PAT.0b013e328360b61d
https://doi.org/10.1158/1078-0432.CCR-18-1221
https://doi.org/10.1093/annonc/mdt523
https://doi.org/10.1200/JCO.2009.27.6055
https://doi.org/10.1200/JCO.2009.27.6055
https://doi.org/10.1038/s41416-018-0165-z
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1160949


colorectal cancer: An investigator-initiated, open-label, randomised, phase 2 trial.
Lancet Oncol. 21, 412–420. doi:10.1016/S1470-2045(19)30827-7

Pietrantonio, F., Morano, F., Corallo, S., Miceli, R., Lonardi, S., Raimondi, A., et al.
(2019). Maintenance therapy with panitumumab alone vs panitumumab plus
fluorouracil-leucovorin in patients with RAS wild-type metastatic colorectal cancer:
A phase 2 randomized clinical trial. JAMA Oncol. 5, 1268–1275. doi:10.1001/jamaoncol.
2019.1467

Polivka, J., and Janku, F. (2014). Molecular targets for cancer therapy in the PI3K/
AKT/mTOR pathway. Pharmacol. Ther. 142, 164–175. doi:10.1016/j.pharmthera.2013.
12.004

Price, T. J., Peeters, M., Kim, T. W., Li, J., Cascinu, S., Ruff, P., et al. (2014).
Panitumumab versus cetuximab in patients with chemotherapy-refractory wild-type
KRAS exon 2 metastatic colorectal cancer (ASPECCT): A randomised, multicentre,
open-label, non-inferiority phase 3 study. Lancet Oncol. 15, 569–579. doi:10.1016/
S1470-2045(14)70118-4

Qin, S., Li, J., Wang, L., Xu, J., Cheng, Y., Bai, Y., et al. (2018). Efficacy and
Tolerability of first-line cetuximab plus leucovorin, fluorouracil, and oxaliplatin
(FOLFOX-4) versus FOLFOX-4 in patients with RAS wild-type metastatic
colorectal cancer: The open-label, randomized, phase III TAILOR trial. J. Clin.
Oncol. official J. Am. Soc. Clin. Oncol. 36, 3031–3039. doi:10.1200/JCO.2018.78.
3183

Rodon, J., Argilés, G., Connolly, R. M., Vaishampayan, U., De Jonge, M., Garralda, E.,
et al. (2021a). Phase 1 study of single-agent WNT974, a first-in-class Porcupine
inhibitor, in patients with advanced solid tumours. Br. J. Cancer 125, 28–37. doi:10.
1038/s41416-021-01389-8

Rodon, J., Argilés, G., Connolly, R. M., Vaishampayan, U., De Jonge, M., Garralda, E.,
et al. (2021b). Phase 1 study of single-agent WNT974, a first-in-class Porcupine
inhibitor, in patients with advanced solid tumours. Br. J. Cancer 125, 28–37. doi:10.
1038/s41416-021-01389-8

Roskoski, R. (2014). The ErbB/HER family of protein-tyrosine kinases and cancer.
Pharmacol. Res. 79, 34–74. doi:10.1016/j.phrs.2013.11.002

Sakai, D., Taniguchi, H., Sugimoto, N., Tamura, T., Nishina, T., Hara, H., et al. (2020).
Randomised phase II study of panitumumab plus irinotecan versus cetuximab plus
irinotecan in patients with KRAS wild-type metastatic colorectal cancer refractory to
fluoropyrimidine, irinotecan and oxaliplatin (WJOG 6510G). Eur. J. cancer 135, 11–21.
doi:10.1016/j.ejca.2020.04.014

Saltz, L. B., Clarke, S., Diaz-Rubio, E., Scheithauer, W., Figer, A., Wong, R., et al.
(2008). Bevacizumab in combination with oxaliplatin-based chemotherapy as first-line
therapy in metastatic colorectal cancer: A randomized phase III study. J. Clin. Oncol. 26,
2013–2019. doi:10.1200/JCO.2007.14.9930

Santini, D., Vincenzi, B., Addeo, R., Garufi, C., Masi, G., Scartozzi, M., et al.
(2012). Cetuximab rechallenge in metastatic colorectal cancer patients: How to
come away from acquired resistance? Ann. Oncol. 23, 2313–2318. doi:10.1093/
annonc/mdr623

Sartore-Bianchi, A., Lonardi, S., Martino, C., Fenocchio, E., Tosi, F., Ghezzi, S., et al.
(2020). Pertuzumab and trastuzumab emtansine in patients with HER2-amplified
metastatic colorectal cancer: The phase II HERACLES-B trial. ESMO Open 5,
e000911. doi:10.1136/esmoopen-2020-000911

Sartore-Bianchi, A., Trusolino, L., Martino, C., Bencardino, K., Lonardi, S., Bergamo,
F., et al. (2016). Dual-targeted therapy with trastuzumab and lapatinib in treatment-
refractory, KRAS codon 12/13 wild-type, HER2-positive metastatic colorectal cancer
(HERACLES): A proof-of-concept, multicentre, open-label, phase 2 trial. Lancet Oncol.
17, 738–746. doi:10.1016/S1470-2045(16)00150-9

Schwartzberg, L. S., Rivera, F., Karthaus, M., Fasola, G., Canon, J. L., Hecht, J. R., et al.
(2014). Peak: A randomized, multicenter phase II study of panitumumab plus modified
fluorouracil, leucovorin, and oxaliplatin (mFOLFOX6) or bevacizumab plus
mFOLFOX6 in patients with previously untreated, unresectable, wild-type KRAS
exon 2 metastatic colorectal cancer. J. Clin. Oncol. 32, 2240–2247. doi:10.1200/JCO.
2013.53.2473

Seymour, M. T., Brown, S. R., Middleton, G., Maughan, T., Richman, S., Gwyther, S.,
et al. (2013). Panitumumab and irinotecan versus irinotecan alone for patients with
KRAS wild-type, fluorouracil-resistant advanced colorectal cancer (PICCOLO): A
prospectively stratified randomised trial. Lancet Oncol. 14, 749–759. doi:10.1016/
S1470-2045(13)70163-3

Siebel, C., and Lendahl, U. (2017). Notch signaling in development, tissue
homeostasis, and disease. Physiol. Rev. 97, 1235–1294. doi:10.1152/physrev.00005.2017

Siegel, R. L., Miller, K. D., Fuchs, H. E., and Jemal, A. (2022). Cancer statistics, 2022. A
Cancer J. Clin. 72, 7–33. doi:10.3322/caac.21708

Siena, S., Di Bartolomeo, M., Raghav, K., Masuishi, T., Loupakis, F., Kawakami, H.,
et al. (2021). Trastuzumab deruxtecan (DS-8201) in patients with HER2-expressing
metastatic colorectal cancer (DESTINY-CRC01): A multicentre, open-label, phase
2 trial. Lancet Oncol. 22, 779–789. doi:10.1016/S1470-2045(21)00086-3

Simkens, L. H. J., Van Tinteren, H., May, A., Ten Tije, A. J., Creemers, G.-J. M.,
Loosveld, O. J. L., et al. (2015). Maintenance treatment with capecitabine and
bevacizumab in metastatic colorectal cancer (CAIRO3): A phase 3 randomised
controlled trial of the Dutch colorectal cancer group. Lancet 385, 1843–1852. doi:10.
1016/S0140-6736(14)62004-3

Sobrero, A. F., Maurel, J., Fehrenbacher, L., Scheithauer, W., Abubakr, Y. A., Lutz, M.
P., et al. (2008). Epic: Phase III trial of cetuximab plus irinotecan after fluoropyrimidine
and oxaliplatin failure in patients with metastatic colorectal cancer. J. Clin. Oncol. 26,
2311–2319. doi:10.1200/JCO.2007.13.1193

Solomon, J. P., Benayed, R., Hechtman, J. F., and Ladanyi, M. (2019). Identifying
patients with NTRK fusion cancer. Ann. Oncol. official J. Eur. Soc. Med. Oncol. 30,
viii16–viii22. doi:10.1093/annonc/mdz384

Strickler, J., Cercek, A., Siena, S., André, T., Ng, K., Van Cutsem, E., et al. (2022). LBA-
2 primary analysis of MOUNTAINEER: A phase 2 study of tucatinib and trastuzumab
for HER2-positive mCRC. Ann. Oncol. 33, S375–S376. doi:10.1016/j.annonc.2022.
04.440

Tabernero, J., Grothey, A., Van Cutsem, E., Yaeger, R., Wasan, H., Yoshino, T., et al.
(2021). Encorafenib plus cetuximab as a new standard of care for previously treated
BRAF V600e-mutant metastatic colorectal cancer: Updated survival results and
Subgroup analyses from the BEACON study. J. Clin. Oncol. official J. Am. Soc. Clin.
Oncol. 39, 273–284. doi:10.1200/JCO.20.02088

Tabernero, J., Yoshino, T., Cohn, A. L., Obermannova, R., Bodoky, G., Garcia-
Carbonero, R., et al. (2015). Ramucirumab versus placebo in combination with second-
line FOLFIRI in patients with metastatic colorectal carcinoma that progressed during or
after first-line therapy with bevacizumab, oxaliplatin, and a fluoropyrimidine (RAISE):
A randomised, double-blind, multicentre, phase 3 study. Lancet Oncol. 16, 499–508.
doi:10.1016/S1470-2045(15)70127-0

Taieb, J., Tabernero, J., Mini, E., Subtil, F., Folprecht, G., Van Laethem, J.-L., et al.
(2014). Oxaliplatin, fluorouracil, and leucovorin with or without cetuximab in
patients with resected stage III colon cancer (PETACC-8): An open-label,
randomised phase 3 trial. Lancet Oncol. 15, 862–873. doi:10.1016/S1470-2045(14)
70227-X

Tejpar, S., Stintzing, S., Ciardiello, F., Tabernero, J., Van Cutsem, E., Beier, F., et al.
(2017). Prognostic and predictive relevance of primary tumor location in patients
with RAS wild-type metastatic colorectal cancer: Retrospective analyses of the
CRYSTAL and FIRE-3 trials. JAMA Oncol. 3, 194–201. doi:10.1001/jamaoncol.
2016.3797

Tol, J., Koopman, M., Cats, A., Rodenburg, C. J., Creemers, G. J. M., Schrama, J. G.,
et al. (2009). Chemotherapy, bevacizumab, and cetuximab in metastatic colorectal
cancer. N. Engl. J. Med. 360, 563–572. doi:10.1056/NEJMoa0808268

Tonini, G., Imperatori, M., Vincenzi, B., Frezza, A. M., and Santini, D. (2013).
Rechallenge therapy and treatment holiday: Different strategies in management of
metastatic colorectal cancer. J. Exp. Clin. cancer Res. CR 32, 92. doi:10.1186/1756-9966-
32-92

Tournigand, C., André, T., Achille, E., Lledo, G., Flesh, M., Mery-Mignard, D., et al.
(2004). FOLFIRI followed by FOLFOX6 or the reverse sequence in advanced colorectal
cancer: A randomized GERCOR study. J. Clin. Oncol. 22, 229–237. doi:10.1200/JCO.
2004.05.113

Tsurutani, J., Iwata, H., Krop, I., Janne, P. A., Doi, T., Takahashi, S., et al. (2020).
Targeting HER2 with trastuzumab deruxtecan: A dose-expansion, phase I study in
multiple advanced solid tumors. Cancer Discov. 10, 688–701. doi:10.1158/2159-8290.
CD-19-1014

Tveit, K. M., Guren, T., Glimelius, B., Pfeiffer, P., Sorbye, H., Pyrhonen, S., et al.
(2012). Phase III trial of cetuximab with continuous or intermittent fluorouracil,
leucovorin, and oxaliplatin (nordic FLOX) versus FLOX alone in first-line treatment
of metastatic colorectal cancer: The NORDIC-VII study. J. Clin. Oncol. 30, 1755–1762.
doi:10.1200/JCO.2011.38.0915

Vaishnavi, A., Le, A. T., and Doebele, R. C. (2015). TRKing down an old oncogene in a
new era of targeted therapy. Cancer Discov. 5, 25–34. doi:10.1158/2159-8290.CD-14-
0765

Van Cutsem, E., Cervantes, A., Adam, R., Sobrero, A., Van Krieken, J. H., Aderka, D.,
et al. (2016). ESMO consensus guidelines for the management of patients with
metastatic colorectal cancer. Ann. Oncol. Official J. Eur. Soc. Med. Oncol. 27,
1386–1422. doi:10.1093/annonc/mdw235

Van Cutsem, E., Cervantes, A., Nordlinger, B., and Arnold, D. (2014). Metastatic
colorectal cancer: ESMO clinical practice guidelines for diagnosis, treatment and follow-
up. Ann. Oncol. 25, iii1–iii9. doi:10.1093/annonc/mdu260

Van Cutsem, E., Köhne, C.-H., Hitre, E., Zaluski, J., Chang Chien, C.-R., Makhson, A.,
et al. (2009). Cetuximab and chemotherapy as initial treatment for metastatic colorectal
cancer. N. Engl. J. Med. 360, 1408–1417. doi:10.1056/NEJMoa0805019

Van Cutsem, E., Peeters, M., Siena, S., Humblet, Y., Hendlisz, A., Neyns, B., et al.
(2007). Open-label phase III trial of panitumumab plus best supportive care
compared with best supportive care alone in patients with chemotherapy-
refractory metastatic colorectal cancer. J. Clin. Oncol. 25, 1658–1664. doi:10.1200/
JCO.2006.08.1620

Van Cutsem, E., Siena, S., Humblet, Y., Canon, J. L., Maurel, J., Bajetta, E., et al.
(2008). An open-label, single-arm study assessing safety and efficacy of
panitumumab in patients with metastatic colorectal cancer refractory to standard
chemotherapy. Ann. Oncol. official J. Eur. Soc. Med. Oncol. 19, 92–98. doi:10.1093/
annonc/mdm399

Van Cutsem, E., Tabernero, J., Lakomy, R., Prenen, H., Prausova, J., Macarulla, T.,
et al. (2012). Addition of aflibercept to fluorouracil, leucovorin, and irinotecan improves

Frontiers in Pharmacology frontiersin.org21

Huang et al. 10.3389/fphar.2023.1160949

411

https://doi.org/10.1016/S1470-2045(19)30827-7
https://doi.org/10.1001/jamaoncol.2019.1467
https://doi.org/10.1001/jamaoncol.2019.1467
https://doi.org/10.1016/j.pharmthera.2013.12.004
https://doi.org/10.1016/j.pharmthera.2013.12.004
https://doi.org/10.1016/S1470-2045(14)70118-4
https://doi.org/10.1016/S1470-2045(14)70118-4
https://doi.org/10.1200/JCO.2018.78.3183
https://doi.org/10.1200/JCO.2018.78.3183
https://doi.org/10.1038/s41416-021-01389-8
https://doi.org/10.1038/s41416-021-01389-8
https://doi.org/10.1038/s41416-021-01389-8
https://doi.org/10.1038/s41416-021-01389-8
https://doi.org/10.1016/j.phrs.2013.11.002
https://doi.org/10.1016/j.ejca.2020.04.014
https://doi.org/10.1200/JCO.2007.14.9930
https://doi.org/10.1093/annonc/mdr623
https://doi.org/10.1093/annonc/mdr623
https://doi.org/10.1136/esmoopen-2020-000911
https://doi.org/10.1016/S1470-2045(16)00150-9
https://doi.org/10.1200/JCO.2013.53.2473
https://doi.org/10.1200/JCO.2013.53.2473
https://doi.org/10.1016/S1470-2045(13)70163-3
https://doi.org/10.1016/S1470-2045(13)70163-3
https://doi.org/10.1152/physrev.00005.2017
https://doi.org/10.3322/caac.21708
https://doi.org/10.1016/S1470-2045(21)00086-3
https://doi.org/10.1016/S0140-6736(14)62004-3
https://doi.org/10.1016/S0140-6736(14)62004-3
https://doi.org/10.1200/JCO.2007.13.1193
https://doi.org/10.1093/annonc/mdz384
https://doi.org/10.1016/j.annonc.2022.04.440
https://doi.org/10.1016/j.annonc.2022.04.440
https://doi.org/10.1200/JCO.20.02088
https://doi.org/10.1016/S1470-2045(15)70127-0
https://doi.org/10.1016/S1470-2045(14)70227-X
https://doi.org/10.1016/S1470-2045(14)70227-X
https://doi.org/10.1001/jamaoncol.2016.3797
https://doi.org/10.1001/jamaoncol.2016.3797
https://doi.org/10.1056/NEJMoa0808268
https://doi.org/10.1186/1756-9966-32-92
https://doi.org/10.1186/1756-9966-32-92
https://doi.org/10.1200/JCO.2004.05.113
https://doi.org/10.1200/JCO.2004.05.113
https://doi.org/10.1158/2159-8290.CD-19-1014
https://doi.org/10.1158/2159-8290.CD-19-1014
https://doi.org/10.1200/JCO.2011.38.0915
https://doi.org/10.1158/2159-8290.CD-14-0765
https://doi.org/10.1158/2159-8290.CD-14-0765
https://doi.org/10.1093/annonc/mdw235
https://doi.org/10.1093/annonc/mdu260
https://doi.org/10.1056/NEJMoa0805019
https://doi.org/10.1200/JCO.2006.08.1620
https://doi.org/10.1200/JCO.2006.08.1620
https://doi.org/10.1093/annonc/mdm399
https://doi.org/10.1093/annonc/mdm399
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1160949


survival in a phase III randomized trial in patients with metastatic colorectal cancer
previously treated with an oxaliplatin-based regimen. J. Clin. Oncol. 30, 3499–3506.
doi:10.1200/JCO.2012.42.8201

Velenik, V., Zadnik, V., Omejc,M., Grosek, J., and Tuta,M. (2020). Influence of concurrent
capecitabine based chemoradiotherapy with bevacizumab on the survival rate, late toxicity
and health-related quality of life in locally advanced rectal cancer: A prospective phase II
CRAB trial. Radiol. Oncol. 54, 461–469. doi:10.2478/raon-2020-0043

Venook, A. P., Niedzwiecki, D., Lenz, H. J., Innocenti, F., Fruth, B., Meyerhardt, J. A.,
et al. (2017). Effect of first-line chemotherapy combined with cetuximab or
bevacizumab on overall survival in patients with KRAS wild-type advanced or
metastatic colorectal cancer: A randomized clinical trial. JAMA 317, 2392–2401.
doi:10.1001/jama.2017.7105

Vincenzi, B., Santini, D., Rabitti, C., Coppola, R., Beomonte Zobel, B., Trodella, L., et al.
(2006). Cetuximab and irinotecan as third-line therapy in advanced colorectal cancer patients:
A single centre phase II trial. Br. J. Cancer 94, 792–797. doi:10.1038/sj.bjc.6603018

Wang, Z., Qin, B. D., Ye, C. Y., Wang, M. M., Yuan, L. Y., Dai, W. P., et al. (2022).
Cetuximab and vemurafenib plus FOLFIRI (5-fluorouracil/leucovorin/irinotecan) for

BRAF V600E-mutated advanced colorectal cancer (IMPROVEMENT): An open-label,
single-arm, phase II trial. Eur. J. Cancer 163, 152–162. doi:10.1016/j.ejca.2021.12.028

Yaeger, R., Cercek, A., O’reilly, E. M., Reidy, D. L., Kemeny, N., Wolinsky, T., et al.
(2015). Pilot trial of combined BRAF and EGFR inhibition in BRAF-mutant metastatic
colorectal cancer patients. Clin. Cancer Res. 21, 1313–1320. doi:10.1158/1078-0432.
CCR-14-2779

Yoshida, Y., Yamada, T., Kamiyama, H., Kosugi, C., Ishibashi, K., Yoshida, H., et al.
(2021). Combination of TAS-102 and bevacizumab as third-line treatment for
metastatic colorectal cancer: TAS-CC3 study. Int. J. Clin. Oncol. 26, 111–117.
doi:10.1007/s10147-020-01794-8

Yoshino, T., Di Bartolomeo, M., Raghav, K., Masuishi, T., Loupakis, F., Kawakami, H.,
et al. (2023). Final results of DESTINY-CRC01 investigating trastuzumab deruxtecan in
patients with HER2-expressing metastatic colorectal cancer. Nat. Commun. 14, 3332.
doi:10.1038/s41467-023-38032-4

Zhang, Y., and Wang, X. (2020). Targeting the Wnt/β-catenin signaling
pathway in cancer. J. Hematol. Oncol. 13, 165. doi:10.1186/s13045-020-
00990-3

Frontiers in Pharmacology frontiersin.org22

Huang et al. 10.3389/fphar.2023.1160949

412

https://doi.org/10.1200/JCO.2012.42.8201
https://doi.org/10.2478/raon-2020-0043
https://doi.org/10.1001/jama.2017.7105
https://doi.org/10.1038/sj.bjc.6603018
https://doi.org/10.1016/j.ejca.2021.12.028
https://doi.org/10.1158/1078-0432.CCR-14-2779
https://doi.org/10.1158/1078-0432.CCR-14-2779
https://doi.org/10.1007/s10147-020-01794-8
https://doi.org/10.1038/s41467-023-38032-4
https://doi.org/10.1186/s13045-020-00990-3
https://doi.org/10.1186/s13045-020-00990-3
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1160949


Sinapic acid alleviates
inflammatory bowel disease (IBD)
through localization of tight
junction proteins by direct binding
to TAK1 and improves intestinal
microbiota
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Introduction: Although sinapic acid is found in various edible plants and has been
shown to have anti-inflammatory properties including colitis, its underlying
mechanism and effects on the composition of the gut microbiota are largely
unknown. We aimed to identify an early response kinase that regulates the
localization of tight junction proteins, act at the onset of the inflammatory
response, and is regulated by sinapic acid. Additionally, we analyzed the effects
of sinapic acid on the homeostasis of the intestinal microbiome.

Methods: We examined the aberrant alterations of early response genes such as
nuclear factor-kappa B (NF-κB) and activating transcription factor (ATF)-2 within
2 h of sinapic acid treatment in fully differentiated Caco-2 cells with or without
lipopolysaccharide and tumor necrosis factor (TNF)-α stimulation. To confirm the
effect of sinapic acid on stimulus-induced delocalization of tight junction proteins,
including zonula occludens (ZO)-1, occludin, and claudin-2, all tight junction
proteins were investigated by analyzing a fraction of membrane and cytosol
proteins extracted from Caco-2 cells and mice intestines. Colitis was induced
in C57BL/6 mice using 2% dextran sulfate sodium and sinapic acid (2 or 10 mg/kg/
day) was administrated for 15 days. Furthermore, the nutraceutical and
pharmaceutical activities of sinapic acid for treating inflammatory bowel
disease (IBD) evaluated.

Results: We confirmed that sinapic acid significantly suppressed the stimulus-
induced delocalization of tight junction proteins from the intestinal cell membrane
and abnormal intestinal permeability as well as the expression of inflammatory
cytokines such as interleukin (IL)-1β and TNF-α in vitro and in vivo. Sinapic acid was
found to bind directly to transforming growth factor beta-activated kinase 1 (TAK1)
and inhibit the stimulus-induced activation of NF-κB as well as MAPK/ATF-2
pathways, which in turn regulated the expression of mitogen-activated protein
kinase (MLCK). Dietary sinapic acid also alleviated the imbalanced of gut
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microbiota and symptoms of IBD, evidenced by improvements in the length and
morphology of the intestine in mice with colitis.

Discussion: These findings indicate that sinapic acid may be an effective
nutraceutical and pharmaceutical agent for IBD treatment as it targets TAK1 and
inhibits subsequent NF-κB and ATF-2 signaling.

KEYWORDS

sinapic acid, inflammatory bowel disease, early response gene, gut microbiota,
transforming growth factor beta-activated kinase 1, activating transcription factor
(ATF)-2

1 Introduction

Recent trends such as adoption of westernized diets, irregular
meal intakes, and stress result in intestinal diseases such as irritable
bowel syndrome, inflammatory bowel disease (IBD), colorectal
cancer, and celiac disease (Rizzello et al., 2019). In particular,
IBD is a chronic and recurrent disease characterized by
inflammation of the intestine. Symptoms of IBD include
abdominal pain, diarrhea, bloody stool, weight loss, and weakness
(Seyedian et al., 2019). Patients with IBD are at least twice more
likely to develop colorectal cancer than the general population, and
colorectal cancer caused by IBD is known to be more fatal (Keller
et al., 2019).

Once microbial pathogens penetrate to the intestinal barrier and
enter lamina propria, they can lead to systemic inflammatory
intestinal diseases (Hosomi and Kunisawa, 2020). The
maintenance of intestinal barrier requires tight junctions,
multiprotein junctional complexes, that selectively control
physiological gates that transport ions and solutes (Konig et al.,
2016). Tight junctions consist of a complex of transmembrane
proteins, such as occludin, claudin, and junctional adhesion
molecules and adaptor proteins, such as zonula occludens (ZO)-
1 and cingulin (Zihni et al., 2016). Studies on rodents with IBD have
revealed that ZO-1 is essential for the formation and maintenance of
tight junctions (Zhou et al., 2009). The results of previous study
indicate that downregulation of occludin is one of the factors
underlying intestinal barrier dysfunction in vitro and in vivo (Liu
et al., 2023).

A diverse signaling network ensures that tight junction
proteins between intestinal epithelial cells are properly
constructed to maintain gut barrier function. Nuclear factor-
kappa B (NF-κB), a transcription factor, plays a central role in
inflammation and inflammatory diseases such as IBD,
rheumatoid arthritis (RA), multiple sclerosis, atherosclerosis,
type I diabetes, and chronic obstructive pulmonary disease (Liu
et al., 2020). Once activated NF-κB upregulates the expression
of myosin light chain kinase (MLCK) and subsequent
phosphorylation of myosin light chain (MLC) in Caco-2 cells
(Drolia et al., 2018). A previous study suggested that activating
transcription factor (ATF)-2 may serve as an additional
transcriptional factor that regulates the expression of mlck
(Al-Sadi et al., 2013). Although the hyperactivity of ATF-2 is
typically associated with inflammatory diseases such as allergic
asthma, obesity, and hepatitis (Yu et al., 2014), its role in IBD
through the regulation of tight junction protein redistribution
via mlck expression remains unclear.

Multiple studies have suggested that sinapic acid, found in
citrus peels, broccoli, and rapeseed and canola meals, could be a
promising nutraceutical and pharmaceutical component that
exerts antioxidant (Galano et al., 2011), anti-inflammatory
(Wu et al., 2021), and anti-obesity effects (Bae and Kim,
2020). Consumption of natural materials, especially fiber, can
also affect the gut microbiota community and protect the
intestinal surface as well as alleviate inflammation via the
production of short-chain fatty acids (Franzosa et al., 2019).
However, the research of natural materials on gut health has
primarily focused on the physical function of dietary fibers that
improves gastrointestinal motility (Makki et al., 2018).
Additionally, the major role of phytochemicals of
pharmaceuticals are considered as regulator for pathogenic
signaling pathways both in cells and in vivo. Interestingly,
some recent studies have revealed that polyphenols function as
prebiotics through the modulation of the gut microbiome (Xu
and Zhang, 2022; Zhang et al., 2023). Therefore, the ability of
phytochemicals to act as inhibitors of pathogenic signaling
molecules and as prebiotics in the gut, makes them promising
gut nutraceuticals for regulating the homeostasis of gut epithelial
cells and microbiota.

In this study, we verified the effects of sinapic acid on early
response kinase involved in gut inflammation by regulating the
localization of tight junction proteins and the gut microbiome in
differentiated Caco-2 cells and in mice with DSS-induced colitis. We
observed that sinapic acid directly binds to TAK-1 and the
subsequent MAPK/ATF-2 and NF-κB signaling pathways.
Furthermore, sinapic acid ameliorated DSS-induced colitis and
gut microbiota dysbiosis in vivo. Based on the above results, we
believe that sinapic acid may be an effective nutraceutical or
pharmaceuticals agent treating IBD.

2 Materials and methods

2.1 Material and reagents

Minimum Essential Medium (MEM) with Earle’s Balanced
Salts, fetal bovine serum (FBS), nonessential amino acid (NEAA),
antibiotics (penicillin/streptomycin solution), and sinapic acid (3,5-
dimethoxy-4-hydroxycinnamic acid) were obtained from Thermo
Fisher Scientific (Logan, UT, United States). Twelve-well Transwell
and Hanks’ Balanced Salt Solution (HBSS) were purchased from
Welgene (Gyeongsan, Gyeongsangbuk-do, Republic of Korea).
Antibodies against p65, p-p65, IKKα/β, p-IKKα/β, IκBα, p-IκBα,
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MLCK, p-MLC, E-cadherin, MKK4/7, p-MKK4/7, P38 MAPK,
p-P38 MAPK. SAPK/JNK, p-SAPK/JNK, ERK, p-ERK, and α/β-
Tubulin were purchased from Cell Signaling Technology (Danvers,
MA, United States). Antibodies against lamin B1, ZO-1, occludin,
claudin-4, claudin-2, ATF-2, and p-ATF2 were purchased from
Abcam (Cambridge, Cambridgeshire, United Kingdom). The
primary antibody against β-actin was purchased from Santa Cruz
Biotech (Santa Cruz, CA, United States). Lipopolysaccharide (LPS)
derived from Samonella enterica serotype typhimurium was
purchased from Sigma-Aldrich (St. Louis, MO, United States),
and tumor necrosis factor (TNF)-α was purchased from NKMAX
(Seongnam, Gyeonggi-do, Republic of Korea).

2.2 Cell culture and differentiation
conditions

Human epithelial colorectal adenocarcinoma Caco-2 cells were
purchased from the Korean Cell Line Research Foundation (Seoul,
Republic of Korea) and cultured in MEM medium containing 10%
FBS, 1% NEAA, and 1% antibiotics (100-U/mL penicillin and 100-
μg/mL streptomycin) under a humidified atmosphere of 5% CO2 at
37°C. The medium was replenished every 2 days. Caco-2 cells were
cultured for 21 days, and to ensure complete differentiation, the
MEM medium was replaced every 2 days.

2.3 Cell viability

Caco-2 cells were seeded at a density of 1 × 106 cells per mL in
96-well plates, incubated overnight, and subsequently treated with
sinapic acid (12.5, 25, and 50 μM) for 24 h. Cell viability was
measured using 3-(4,5-Dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
and phenazine methosulfate (PMS) reagents (Promega, Madison,
WI, United States) according to the manufacturer’s instructions.
PMS + MTS solution (1:20) was added (20 μL per well) and
incubated for 1 h. The absorbance was measured at 490 nm using
a microplate reader (Bio-Rad Inc., Hercules, CA, United States).

2.4 Transepithelial electrical resistance
(TEER)

Caco-2 cells were seeded at a density of 1 × 105 cells per mL in
the apical chambers of 12-Transwell (Corning, NY, United States)
and the MEMmedium was placed in the basolateral chambers of 12-
Transwell. Caco-2 cells were differentiated. After removing the
original medium, it was washed twice with HBSS, incubated for
30 min by adding HBSS again, and subsequently stabilized on the
bench for 15 min. TEER values were measured using an epithelial
volt-ohm meter (Millicell ERS-2, Millipore, Burlington, MA,
United States) according to the manufacturer`s instructions at
0 h. Based on our previous study, we confirmed that stimulation
with 20 μg/mL LPS and 20 ng/mL TNF-α is optimal for decreasing
TEER values. Therefore, in this study, we used a combination of
20 μg/mL LPS and 20 ng/mL TNF-α (hereafter referred to as
“stimulus”). Caco-2 cell monolayers were pretreated with 12.5,

25 and 50 μM sinapic acid. After 1 h, the stimulus was
administered. TEER values were measured at 0.5, 1, 3, 6, 12, and
24 h following the administration of the stimulus.

2.5 Fluorescein isothiocyanate (FITC)-
dextran permeability

Caco-2 cells were seeded and differentiated in the same way as
the 2.4 TEER measurement method, and sinapic acid and stimulus
were treated under the same conditions. After 1 h, 0.5 mL of 1 mg/
mL 4 kDa FITC-dextran (Sigma-Aldrich, MO, United States) in
HBSS was added to the apical chamber, and 1.5 mL of HBSS was
added to the basolateral chamber. After 12 or 24 h, HBSS (100 μL)
was drawn from the basolateral chamber and placed on the black
bottom plate. The absorbance was measured at 480 nm and 520 nm
using SPECTRAmax® GEMINI-XS (Molecular Devices, Sunnyvale,
CA, United States).

2.6 Quantitative realtime polymerase chain
reaction (PCR)

Caco-2 cells were seeded at a density of 1 × 105 cells per mL in
the six-well plates. After 1 h of sinapic acid pretreatment,
differentiated Caco-2 cells were treated with the stimulus. The
total RNA was extracted from Caco-2 cells according to the
specifications of RNAiso Plus (Takara Bio Inc., Kyoto, Japan).
Next, cDNA was obtained using the ReverTra Ace® qPCR RT Kit
& Master Mix (Toyobo, Osaka, Japan) based on the manufacturer’s
instructions. The produced cDNA was used for qPCR with SYBR®
Green Realtime PCR Master Mix (Toyobo, Osaka, Japan) according
to the manufacturer’s instructions. The primer sequences are
displayed in Table 1. Relative gene expression levels were
normalized using β-actin and the comparative ΔΔCq method
using the CFX Maestro Software (Bio-Rad Inc., Hercules, CA,
United States).

2.7 Drug affinity responsive target stability
(DARTS) assay

Caco-2 cells were seeded at a density of 1 × 105 cells per mL in
the six-well plates. Differentiated Caco-2 cells were lysed using the
M-PER buffer (Thermo Scientific, MA, United States) with a
protease and phosphatase inhibitor cocktail (Thermo Scientific,
MA, United States). Subsequently, the lysates were centrifuged at
18,000 × g for 10 min at 4°C and supplemented with 10× TNC
buffer. After 1 h, the lysates were treated with sinapic acid and
digested with pronase (protein-t- pronase ratio, 1:1,000) for 30 min.
Digestion was stopped by adding a 5× SDS sample buffer, and
proteins were then visualized using western blot assay.

2.8 Animal study

Eight-week-old female C57BL/6 mice were purchased from
Joongah Bio (Suwon, Republic of Korea). Mice were housed in
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an air-conditioned room (23°C ± 2) and exposed to a 12/12 h light/
dark cycle with free access to food and water. All animals were
treated with care, and the study protocol (KNU-2021–0026) was
approved by Kyungpook National University and performed in
accordance with its animal use guidelines. Mice were randomly
allocated into the following groups: control, 2% DSS, 2% DSS
+2 mg/kg/day sinapic acid treatment, and 2% DSS +10 mg/kg/day
sinapic acid treatment. During the experiment, mice were treated
with sinapic acid (2 or 10 mg/kg) daily for 15 days by oral gavage,
using an esophageal catheter. Colitis was induced in mice with 2%
DSS (MP Biomedicals Korea, Seoul, Republic of Korea). After
15 days, mice were anesthetized with ketamine and sacrificed
using the cervical dislocation method.

2.9 Membrane/cytosol fraction

For in vitro analysis, Caco-2 cells were seeded at a density of 1 ×
105 cells per mL in six-well plates for 3 weeks. After 1 h of
pretreatment with 50 μM sinapic acid, the stimulus was
administered, and cells were incubated for 0.5, 0.75, 1, and 2 h,
washed twice with cold PBS, and then centrifuged at 300 ×g for
15 min. For in vivo analysis, the mice colon tissues washed with a
wash solution were placed in 2 mL microcentrifuge tubes
containing 1 mL of cell permeabilization buffer and stainless-
steel beads and homogenized using Precellys 24 dual tissue
homogenizer (Bertin, Montigny-le-Bretonneux, Montigny-le-
Bretonneux, France). Subsequently, 500 μL cell permeabilization
buffer was added to homogenized tissues. Homogenized tissues
were centrifuged at 16,000 ×g for 15 min. The separation of
cytoplasmic and membrane proteins of obtained cells and
homogenized colon tissues was performed using membrane
solubilization buffer and cell permeabilization buffer (Thermo
Scientific, Logan, UT, United States) according to the
manufacturer’s protocol. Separated proteins were then
visualized using a western blot assay.

2.10 Nucleus/cytosol fraction

Caco-2 cells were seeded at a density of 1 × 105 cells per mL
on six-well plates. Differentiated cells were pretreated with
50 μM sinapic acid for 1 h and then treated with the
stimulus. Cells were washed twice with cold PBS. Caco-2
cells were scraped and collected in 1 mL PBS and then each
sample was centrifugated at 500 ×g for 5 min. Following PBS
removal, cytoplasmic and nuclear proteins were separated using

NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo Scientific, Logan, UT, United States) according to
the manufacturer’s protocol. Separated proteins were then
visualized using western blot assay (Kim et al., 2022).

2.11 Western blot assay

For in vitro analysis, Caco-2 cells were seeded at a density of 1 ×
105 cells per mL on six-well plates. Differentiated cells were
pretreated with 50 μM sinapic acid for 1 h and then treated with
the stimulus. Cells were washed twice with cold PBS. Caco-2 cells
were scraped and collected in 200 μL of lysis buffer (Cell Signaling
Technology, Danvers, MA, United States) containing a protease and
phosphatase inhibitor cocktail (Thermo Scientific, MA,
United States). For in vivo analysis, mice colon tissues washed
with PBS were placed in 2 mL microcentrifuge tubes containing
500 μL of lysis buffer and stainless-steel beads and homogenized
using Precellys 24 dual tissue homogenizer. Homogenized tissues
were centrifuged at 13,652 ×g for 15 min. Lysed cells and colon
tissues were vortexed and maintained on ice for 30 min and
subsequently centrifuged at 18,928×g for 15 min. The total
protein content was quantified using the DC Protein Assay Kit
reader (Bio-Rad Inc., Hercules, CA, United States) and separated by
8%, 10%, and 12% SDS-PAGE gels. The total protein was transferred
from the gel to 0.45 μm PVDF membranes (Immobilon-P transfer
membrane, Millipore, Burlington, United States), blocked with 5%
skim milk in Tris Buffered Saline with Tween ® 20 (TBST) buffer for
1 h at room temperature, and then hybridized with primary
antibodies overnight at 4°C. Following hybridization with
horseradish peroxidase (HRP)-conjugated secondary antibody
(Thermo Scientific, MA, United States) for 1 h at room
temperature, immune-reactive proteins were detected using a
chemiluminescence detection kit (ATTO, New York,
United States) and GeneGnome XRQ NPC (Syngene, Nuffield
Rd, United Kingdom).

2.12 Immunofluorescence analysis

For in vitro immunofluorescence analysis, Caco-2 cells were
seeded at a density of 1 × 105 cells per mL on an eight-well
chamber (ibidi, GmbH, Gräfelfing, Germany) for 3 weeks. Cells
were pretreated with 25 and 50 μM sinapic acid for 1 h and then
treated with the stimulus. For in vivo immunofluorescence
analysis, colon tissues were fixed using an OCT compound
(Leica Microsystems, Seoul, Republic of Korea) and

TABLE 1 qPCR primer sequence.

Species Gene Sense strand (5′-3′) Antisense strand (5′-3′)

Human IL-1β GCA CAA GGC ACA ACA GGC TGC CAG GTC CTG GAA GGA GCA CTT CA

IL-6 TTC TCC ACA AGC GCC TTC GGT CCA ACG GCT GAG ATG CCG TCG AGG ATG

TNF-α ATC AAT CGG CCC GAC TAT CTC GCA ATG ATC CCA AAG TAG ACC TG

β-actin CCT CAC CCT GAA GTA CCC CA TGC CAG ATT TTC TCC ATG TCG
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cryosectioned into 10 μM sections. Cells and sectioned colon
tissues were fixed with 4% formaldehyde for 15 min and washed
three times with PBS. Cells and sections were permeabilized with
ice-cold 100% methanol and then blocked and incubated
overnight at 4°C with the primary antibodies occludin (1:100)
and ZO-1 (1:200). After washing, the cells and sections were
incubated with a goat anti-rabbit immunoglobulin G H&L
conjugated to the Alexa Fluor® 488 and 647 secondary
antibodies (Abcam, Cambridge, United Kingdom) for 1 h.
Subsequently the cell nucleus was stained with
VECTASHIELD® Antifade Mounting Medium with DAPI
(Vector Laboratories Inc., Burlingame, United States).

2.13 Hematoxylin and eosin (H&E) staining
and histology analysis

Colon tissue sections were stained with filtered 2.9%
hematoxylin (Sigma-Aldrich, St. Louis, MO, United States).
After rinsing in cool running water for 5 min, sections were
dipped in 0.5% eosin (Sigma-Aldrich, St. Louis, MO,
United States) five times. After rinsing in water for 5 min,
sections were sequentially dehydrated using 50% ethanol,
70% ethanol, and 95% ethanol. Sections were then dipped in
xylene (Sigma-Aldrich, St. Louis, MO, United States) for
cleaning and mounted with quick-hardening mounting
medium (Sigma-Aldrich, St. Louis, MO, United States) for
observation. The histological evaluation of colon injury was
conducted by three investigators in a blind setting. The criteria
for assigning histological evaluation scores of colon injury are
described in Table 2 (Fung and Putoczki, 2018).

2.14 Microbiota analysis

DNA was extracted from mice fecal samples using the
Powerfood Microbial DNA Isolation kit (Mo Bio
Laboratories, Inc., Carlsbad, CA, United States) according to
the manufacturer’s protocol. Intestinal bacterial community
compositions were analyzed using 16S rRNA gene
sequencing, which was performed according to a previous
report (Ryu et al., 2022). The obtained data were analyzed
using Mothur (v. 1.45.3). To visualize differences in the
microbiota composition between groups, nonmetric

multidimensional scaling plots were generated on the basis of
unweighted and weighted UniFrac distances. The α-diversity
and relative abundance of OTUs at family and genus levels were
analyzed using the MicrobiomeAnalyst web-based platform
(Chong et al., 2020).

2.15 Statistical analysis

Data were expressed as mean ± standard deviations of three
independent experiments wherever appropriate. Significant
differences were calculated using one-way analysis of variance
and Tukey’s post hoc multiple comparison test. A p-value
of <0.05 was considered statistically significant.

3 Result

3.1 Sinapic acid inhibits stimulus-induced
dysfunction of intestinal permeability and
cellular redistribution of tight junction
proteins in differentiated Caco-2 cells

To verify the nutraceutical and pharmaceutical activities of
sinapic acid in the treatment of IBD, we evaluated TEER value
and FITC as the major indicators for determining intestinal
permeability in vitro. The results demonstrated that sinapic acid
significantly inhibited stimulus-induced decrease in the TEER
value (Figures 1A, B) and FITC-dextran permeability at both
12 and 24 h (Figure 1C) without inducing cell cytotoxicity in
Caco-2 cells (Figure 1D). Additionally, sinapic acid significantly
suppressed the stimulus-induced mRNA expression of
proinflammatory cytokines IL-1β, IL-6, and TNF-α in
differentiated Caco-2 cells (Figure 1E). The proper
localization of tight junction and adherence junction proteins
in the membranes of intestinal epithelial cells plays a critical
role in regulating intestinal permeability and maintaining the
integrity of the intestinal epithelial barrier (Odenwald and
Turner, 2017). Therefore, we analyzed the changes in the
localization of tight junction proteins induced by sinapic acid
over time. After fractionating the membrane proteins and
conducting western blot assays, we found that sinapic acid
significantly suppressed the stimulus-induced delocalization
of ZO-1 and claudin-2 at 30 min and occludin at 45 min in

TABLE 2 Colonic damage criteria for histology analysis.

Score Epithelial damage Mucosal inflammation Submucosal inflammation

0 Normal None None

1 Hyper-proliferative Mild Mild

2 <50% crypt loss Moderate Moderate

3 >50% crypt loss Severe Severe

4 100% crypt loss

5 Ulceration
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FIGURE 1
Effects of sinapic acid on stimulus-induced epithelial permeability and inflammatory cytokine levels in Caco-2 cells. Sinapic acid inhibits stimulus-
induced TEER values (A,B) at 24 h and FITC–dextran permeability (C) in Caco-2 cells. (D) Cell viability. (E) Sinapic acid inhibits the stimulus-induced
expression of IL-1β, TNF- α, and IL-6 in Caco-2 cells. (F–H) Sinapic acid inhibits the stimulus-induced localization of ZO-1, claudin-2, and occludin in
Caco-2 cells. Data are presented as means ± standard deviations (SDs) (n = 3). #p < 0.05 versus the control group. *p < 0.05, **p < 0.01, and ***p <
0.001 versus the stimulus group.
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the membrane fraction of Caco-2 cells (Figure 1F).
Immunofluorescence analysis photographs also support these
results (Figures 1G, H). Based on these results, we confirmed
that sinapic acid regulates abnormal intestinal barrier
permeability within a relatively short period,
(i.e., 30 and 45 min) by inhibiting the delocalization of tight
junction proteins in cell membranes under inflammatory
conditions.

3.2 Sinapic acid inhibits stimulus-induced
MLCK/MLC/NF-κB signaling pathways and
phosphorylation of ATF-2 in differentiated
Caco-2 cells

Owing to the rapid effect of the stimulus on the delocalization
of tight junction proteins, we focused on the impact of sinapic
acid on early response inflammatory signaling molecules

FIGURE 2
Effects of sinapic acid on the stimulus-induced expression of MLCK, phosphorylation of MLC, and NF-κB pathway activation in Caco-2 cells. Sinapic
acid inhibits stimulus-induced MLCK/p-MLC (A) and IκBα and p65 phosphorylation (B) as well as p65 translocation in the nuclear fraction from Caco-2
cells (C). (A,B) MLCK, p-IκBα and IκBα are quantified relative to β-actin, while p-MLC and p-p65 are quantified relative to their whole forms. Data are
presented as means ± SDs (n = 3). #p < 0.05 versus the control group. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the stimulus group.
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including NF-κB. NF-κB is a transcriptional factor for mlck,
which subsequently phosphorylates MLC, leading to the
delocalization of tight junction proteins (Drolia et al., 2018).
We found that sinapic acid inhibited stimulus-induced increase
in MLCK expression and phosphorylation of MLC at 30 min
(Figure 2A) and phosphorylation of p65 and IκBα at 15 min
(Figure 2B). Lan et al. reported that sinapic acid suppressed the
stimulus-induced translocation of p65 at 30 min by about 30%

compared to the stimulus only group (Figure 2C). A recent
study`s demonstrated that ATF-2 is a novel transcription
factor for mlck expression (Kaminsky et al., 2021). In addition
to NF-κB, we found that ATF-2, another transcriptional factor
that regulates mlck, was phosphorylated at 15 min and
translocated to the nucleus at 30 min following stimulus
administration (Figures 3A, B). These alternations were
suppressed by sinapic acid (Figures 3A–C).

FIGURE 3
Effects of sinapic acid on the stimulus-induced phosphorylation of ATF-2. (A) Sinapic acid strongly inhibits stimulus-induced phosphorylation of
ATF-2 at 15 min in Caco-2 cells. (B,C) Sinapic acid inhibits stimulus-induced translocation of ATF-2 in nuclear and cytosolic fractions from Caco-2 cells.
Data are presented as means ± SDs (n = 3). #p < 0.05 versus the control group. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the stimulus group.
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3.3 Sinapic acid inhibits stimulus-induced
phosphorylation ofMAPKs and directly binds
to TAK1 in differentiated Caco-2 cells

In our previous study, we have shown that phytochemicals directly
target early response kinases and subsequent inflammation and
carcinogenesis in vitro and in vivo (Jung et al., 2008). Therefore, we
hypothesized that sinapic acid may affect upstream kinase that regulates
NF-κB andATF-2 transcriptional factors. Phosphorylation ofMAPKwas
confirmed under the hypothesis that MAPK may be involved in the
phosphorylation of ATF-2 (Desai et al., 2013). Sinapic acid significantly
inhibited the stimulus-induced phosphorylation of JNK1/2 and p38 at
15min of stimulus exposure in differentiated Caco-2 cells but did not
affect the phosphorylation of ERK1/2 (Figure 4A). Sinapic acid inhibited
the stimulus-induced phosphorylation of MKK4/7 at 10min in
differentiated Caco-2 cells (Figure 4B). Although we initially suspected

that TAK1 could be a major regulator of MAKK and NF-κB pathways,
we found that sinapic acid did not affect the phosphorylation of TAK1
(Figure 4B). Therefore, we predicted that sinapic acid may directly affect
TAK1 by binding to it. The DARTS assay revealed that sinapic acid
suppressed pronase-induced TAK1 degradation in differentiated Caco-2
cells (Figure 4C). These results collectively suggest that sinapic acid
directly bound to TAK1, which suppressed the activation of TAK1-
mediated NF-κB and ATF-2 transcriptional factor.

3.4 Oral administration of sinapic acid
alleviates DSS-induced IBD and modifies the
gut microbiota

Although studies have shown that sinapic acid alleviates colitis
in TNBS-induced Balb/c female mice (Lee, 2018) and DSS-induced

FIGURE 4
Effects of the sinapic acid binding ability to TAK-1 and subsequent MAPK signaling pathways in Caco-2 cells. (A) Sinapic acid inhibits the stimulus-
induced phosphorylation of JNK1/2 and P38 in Caco-2 cells. (B) Sinapic acid prevents stimulus-induced phosphorylation of MKK4/7 in Caco-2 cell but
not TAK1in Caco-2 cells. (C) Sinapic acid directly binds to TAK-1 in Caco-2 cells. Data are presented as means ± SDs (n = 3). #p < 0.05 versus the control
group. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the stimulus group.
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Kunming mice (Qian et al., 2020), the effect of sinapic acid on the
homeostasis of gut microbiota has not yet been elucidated. Sinapic
acid was administered orally for 15 days from 8 days before DSS
intake, and ulcerative colitis was induced via ad libitum intake of 2%
DSS for 8 days (Figure 5A). We observed that oral administration of
sinapic acid ameliorated DSS-induced colon shortening (Figures 5B,
C) and production of inflammatory cytokines, including IL-1β and
TNF-α (Figure 5D) in mice. H&E staining and histological scores of
mice colon tissue indicated that oral administration of sinapic acid
mitigated DSS-induced colon tissue damage, such as loss of crypts
and destruction of the mucus layer (Figures 5E, F). Western blot
assay using a membrane fraction of mice colon, along with
immunofluorescence analysis, showed that sinapic acid effectively
suppressed the DSS-induced delocalization of ZO-1, occluding, and
claudin-2 (Figures 5G–I). These results confirmed that the in vitro
localization of tight junction proteins was also reflected in animal
intestinal tissues.

A recent study has summarized current findings that
phytochemicals may act as prebiotics for modulating the gut
microbiota (Xu and Zhang, 2022). However, current nutraceutical
research on gut health is focused on dietary fiber that improves
gastrointestinal motility (Makki et al., 2018). Therefore, we aimed to
evaluate the effect of oral administration of sinapic acid on changes in
intestinal microflora. Shannon diversity, an indicator of microbial
richness and evenness, and Chao1 diversity, an indicator microbial
richness, are representative α-diversity indexes. Oral administration of
sinapic acid significantly prevented DSS-induced decrease in Shannon
diversity (Figure 6A). Although there was no significant difference,
sinapic acid prevented DSS-induced decrease in Chao1 diversity
(Figure 6B). Next, we examined β-diversity distances using
weighted and unweighted UniFrac distances. Weighted and
unweighted UniFrac distances significantly differed between the
control and 2% DSS groups (p < 0.001; Figures 6C, D). Although
not significant, the weighted UniFrac distance from sinapic acid
groups to the control group was smaller than the distance from
the 2% DSS group to control group (Figure 6C). There was no
significant difference in the composition of microbiota at the
family level between the groups (Figure 6E). However, at the genus
level, we found that sinapic acid inhibited DSS-induced declines in the
relative abundance of Ligilactobacillus and Limosilactobacillus in feces
of C57BL/6J mice (Figures 6F, G). Limosilactobacillus reuteri exerts
anti-inflammatory effects, ameliorates hepatic disorders, and prevents
infections caused by enterohemorrhagic Escherichia coli and
Helicobacter pylori through the production of bacteriocins
(Abuqwider et al., 2022). Firmicutes and Bacteroidetes are the
major phyla of human gut microbiota, and the Firmicutes to
Bacteroidetes ratio (F/B ratio) has been widely studied as an
indicator of the correlation between gut microbes and intestinal
health (Stojanov et al., 2020). Oral administration of sinapic acid
was found to suppress DSS-induced decrease in F/B ratio (Figure 6H).
These results demonstrate, for the first time, that sinapic acid can act
as a prebiotic.

4 Discussion

Despite the role of intestine in digesting food, absorbing
nutrients, and inhabiting intestinal microorganisms, dietary

FIGURE 5
Effects of sinapic acid on DSS-induced inflammatory bowel disease in
vivo. (A) Schematics of the DSS-induced colitis model. The oral
administration of sinapic acid inhibits DSS-induced colon shortening (B,C)
production of cytokines, including TNF-α and IL-1β (D), loss of crypts
andmucosal layerdestruction in thecolon tissues (E), increase inhistological
scores (F) and localization of ZO-1, occludin, and claudin-2 in the
membrane fraction of the colon tissues (G–I). #p < 0.05 versus the control
group, *p < 0.05, **p < 0.01, and ***p < 0.001 versus the 2% DSS group.
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FIGURE 6
Effects of sinapic acid on the DSS-induced composition of the gut microbiota. (A) Shannon diversity and (B) Chao1 diversity. (C) Weighted UniFrac
distance and (D)Unweighted UniFrac distance. (E) Relative abundance of the family level. (F) Relative abundance of the genus level. (G) At the genus level,
an abundance of Ligilactobacillus and Limosilactobacillus in the feces of C57BL/6J mice is observed. (H) The Firmicutes-to-Bacteroidetes ratio in the
feces of C57BL/6J mice. Data are presented as means ± SDs (n = 3). #p < 0.05 versus the control group, *p < 0.05 and **p < 0.01 versus the 2% DSS
group.
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habits and social environment can pose a threat to the intestinal
health. Individuals recognize that an unbalanced and irregular diet,
stress, and exposure to environmental pollution threaten intestinal
health; however, there is a limit to changing them simultaneously.
Therefore, taking nutraceuticals and pharmaceuticals is a highly
efficient and accessible way for maintaining intestinal health for
individuals living a busy life in today’s modern world. Multiple lines
of study have reported that phytochemicals can be a promising
nutraceutical and pharmaceutical for gut health (Hossen et al.,
2020). Interestingly, a recent study has suggested that
phytochemicals, like fibers, act as prebiotics, modulate the
composition of the gut microbiota, and maintain intestinal
integrity (Martel et al., 2020). Therefore, in this study, we
focused on the development of nutraceutical and/or
pharmaceutical phytochemicals capable of both pathogenic
inhibition and prebiotic ability.

To verify the candidate of nutraceutical and pharmaceuticals of
sinapic acid in IBD treatment, we evaluated TEER values and FITC as
the major indicators for determining intestinal permeability in vitro.
In our previous study, we established the optimal conditions for
measuring intestinal permeability in fully differentiated Caco-2 cells
using a combination of 20 ng/mL TNF-α and 20 μg/mL LPS (So et al.,
2023); this condition was labeled as the “stimulus” and used in all
subsequent in vitro experiments. Multiple assay results showed that
sinapic acid has a preventive effect on gut epithelial permeability with
an increase in TEER values and a decrease in FITC-dextran
permeability by approximately 38% and 45%, respectively, at
nontoxic concentrations. The maintenance of intestinal epithelial
integrity is strongly associated with tight junctions and adherent
junctions that formed between intestinal epithelial cells (Konig et al.,
2016). A previous study has demonstrated that sinapic acid affects
the expression of tight junction proteins at 24 h in Caco-2 cells (Lan
et al., 2021). However, in our study, inflammation conditions (LPS
and/or TNF-α) did not affect tight junction protein levels within
24 h of stimulus exposure in differentiated Caco-2 cells (So et al.,
2023). Therefore, we belived that there are other mechanisms of
sinapic acid to sustain gut homeostasis. Following the fractionation
of membrane and cytosolic tight junction proteins, we confirmed
that sinapic acid mitigated the stimulus-induced redistribution of
ZO-1 and occludin from the membrane to the cytosol in
differentiated Caco-2 cells. In Figure 1F, we observed a notable
trend that the sinapic acid-treated group had higher distribution of
occludin in membrane fraction compared to the untreated
group. Further research is needed to explore this phenomenon
comprehensively and gain a deeper understanding of the
underlying mechanisms. Drolia et al. proved that the
redistribution of tight junction proteins, including occludin and
claudin-1, is the critical cause of intestinal epithelial barrier
dysfunction by adhesion and translocation of Listeria (Drolia
et al., 2018). Therefore, the inflammation of intestine strongly
pulls tight junction proteins from the membrane to the cytosol,
thereby resulting in intestinal epithelial barrier dysfuctions; sinapic
acid seems to play a role in maintaining the localization of ZO-1 and
occludin to the membrane rather than its expression.

Although several studies showed that sinapic acid alleviates
TNBS-induced (Lee, 2018) and acetic acid (Shahid et al., 2022) in
rodent-colitis models, its target molecules in gut inflammation are

majorly unknown. It is well known that NF-κB has a central role in
the development of inflammation and inflammatory metabolic
diseases including obesity, type 2 diabetes, and atherosclerosis
(Baker et al., 2011). In IBD, activated NF-κB upregulated MLCK
expression/phosphorylation and subsequently increased the
delocalization of tight junction proteins, including ZO-1 and
claudin, from the membrane of intestinal epithelial cells, thereby
leading to intestinal barrier permeability (Konig et al., 2016).
Although sinapic acid significantly suppressed the MLCK/p-MLC
signaling network increased by the stimulus, p65 phosphorylation
and translocation to the nucleus inhibited it by 30% and 35%,
respectively, which was relatively low. As a transcription factor that
regulates the mlck gene expression, the activated ATF-2 by
phosphorylated p38 binds to the mlck promoter and is
consequently involved in intestinal barrier permeability in
differentiated Caco-2 cells (Al-Sadi et al., 2013). Moreover, we
confirmed that sinapic acid suppressed the stimulus-induced
MKK4/7/JNK1/2 and p38 phosphorylation and the subsequent
ATF-2 phosphorylation and translocation to the nucleus by 70%
and 30%, respectively. With these observations, we believed that
ATF-2 is one of the significant factors for modulating the mlck gene
expression, and these signaling pathways are susceptible to
sinapic acid.

Interestingly, phosphorylation of TAK1, an upstream kinase
that regulates MKK4/7 phosphorylation, was not affected by
sinapic acid. In our previous studies, we reported that the
compounds do not affect the kinase itself but substrates or
downstream molecules are regulated by those direct binding in
skin carcinogenesis (Jung et al., 2008; Ha et al., 2018) and drug-
resistant lung cancer (Jung et al., 2014). Therefore, we
hypothesized that sinapic acid directly binds to TAK1 and
downregulates its downstream signaling molecules, including
MKK4/7/JNK1/2 and p38. Drug affinity response target
stability (Lomenick et al., 2009) and western blot assay results
support our hypothesis that sinapic acid directly binds to
TAK1 and suppresses stimulus-induced phosphorylation of
early response kinase, MKK4/7/JNK1/2 and p38-ATF2 and
ATF2 translocation from the cytosol to the nucleus. Therefore,
the interaction between sinapic acid and TAK1 blocks ATF-2 and
the subsequent MLCK-p-MLC–mediated redistribution of tight
junction proteins, thereby leading to intestinal barrier
permeability. If the specific binding site for sinapic on
TAK1 is confirmed by conducting co-crystallography analysis
of the refined TAK1 and sinapic acid, it can provide that more
specific information on the safety and mechanism of action of
sinapic acid as a new nutraceutical and phytomedicine.

To evaluate whether the intestinal barrier protection effect of
sinapic acid in the in vitro experiment was reflected in the
biological system and the effect on the improvement of
intestinal microflora, an in vivo experiment was performed.
We used a 10 mg/kg/day dose of sinapic acid as the maximum
concentration in the DSS-induced colitis in a C57BL/6 female
mice model. Others used DSS-induced colitis in Kunming mice
were administered with 50 mg/kg of sinapic acid (Qian et al.,
2020). As the major symptoms of IBD, colon length shortening,
colon tissue damage, and increased inflammatory cytokines
including IL-1β, TNF-α, were significantly suppressed by the
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oral administration of sinapic acid. In vitro experiment results
demonstrated that the oral administration of sinapic acid inhibits
the redistribution of tight junction proteins by DSS through the
analysis of mouse intestinal membrane fractionated proteins.

Dysbiosis, which is the transition in the composition of
intestinal microbiota, leads to various intestinal diseases. In
particular, a decrease in the Firmicutes group is mainly
observed in patients with IBD (Stojanov et al., 2020). The gut
microbiota can be remodeled by the phenolic compound
resveratrol (Chen et al., 2016; Zhang et al., 2019; Zhang et al.,
2020), phlorizin mainly found in apple root (Zhang et al., 2019),
and alliin present in garlic (Zhang et al., 2020). These studies
suggest that phytochemicals may act as prebiotics for modulating
the gut microbiota. However, current nutraceutical research on
gut health is focused on dietary fibers that improve
gastrointestinal motility (Makki et al., 2018; Gill et al., 2021).
Therefore, novel nutraceutical studies that alleviate intestinal
permeability and modulate the gut microbiota are needed. We
confirmed that dietary sinapic acid prevents DSS-induced
imbalance of the gut microbiota, similar to the control level.
Specifically, the Firmicutes to Bacteroidetes ratio, which is
decreased in inflammatory diseases, increased more in the 2%
DSS + sinapic acid group than in the 2% DSS group. Dietary
sinapic acid significantly mitigated the DSS-induced decrease in
the abundance of Ligilactobacillus and Limosilactobacillus
belonging to the Firmicutes phylum. Ligilactobacillus and
Limosilactobacillus, which are mainly observed in vertebrates
are attracting attention as probiotics. Limosilactobacillus reuteri
produces effects, including anti-inflammatory, mitigation of
hepatic disorders, and prevention of Enterohemorrhagic E. coli
and H. pylori infection, through the production of bacteriocin
(Abuqwider et al., 2022). Clinical studies showed that
Ligilactobacillus salivarius improves allergic diseases, including
asthma (Drago et al., 2022). For the first time, these results
demonstrated that sinapic acid can act as a prebiotic. Future
studies are warranted to study the effect of sinapic acid on
human-derived intestinal microbes using gnotobiotic mice, as
study will increase the possibility of its application as prebiotics.

We confirmed that sinapic acid directly bound to TAK1 and
subsequently suppressed the phosphorylation of early response
molecules including NF-κB and ATF-2 within 30 min of stimulus
exposure. This consequently contributed to the localization of tight
junction proteins, including ZO-1, claudin-2, and occludin, within
45 min of stimulus exposure in fully differentiated Caco-2 cells.
Additionally, the oral administration of sinapic acid exhibited a
suppressive effect on DSS-induced colitis in mice and sustained the
diversity of intestinal microflora reduced by DSS, which indicates
that sinapic acid has a combined activity of disease-causing gene
inhibitor and prebiotics. Therefore, we believe that sinapic acid
could be a promising nutraceutical and pharmaceutical agent for the
treatment of IBD.

Abbreviations: ATF-2, activating transcription factor-2; DSS,
dextran sulfate sodium; IBD, inflammatory bowel disease; IL-1β,
interleukin-1β; LPS, lipopolysaccharide; MAPK, mitogen-activated
protein kinase; MLC, myosin light chain; MLCK, myosin light chain
kinase; NF-κB, nuclear factor-kappa B; TAK1, transforming growth
factor beta-activated kinase 1; TNF-α, tumor necrosis factor-α; ZO-
1, zonula occludens-1.
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Tumor-associated macrophages (TAMs) are essential components of the immune
cell stroma of hepatocellular carcinoma. TAMs originate from monocytic
myeloid-derived suppressor cells, peripheral blood monocytes, and kupffer
cells. The recruitment of monocytes to the HCC tumor microenvironment is
facilitated by various factors, leading to their differentiation into TAMs with unique
phenotypes. TAMs can directly activate or inhibit the nuclear factor-κB,
interleukin-6/signal transducer and signal transducer and activator of
transcription 3, Wnt/β-catenin, transforming growth factor-β1/bone
morphogenetic protein, and extracellular signal-regulated kinase 1/2 signaling
pathways in tumor cells and interact with other immune cells via producing
cytokines and extracellular vesicles, thus affecting carcinoma cell proliferation,
invasive and migratory, angiogenesis, liver fibrosis progression, and other
processes to participate in different stages of tumor progression. In recent
years, TAMs have received much attention as a prospective treatment target
for HCC. This review describes the origin and characteristics of TAMs and their
mechanism of action in the occurrence and development of HCC to offer a
theoretical foundation for further clinical research of TAMs.

KEYWORDS

hepatocellular carcinoma, tumor-associated macrophages, tumor microenvironment,
cancer stem cells, carcinoma cell proliferation, invasion and migration, angiogenesis,
hepatic fibrosis

Introduction

Hepatocellular carcinoma (HCC) accounts for roughly 90% of all cases of primary liver
carcinoma, making it the most prevalent form. It ranked as the 6th most common
carcinoma and the 3rd most common cause of cancer-related fatalities in 2020. It was
projected that HCC caused 906,000 new cases and 830,000 deaths worldwide due to HCC
(Sung et al., 2021; Ding et al., 2022). HCC is associated with inflammation and can be
caused by various factors, including environmental and genetic risk factors (Giraud et al.,
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2021). Chronic infection caused by hepatitis C virus (HCV),
hepatitis B virus (HBV), and non-alcoholic fatty liver disease/
non-alcoholic steatohepatitis (NAFLD/NASH) are the leading
etiologies of liver cirrhosis, which can significantly increase the
likelihood of progression to HCC (Kew, 2014). Chronic liver injury
triggers reparative mechanisms aimed at restoring its form and
function. However, this persistent inflammation can lead to
ongoing regenerative repair of hepatocytes, which may
contribute to the emergence and advancement of HCC (Endig
et al., 2016; Gao et al., 2019). The malignant level of a tumor is
related to the characteristics of cancerous cells and different
components in the tumor microenvironment (TME) (Wang
et al., 2014; Ge and Ding, 2020). These constituents have a
pivotal function in connecting inflammatory mediators and
tumors (Chen et al., 2022). The TME is a significant site for the
interaction between carcinoma cells and the human immune
system. It contains neoplastic cells, immune cells, blood vessel
cells, tumor-associated fibroblasts, other non-tumor cells,
extracellular matrix, and various cytokines (Li et al., 2018). In
recent years, the immune microenvironment has gained an
increasing focus, and it is indicated that the TME can facilitate
tumor progression. Research has indicated that the high
infiltration of tumor-associated macrophages (TAMs) in liver
cancer is strongly tied to a negative prognosis for patients (Li
et al., 2018b). Compared to other organs, the liver has a greater
percentage of macrophages (van der Heide et al., 2019). Kupffer
cells (KCs), as a stationary tissue-resident macrophage subset of
the liver, are positioned in the blood sinuses, which is pivotal in
maintaining homeostasis (Lopez et al., 2011; Scott et al., 2016).
Inflammation in the liver or depletion of KCs leads to recruiting
monocyte-derived macrophages into the stem tissue (Mossanen
et al., 2016; Surewaard and Kubes, 2017). Tumor cells secrete
different cytokines that can induce monocyte differentiation into
TAMs, thereby altering the functional phenotype of macrophages
(Mφ) in the TME (Rabold et al., 2017). These mutual
transformations are a common occurrence in cancer and are
correlated with tumor occurrence and development. The
dysregulation of the two types of TAMs polarization is
frequently involved in the development of pathological
complications (Qian and Pollard, 2010). Interactions between
tumor cells, TAMs, and other immune cells in the immune
microenvironment affect the proliferation, invasion, migration,
liver fibrosis, and immune killing of tumor cells through the
secretion of cytokines and exosomes and changes in the
expression of related proteins, ultimately affecting the
progression of HCC. The mechanisms and signaling pathways
involved are very complex. Therefore, this article provides a review
of the definition, source, and polarization of TAMs and the
mechanisms of interaction among TAMs, tumors, and other
immune cells in HCC.

Definition of TAMs in HCC

Mφ are one of the most significant components of the HCC
TME. The liver, as an immune-exempt organ, contains a significant
number of Mφ, including resident KCs and recruited Mφ
(MacParland et al., 2018; Mattos Â et al., 2022). Based on

protein expression, secreted cytokines, and function, TAMs are
typically divided into two subgroups (Zhou et al., 2022): classical
activated TAMs (M1-TAMs) and alternative activated TAMs (M2-
TAMs) (Lin et al., 2019). M1-TAMs are mainly present in the tumor
adjacent tissue, while M2-TAMs are mainly present in the liver
cancer tissue (Luo et al., 2017; Englinger et al., 2019). M1-TAMs
promote more inducible nitric oxide synthase (iNOS) and mainly
secrete interleukin (IL)-1β, tumor necrosis factor (TNF)-α, highly
expressed cluster of differentiation (CD)80, and CD86. M2-TAMs
decreased the protein expression of CD80 and CD86, while elevating
the expression of CD163, CD206, and arginase (Arg)-1. They also
secreted less TNF-α and IL-1β, but more transforming growth factor
(TGF)-β and IL-10 (Dong et al., 2016; Minami et al., 2018; Li et al.,
2021; Sen et al., 2022). Moreover, CD68 was identified as a reliable
marker for pan-Mφ or M1-TAMs (Minami et al., 2018).
Additionally, the M2-TAMs could be further classified into four
subsets (M2a, M2b, M2c, and M2d) based on the type of stimulus
(Yang et al., 2019). When stimulated with interferon-gamma (IFN-
γ) or IFN-γ integrated with lipopolysaccharide (LPS), Mφ become
classically activated Mφ or M1-TAMs. Unlike M1-TAMs, which are
polarized by proinflammatory stimuli, IL-4, IL-13, IL-10, and TGF-β
can induce Mφ polarization into M2-TAMs, also known as
alternatively activated Mφ. These Mφ highly express mannose
receptor (MR) and Arg-1, which are connected to anti-
inflammatory Th2 immunoreaction and can promote HCC
progression (Yang et al., 2018a). Both M1-TAMs and M2-TAMs
can be converted into each other in certain conditions and with
specific stimuli (Xiang et al., 2021). M1-TAMs appear to eliminate
HCC cells in the primary stages of tumorigenesis, but as tumor
progression advances, M1-TAMs are replaced by M2-TAMs (Yao et
al., 2018). Specifically, Mφ that infiltrate tumors tend to exhibit
M2 phenotypes that promote tumor growth, rather than
M1 phenotypes that have antitumor effects (Chen et al., 2018).
Currently, many studies have found that the phenotype and function
of TAMs are very complex, and it is limited to classify TAMs simply
as M1 and M2 phenotypes. Therefore, there are many studies to
distinguish different TAM subgroups through the special phenotype
expression of TAMs and to investigate the impact of different
subgroups on the progression of HCC. Intra-tumoral TAMs in
HCC are often characterized by low expression of CD169 and high
expression of CD204. Reversing this trend can improve patient
prognosis (Li et al., 2017). The pro-inflammatory response induced
by a high-fat diet leads to an increase in TNF-α+ Mφ infiltration,
promoting the early onset of HCC (de Oliveira et al., 2019).
Chemokine (CC motif) receptor (CCR)2+ monocytes and
triggering receptor expressed on myeloid cells (TREM) 2+ Mφ in
the TME can terminally differentiate to matrix metalloproteinase
(MMP)9+ TAMs to promote the progression of HCC by stimulating
the peroxisome proliferator-activated receptor (PPAR)γ signal (Lu
et al., 2022). Siglec-10hi TAMs have characteristics and functions
similar to M2-TAMs and can inhibit the function of CD8+ T cells
(Xiao et al., 2021). These phenotypic TAMs play an
immunosuppressive role in the TME of HCC. By contrast,
CD38hi Mφ in the TME can secrete more IFN-γ, which helps
CD8+ T cells to kill tumors (Ng et al., 2020). In addition,
forkhead box O1 (FOXO1) expressed in TAMs inhibits the
expression of IL-6 through the interferon regulatory factor (IRF)-
1/nitric oxide (NO) axis and ultimately suppresses the progression
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of HCC (Cui et al., 2023). Furthermore, loss of FOXO1 leads to a
decrease in major histocompatibility complex (MHC)-II expression,
which weakens the antigen-presenting ability of TAMs and hinders
the ability of immune cells to kill tumor cells. The hypoxic
microenvironment in HCC induces the downregulation of
FOXO1 expression in TAMs (Yang et al., 2018b). Typically, the
majority of TAMs within the TME display an immunosuppressive
type, and these TAMs promote immune suppression and facilitate
tumor progression (Allavena et al., 2008). To further elaborate,
TAMs refer to immunosuppressive Mφ in the HCC TME in a
narrow sense.

Origin of TAMs in HCC

TAMs originate from peripheral blood monocytes, M-MDSCs,
and KCs. Under normal conditions, Mφ can be distinguished from
peripheral monocytes in tissues. However, during inflammation and
cancer, peripheral monocytes derived from the bone marrow (BM)
were one of the principal sources of Mφ, particularly TAMs. Under
the stimulation of inflammatory and tumor signals, circulating
monocytes can mobilize and infiltrate in the TME, where they
transform into tissue Mφ (Shi and Pamer, 2011; Nowarski et al.,
2013). HCC produces extracellular vesicles (EVs) containing PKM2,
which induce phosphorylation of the signal transducer and activator
of transcription 3 (STAT3) in monocytes, promoting their
differentiation into TAMs (Hou et al., 2020). Chronic liver injury
is closely related to the infiltration of M2-TAMs derived from
monocytes (Delire et al., 2018). Most TAMs are derived from
CCR2 + monocytes in BM (Cheng et al., 2022). Monocytes are
attracted to the TME through the (CC motif) ligand 2 (CCL2)/
CCR2 axis, transformed into TAMs, polarized toward M2-TAMs,
and involved in the HCC progression (Sahin et al., 2010; Li et al.,
2017). CCR2+ myeloid cells are necessary for senescence
surveillance, and CCR2 ablation leads to HCC outgrowth (Eggert
et al., 2016). The TME causes the overexpression of dynamin-related
protein 1 (Drp1) in the HCC cells, which stimulates mitochondrial
fission and induces cytoplasmic mitochondrial DNA (mtDNA)
stress, activating the TLR9-mediated NF-κB signaling pathway
and promoting the nuclear translocation of phosphorylated P65,
thereby promoting the secretion of chemokine CCL2 (Bao et al.,
2019). Additionally, the expression level of APOBEC3B (A3B) is
upregulated in HCC cells, and A3B interacts with polycomb
repressive complex 2 (PRC2), leading to reduced occupancy of
H3K27me3 on the CCL2 promoter to recruit massive TAMs
(Wang et al., 2019). Meanwhile, the expression of CCL2 by
tumor cells is also regulated by Yes-associated protein (YAP)/
TEA domain family member 4 (TEAD4) dependence (Thomann
et al., 2021). Blocking CCL2/CCR2 and cysteine-X-cysteine motif
chemokine ligand (CXCL)1/CXCR2 can inhibit the infiltration
levels of Mφ and neutrophils in the TME (Tian et al., 2022).
Meanwhile, the high expression of hsa_circ_0003410 in HCC
induces the secretion of CCL5, activating and recruiting M2-
TAMs (Cao et al., 2022). The upregulation of MMP-21
expression in tumor cells promotes the secretion of CCL14,
which induces the recruitment of monocytes through binding to
CCR1 on these cells (Zhou et al., 2022). CSF1 is a chemotactic factor
for monocytes and can facilitate recruitment of monocytes and

polarization of Mφ to M2-TAMs (Zhu et al., 2019; Jiang et al., 2022).
The colony-stimulating factor 1 receptor (CSF-1R) is mainly
expressed by TAMs and monocyte-restricted cells (Jiang et al.,
2020). TAMs promote Mφ migration by upregulating the
expression of M-CSFR and CXCR4 through hypoxia inducible
factor (HIF)-2α mediation (Imtiyaz et al., 2010). Prostaglandin E
(PGE)2 secreted by TAMs stimulates the expression of UHRF1 in
tumor cells, which in turn induces the upregulation of
CSF1 expression (Zhang et al., 2022). IL-1β secreted by TAMs
induces the upregulation of solute carrier family 7 member 11
(SLC7A11) expression in HCC. SLC7A11 upregulation promotes
HIF-1α expression by reducing α-ketoglutarate (αKG) levels, which
in turn promotes the expression of programmed death ligand 1 (PD-
L1) and CSF1 in tumor cells (He et al., 2021). Circular RNA
(circRNA) CircASAP1 competes with tumor suppressor miRNAs
(miR-326 and miR-532-5p) that target CSF1, also promoting the
expression of CSF1 (Hu et al., 2020). The overexpression of
stanniocalcin-1 (STC1) in tumor cells inhibits the expression of
monocyte chemokine receptors chemokine CCR2, CCR4, and
colony-stimulating factor 1 receptor (CSF1R), thereby
suppressing the recruitment of monocytes to the TME (Leung
and Wong, 2020).

TAMs can also originate from myeloid-derived suppressor cells
(MDSCs), which also come from BM. MDSCs are composed of two
major groups: granulocytic or polymorphonuclear (PMN-MDSCs
and Ly6C− Ly6G+) and monocytic (M-MDSCs and Ly6C+ Ly6C−)
(Tcyganov et al., 2018). PMN-MDSCs share similar characteristics
with neutrophils, while M-MDSCs are more akin to monocytes
(Gabrilovich et al., 2012). In the context of tumor tissues, M-MDSCs
have the ability to quickly differentiate into TAMs and inflammatory
dendritic cells (DCs).

Although bone marrow-derived monocytes were previously
regarded as the only origin of TAMs, recent research studies
indicated that tissue-determined Mφ can infiltrate tumors and
transform into TAMs in specific tumors (Zhu et al., 2017; Conte,
2022). Liver-resident Mφ, like KCs (Matsuda and Seki, 2020), can
stem from erythro-myeloid progenitors (EMPs) in the embryonic
liver or the yolk sac, which express the Mφ CSF1R (Laviron and
Boissonnas, 2019; Cheng et al., 2022). These Mφ can self-renew, but
recent studies have shown their input from the bone marrow as well
(Gomez Perdiguero et al., 2015; Hoeffel et al., 2015; Scott et al.,
2016). As one of the subsets of TAMs, KCs can also facilitate the
progression of HCC while participating in anti-tumor immunity
(Yang et al., 2011). Signals from the local microenvironment
stimulate immunogenic KCs and induce their functional
differentiation. Danger signals in HCC can activate the
inflammatory regulation of KCs and promote drawing immune
cells to the liver. The production of CCL2 by tumor cells leads to the
absence of embryonic KCs in tissue and promotes the infiltration of
monocyte-derived KCs and immature monocytes (M0) (Thomann
et al., 2021; Vanderborght et al., 2023). Myeloid precursor cells are
recruited to infiltrate HCC, and the TME blocks its maturation
process. The loss of Shp2 expression in KCs results in apoptosis of
KCs and exacerbate the recruitment and differentiation of CCR2+

monocytes into TAMs, reshaping the immunosuppressive
microenvironment (Du et al., 2023). However, some studies
suggest that activated KCs also produce TNF-a, and IL-1,
inducing the expression of IL-8 in HCC cells and promoting Mφ
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recruitment (Thornton et al., 1991). Expressing neurotensin (NTS)
in tumor cells activates the mitogen-activated protein kinase
(MAPK)/nuclear factor (NF)-κB signaling pathway, inducing the
production of IL-8 (Xiao et al., 2018). In addition, the upregulation
of AlkB homolog 5 (ALKBH5) promotes the upregulation of
MAP3K8 expression in tumor cells, which induces the
phosphorylation of the c-Jun N-terminal kinase (JNK)/
extracellular signal-regulated kinase (ERK) pathway, resulting in
the upregulation of IL-8 expression. IL-8 promotes the recruitment
of PD-L1+TAMs and polarization of M2-TAMs (You et al., 2022).
TAMs originate not only from the recruitment of monocytes or
MDSCs but also from the proliferation of TAMs themselves residing
in the TME. Tumor cells stimulates TAMs to secrete granulocyte-
macrophage colony stimulating factor (GM-CSF), which induces the
upregulation of A2A receptor expression in TAMs. This process
synergistically stimulates the proliferation of TAMs in coordination
with small molecules of adenosine produced by tumor cells, leading
to increased infiltration of TAMs (Wang et al., 2021).

Cancer-associated fibroblasts (CAFs) express endosialin
(CD248/TEM1) and interact with CD68, inducing the
recruitment of Mφ. Meanwhile, this process induces
GAS6 expression in CAFs, promoting the polarization of TAMs
toward M2-TAMs (Yang et al., 2020). M2-TAMs secrete the
hepatocyte growth factor (HGF) to help recruiting Mφ, and
promote the infiltration of M2-TAMs (Dong et al., 2019).
Infiltrating monocytes in HCC stimulate the production of TNF-
α through the NF-κB signaling pathway, inducing the expression of
their own c-Met. When interacting with HGF, this enhances their
migration ability (Zhao et al., 2015). Autophagy inhibition in Mφ
induces self-recruitment through the activation of the CCL20/
CCR6 signaling pathway (Gao et al., 2023). However, in HCC
cells, interferon regulatory factor (IRF8) inhibits the transcription
of activator protein-1(AP1) signal (c-fos), resulting in a decrease in
the expression of CCL20 and the inhibition of TAMs recruitment,
thereby suppressing tumor progression (Wu et al., 2022). In M1-
TAMs, the extracellular matrix protein SPON2 activates RhoA/
Rac1-Hippo signaling through α4β1 integrin, leading to F-actin
reorganization. The upregulation of F-actin expression inhibits large
tumor suppressor kinase 1 (LATS1) phosphorylation and promotes
YAP nuclear translocation, promoting the recruitment of M1-TAMs
and inhibiting HCC progression. The specific mechanism by which
YAP affects Mφ migration remains unclear (Zhang et al., 2018).
However, the high expression of YAP in tumor cells induces an
increase in IL-6 secretion, which plays an opposite role in tumor
progression (Zhou et al., 2018). Hepatic stellate cells activated within
tumors exhibit high expression of fatty acid-binding protein 4
(FABP4), inducing NF-κB nuclear translocation and promoting
the secretion of IL-6 and IL-1A (Chiyonobu et al., 2018). By
activating the IL-6-IL6R/STAT3 signaling pathway in Mφ, IL-6
induces the recruitment of Mφ and polarization toward the
M2 phenotype (Guo et al., 2017; Yang and Xing, 2021). Hypoxia
leads to the expression of high-mobility group box 1 (HMGB1),
which induces the infiltration of TAMs and an increase in IL-6
expression through HIF-1α (Jiang et al., 2018). (Figure 1)

In the TME, tumor cells, KCs, TAMs with different phenotypes,
hepatic stellate cells, and CAFs can produce multiple cytokines that
promote the generation of TAMs. These chemokines play a
significant role in recruiting and infiltrating macrophages into

tumor tissues. The recruitment and chemotaxis of TAMs play a
promoting part not only in liver cancer (Shieh et al., 2009) but also in
many malignant tumors. How to inhibit the recruitment and
chemotaxis of Mφ has gradually become one of the hotspots in
the therapy of HCC.

TME affects the polarization of TAMs

The tumor immune microenvironment contains cytokines and
extracellular vesicles secreted by tumor cells, which can induce the
polarization of TAMs. The polarization of TAMs is also related to
the transport of zinc and ferritin, as well as the metabolism of
carbohydrates and lipids. As liver cancer advances, pro-tumorigenic
factors stimulate tissue-resident Mφ, leading to a phenotypic shift
and the development of TAMs (Cheng et al., 2022). In HCC, IL-37 is
highly expressed in M1-TAMs and lowly expressed in M2-TAMs.
IL-37 promotes the polarization of M2-TAMs toward M1-TAMs in
HCC by inhibiting IL-6/STAT3 signaling in TAMs (Zhang et al.,
2020a). The high expression of B7 homolog 3 (B7-H3) in HCC
polarizes TAMs toward the M2 direction by the activation of
STAT6 signaling (Kang et al., 2015). The Wnt ligand produced
by tumor cells activates theWnt/β-catenin signaling pathway inMφ,
promoting the nuclear translocation of β-catenin and
transcriptional upregulation of C-MYC, inducing M2-
TAMs polarization (Yang et al., 2018). In HCC cells, the lncRNA
LINC00662 can competitively bind to miR-15a, miR-16, and miR-
107, upregulating WNT3A secretion (Tian et al., 2020). Tumor cells
secrete EVs containing miR4458H, which induces the upregulation
of Arg1 expression in TAMs, promotingM2-TAMs polarization (Ye
et al., 2023). Receptor-interacting protein 140 (RIP140) is
overexpressed in TAMs, which inhibits the alternative activation
of Mφ and has an inhibitory effect on the progression of HCC by
suppressing the NF-κB/IL-6 axis (Hu et al., 2017). IL-17+ cells
induce epithelial cells to secrete CXCL9, CXCL10, and CXCL11,
recruiting CXCR3+B cells and promoting their maturation.
CXCR3+B cells polarize M2b through IgG signaling (Liu et al.,
2015). TREM1 is highly expressed in M2 TAMs. The
downregulation of TREM1 expression reverses M2-TAMs into
M1-TAMs by inhibiting the PI3K/AKT/mTOR signaling pathway
(Chen et al., 2021). HCC produces HMGB1, which activates the
Toll-like receptor 2 (TLR2)/NADPH oxidase 2 (NOX2)/autophagic
axis in TAMs. NOX2 induces reactive oxygen species (ROS)
production, which induces autophagy. The autophagic process
degrades NF-κB p65 through the p62/SQSYM1 signaling
pathway, inhibiting the secretion of IL-12 (which has anti-tumor
effects) and promoting polarization of Mφ toward the
M2 phenotype. Meanwhile, TLR2 mediates the phosphorylation
and activation of ERK1/2, promoting the degradation process of NF-
κB p65 and synergistically promoting the polarization of TAMs
toward the M2 direction (Chang et al., 2013; Shiau et al., 2020). The
expression loss of liver cell zinc finger protein Miz1 activates the NF-
κB signaling pathway, promoting Mφ polarization toward the pro-
inflammatory phenotype and promoting the progression of HCC
(Zhang et al., 2021). Zinc/iron-regulated transporter-like protein
(Zip) 9, which is associated with zinc uptake, is highly expressed in
M2-TAMs of HCC and promotes M2 polarization by activating the
STAT6 signaling pathway, while inhibiting M1 polarization by
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inhibiting IκBα/β signaling (Gou et al., 2022). The ferrous iron
content in M1-TAMs is higher than in M2-TAMs. The high
expression of transferrin in HCC cells leads to insufficient iron
uptake by TAMs, which promotes the polarization of M2-TAMs
through the upregulation of HIF-1α (Sun et al., 2021). (Figure 2)

Abnormalities in glucose and lipid metabolism in HCC affect the
function and polarization of TAMs, accelerating tumor progression.
In HCC, aerobic glycolysis promotes the activation of M1-TAMs, but
the hypoxic microenvironment and insufficient glucose in the tumor
lead to an increase in fatty acid oxidation (FAO) and a decrease in
aerobic glycolysis. This promotes the expression of ROS in TAMs and
induces TAMs to transform into an M2 phenotype through nuclear
factor (erythroid-derived 2)-like 2 (Nrf2) mediation (Feng et al.,
2018). The hypoxic microenvironment of HCC leads to abnormal
glucose metabolism in tumor cells, with an increase in anaerobic
glycolysis and lactate secretion. However, even in the presence of
sufficient oxygen, tumor cells preferentially undergo anaerobic
glycolysis, exhibiting the Warburg effect. The overexpression of
pH-regulating molecule V-ATPase in M2-TAMs induces hypoxic
and acidic metabolism, reshaping the immunosuppressive
microenvironment (Kuchuk et al., 2018). The expression of
receptor-interacting protein kinase 3 (RIPK3) in HCC is closely

related to glucose and lipid metabolism. The downregulation of
RIPK3 activates the PPAR signaling pathway to promote fatty acid
metabolism and FAO, inducing M2 polarization, which depends on
the mediation of ROS-caspase1 (Wu et al., 2020). The downregulation
of sirtuin (SIRT)5 expression in liver cancer induces the production of
bile acids (BAs) (Sun et al., 2022). Abnormal BAs metabolism induces
M2-TAMs polarization, and the excessive production of BAs reshapes
the immunosuppressivemicroenvironment. On the contrary, (SIRT)1
promotes the polarization of Mφ toward the M1 direction, inhibiting
the progression of HCC (Zhou et al., 2019). Therefore, targeting these
processes and signaling pathways can alter the polarization process of
TAMs in the TME and reverse the immune-suppressive
microenvironment.

TAMs impact the malignant biological
behaviors of HCC

Many studies have indicated that Mφ infiltrating HCC affect the
progression of the disease by secreting cytokines, chemokines, and
matrix metalloproteases and releasing EVs containing non-coding
RNA that have an impact on HCC cells, including proliferation,

FIGURE 1
Recruitment of peripheral blood monocytes in HCC. Tumor cells secrete cytokines or chemokines such as CCL2, CXCL1, CCL14, CCL20, and CSF1,
which recruit monocytes into the TME via the CCL2/CCR2, CXCL1/CXCR2, CCL14/CCR1, and CSF1/CSF-1R axes. The apoptosis of KCs promotes the
recruitment of monocytes through the CCL2/CCR2 axis. IL-1, and TNF-α secreted by KCs act on HCC cells, promoting the secretion of IL-8 and, thus,
recruiting monocytes. IL-1β secreted by TAMs can promote HCC cells to secrete CSF1. HGF secreted by TAMs is closely related to monocyte
recruitment in HCC cells. At the same time, TAMs can also secrete CCL20 to achieve self-recruitment.
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apoptosis, angiogenesis, cancer stem cell properties, invasion and
migration abilities, liver fibrosis progression, and the immune
microenvironment. Proteins, lipids, and RNAs are contained in
exosomes, which mediate intercellular communication between
different cell types, thus affecting the progression of cancer
(Colombo et al., 2014). There have been reports that
demonstrated that some signaling pathway-mediated crosstalk
between Mφ and HCC cells cause M2-TAM polarization, leading
to HCC growth, migration and metastasis, such as IL-6/STAT3,
Wnt/β-catenin, and NF-κB (Mano et al., 2013; Yan et al., 2015; Yang
et al., 2018).

TAMs could affect the level of cancer stem
cells in HCC

The transformation of HCC cells into stem-cell like entities
is facilitated by alterations in the TME. Consequently, HCC cells
can acquire characteristics including self-renewal,

differentiative capacity, and rejection of treatment, which are
the stemness of cancerous cells (DeLuca and Saleh, 2023). The
multiplication of HCC cells is corresponding to the cancer stem
cells (CSCs). Patients with high stemness scores presented a
higher infiltration level of TAMs, implying the presence of an
immunosuppressive microenvironment (Zhang et al., 2022).
Furthermore, CSCs high-risk patients with CD133 as a
marker may exhibit immune liver homeostasis disorder (Yu
et al., 2020). In addition, there is a positive interrelation
between the infiltration of CD68+ TAMs and the number of
OV6+ CSCs or EpCAM+ CSCs in HCC (Yao et al., 2016). The
infiltration of these three types of cells is related to inferior
overall survival (OS) and progression-free survival (PFS) of
individuals with HCC (Fan et al., 2014; Wang et al., 2022).
M2-TAMs could secrete CXCL1 and CXCL2 as potential
paracrine factors. In addition to their CSCs properties,
CXCL1 and CXCL2 were found to stimulate the transcription
of BCL-2 while suppressing the transcription of BAD and BAX.
BCL-2 is an optimistic target for eliminating CSCs in HCC

FIGURE 2
Polarization of TAMs in HCC. The local cytokine environment can determine the polarization of macrophages. Based on protein expression,
secreted cytokines, and function, TAMs are typically divided into two subgroups: classical activated TAMs (M1-TAMs) and alternative activated TAMs (M2-
TAMs). HCC cells secrete Wnt3A ligands and extracellular vesicles containing miR4458H, which can induce the polarization of Mφ toward M2-TAMs. IL-
17+ cells stimulate hepatocytes to secrete CXCL9, CXCL10, and CXCL11, promoting the recruitment of CXCR3+B cells and inducing the polarization
of Mφ towards M2-TAMs through the IgG pathway. IL-12, which has anti-tumor effects, reduces secretion and indirectly promotes the polarization of Mφ
toward M2-TAMs. Conversely, when stimulated with IFN-γ, or IFN-γ integrated with LPS, Mφ become classically activated Mφ, or M1-TAMs. Additionally,
in the TME, IL-37 can induce M2-TAMs to reverse into M1-TAMs.

Frontiers in Pharmacology frontiersin.org06

Yuan et al. 10.3389/fphar.2023.1217400

432

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1217400


(Wang et al., 2022). The targeting of CD90 by miR-125a/b was
found to have a central impact on HCC CSCs. TAMs exosomes
with reduced ranks of miR-125a and miR-125b facilitate HCC
cell multiplication and stemness (Wang et al., 2019). It was
observed that CD163+ TAMs expressed arachidonic acid 5-
lipoxygenase (5-LOX) and generated LTB4 and LTC/D/E4 in
a mouse model of HCC. These molecules were found to facilitate
oncogenesis and CSCs properties by activating the
phosphorylation of ERK1/2 and CSCs-associated genes
(Nosaka et al., 2023). In vitro research studies have confirmed
that CD44+ cells derived from both HCC specimens and cell
lines exhibit CSCs actions. Furthermore, the secretion of IL-6 by
TAMs were found to facilitate the expansion of CSCs in HCC
and boost the migration process (Mano et al., 2013; Wan et al.,
2014). It is indicated that IL-6 produced by cocultured Mφ
activated STAT3 signaling of Hep1-6 cells induced the
invasion of HCC cells in the hypoxic environment (Jiang
et al., 2018). TAMs can secrete S100 calcium-binding protein
A9 (S100A9) to induce the pro-inflammatory milieu in HCC.
This upregulation occurs in a Ca2+-dependent manner and
activates the NF-κB pathway via the advanced glycosylation
end product-specific receptor (AGER). This activation
enhances the stemness of HepG2 and MHCC-97H cells (Wei
et al., 2021). Therefore, TAMs promote their M2 polarization
and proliferation by expressing relevant proteins through
paracrine cytokines and EVs.

CSCs existing in HCC are closely bound to enhanced invasion
and migration, which contributes to the aggressive nature of this
cancer, besides unrestrained cell replication in cancer. The
releasement of TNF-α by M2-TAMs has been shown to facilitate
EMT and CSCs via the Wnt/β-catenin signaling (Chen et al., 2019).
Additionally, M2-TAMs secrete CCL17 to enhance the stemness
and epithelial–mesenchymal transition (EMT), as well as TGF-β1
and Wnt/β-catenin signaling transduction of HCC cells (Zhu et al.,
2016). In addition to cytokines, EVs from M2-TAMs could also
affect the CSCs-like characteristics and invasive migration ability of
HCC cells (Liang et al., 2016; Cheng et al., 2022). The miR-17-
92 cluster, deriving from EVs of M2-TAMs, was observed to disrupt
balance in the TGF-β1/bone morphogenetic protein (BMP)-
7 signaling in cancerous cells. This was achieved by inhibiting
the post-translational ubiquitylation of activin A receptor type 1
(ACVR1) and inducing the post-transcriptional silencing of TGF-β
type II receptor (TGFBR2) through the targeting of Smad
ubiquitylation regulatory factor 1 (Smurf1). Creating a
disturbance in the TGF-β1/BMP-7 pathways can effectively
enhance the incursion and CSCs properties of malignant cells by
upregulating the inhibitor of differentiation 1 (ID1) expression
(Ning et al., 2021). Specifically, TAMs facilitate the development
of CSC-like characteristics through TGF-β1-induced EMT, and they
could potentially aid in the study of HCC prognosis (Fan et al.,
2014). Targeting CSCs may, therefore, be a promising strategy for
preventing HCC metastasis and improving patient outcomes.

TAMs affect the proliferation of HCC cells

Long non-coding RNAs (lncRNAs) are a type of RNA that
exceed 200 bases in length (Han et al., 2019). TAMs secrete

exosomes containing M2 Mφ polarization associated lncRNA
(lncMMPA). In HCC cells, lncMMPA has been found to interact
with miR-548s, increasing the mRNA level of ALDH1A3, and
induce cell glycolysis and proliferation (Xu et al., 2022). HBeAg,
an antigen associated with HBV, resulted in an increased level of
lncRNA MAPKAPK5_AS1 (MAAS) of M2-TAMs via boosting the
N6-methyladenosine adjustment of MAAS through the action of
methyltransferase-like 3. M2 macrophage-derived exosomes
containing MAAS facilitated the stimulation of cyclin-dependent
kinase 4 (CDK4), CDK6, and S-phase kinase-associated protein
2 transcription that were induced by the MYC proto-oncogene
(c-Myc), via sustaining the c-Myc protein, leading to the facilitation
of G1/S transition. The multiplication of HBV-positive HCC cells
was attributed to this phenomenon (Tao et al., 2022). The levels of
exosomes containing microRNA (miR)-375 derived from TAMs
subjected to IL-2 (ExoIL2−TAM) were higher than those TAMs not
subjected to IL-2 (ExoTAM). These exosomes could decrease HCC
cells multiplication and metastasis and facilitate apoptosis both in
vivo and in vitro (Chen et al., 2022).

Promoting M1-TAMs polarization increased propensity for cell
killing and phagocytosis (Lujambio et al., 2013). Nonetheless, a
single investigation revealed that M1-TAMs augmented the NF-κB
p-p65/p65 ratio in HCC cells, thereby facilitating the nuclear
translocation of p65. This, in turn, led to an elevated amount of
malignant liver cells in the phases of the cell cycle known as S and
G2/M, as well as the upregulation of CDK1, CDK2, and cyclin
D1 expression. These studies indicated that M1-TAMs increased
tumor cell proliferation. It is noteworthy that inhibiting the nuclear
translocation of p65 brought on the reversal of alterations in the cell
cycle, anti-apoptotic capacity, and protein expression induced by
M1-TAMs of HCC (Sharen et al., 2022).

The M2-TAMs overexpressed IL-17 in HCC, particularly upon
oxaliplatin treatment. Activation of the IL-17 receptor and
lysosome-associated membrane protein 2A is crucial for
chaperone-mediated autophagy induction by IL-17 in HCC cells.
This, in turn, hinders apoptotic processes in response to oxaliplatin
treatment (Guo et al., 2017). A significant increase in T cell
immunoglobulin and mucin-domain containing protein-3 (Tim-
3) expression was observed in TAMs of HCC patients. By activating
NF-κB in Mφ, Tim-3 promotes IL-6 releasing, and the
multiplication of liver cancer cells is, therefore, enhanced.
However, receptor interacting protein 140 (RIP140), which is
expressed in TAMs, exerts the opposite effect (Yan et al., 2015;
Hu et al., 2017). STAT3 phosphorylation promoted cell proliferation
and migration after IL-6 stimulation (Mano et al., 2013).
Additionally, the progression of tumors in relation to alcohol
consumption has been linked to a crucial mechanism involving
IL6-STAT3 signaling (Zhao et al., 2019). The production of
CXCL8 by TAMs resulted in an increase in the miR-17 cluster,
comprising miR-18a and miR-19a. These two miRNAs were
observed to stimulate tumor metastasis and cell proliferation in
HCC and were related to elevated metastasis and prolonged survival
in HCC patients during clinical investigations (Yin et al., 2017).
According to a research study, the creation of insulin-like growth
factor-1 (IGF-1) by M2-TAMs could boost the expansion and
spread of HCC cells (Sprinzl et al., 2015).

Dectin-3, a C-type lectin receptor (CLR), is responsible for
inducing the apoptosis of tumor cells and inhibiting their
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proliferation by regulating the glycolysis of Mφ. Mφ deficient in
Dectin-3 were found to significantly facilitate the proliferation of
H22 cells and suppress their apoptosis (Qu et al., 2022). Releasing
complement C1q from Mφ present in the inflammatory milieu was
regarded as an unorthodox mechanism for activating the β-catenin
pathway in periportal hepatic progenitor cells, which results in the
enlargement and de-differentiation (Ho et al., 2020). The finding
highlights the function of Mφ in triggering the pathway activation in
the hepatic progenitor cells. TAMs induce proliferation of HCC cells
through these mechanisms. Targeting these pathways or inhibiting
the secretion of TAMs cytokines and exosomes is an effective way to
suppress the proliferation of HCC cells.

TAMs have the potential to influence
invasion, migration, and angiogenesis
in HCC

EMT is responsible for inducing a temporary and reversible loss
of differentiation in epithelial cells, leading to the development of a
mesenchymal-like or mesenchymal phenotype (Giannelli et al.,
2016). This allows them to detach from the original tumor and
migrate to distant locations, leading to metastasis. Activated Mφ
promotes the invasion, migration, and angiogenesis of HCC (Wu
and Zheng, 2012). There are multiple signaling pathways that
regulate EMT, like TGF-β and Wnt/β-catenin, and entail the
activation of transcriptional regulators, namely, Snail, Slug, and
Twist. Low expression of CD86+, overexpression of CD206+, and
oncoprotein-induced transcript 3 (OIT3) in TAMs are significantly
associated with tumor invasion abilities such as multifocal tumors
and late-stage tumor lymph node metastasis (TNM) (Jiang et al.,
2021; Yang et al., 2022). M2-TAMs can facilitate the process of EMT
and proliferation in liver cancer (Li et al., 2018b; Xiao et al., 2018;
Jiang et al., 2021), while M1-TAMs act opposite to the action of M2-
TAMs (Zhang et al., 2020; Chen et al., 2021). Of note, CD68+ human
leukocyte antigen (HLA)-DR+ M1-TAMs promoted carcinoma cell
movement through the activation of NF-κB/focal adhesion kinase
(FAK) signaling (Wang et al., 2014). During the polarization process
of U937 Mφ from the M2-TAM to M1-TAM type, lnc-Ma301 was
found to be overexpressed. This overexpression led to an interaction
between lnc-Ma301 and caprin-1 and then ultimately inhibited the
metastasis of HCC and EMT through the AKT/ERK1 signaling (Luo
et al., 2021). M2-TAM leads to a significant increase in expressing
the mesenchymal-associated markers N-cadherin and vimentin of
malignant liver cells, along with Snail, Twist, and ZEB1. At the same
time, it decreases the ratio of E-cadherin/N-cadherin in cancerous
cells (Zhu et al., 2015; Li et al., 2019; Jiang et al., 2021). Carbonic
anhydrase XII (CA12) expressed in TAMs stimulates the production
of significant quantities of CCL8, which promoted cancer cell EMT
(Ning et al., 2022). Additionally, M2-TAMs promote the process of
EMT through paracrine releasing vascular endothelial growth factor
(VEGF), IL-10, and CCL18 (Wang et al., 2017; Li et al., 2018c; Feng
et al., 2018). The TGF-β1 secreted by TAMs initiated activate Gli2/
IGF-II/ERK1/2 pathway in HCC cells (Liu et al., 2020). In addition,
TGF-β1 inhibiting HCC miR-28-5p expression could be a vicious
cycle (Zhou et al., 2016). The aforementioned signals were
demonstrated to stimulate the multiplication, invasiveness, and
migratory potential of HCC cells. M2-TAMs facilitated the

attaching Smad2/3 to the miR-362-3p promoter, bringing about
an upregulation of miR-362-3p, which was attributed to the release
of TGF-β. The maintenance of EMT was regulated by miR-362-3p
through the modulation of CD82, a significant member of the
tetraspanin family (Zhang et al., 2019). M2-TAMs have been
shown to release IL-1β, which stimulates the production of HIF-
1α in cancerous cells through cyclooxygenase-2 (COX-2) (Zhang
et al., 2018; Zhang et al., 2018; Gao et al., 2023). Additionally, IL-1
was shown to facilitate EMT in HCC cells via activating the IL-1R1/
IκB/IKK/NF-κB pathway (Wang et al., 2020; Meng et al., 2022).
Inflammatory cytokines secreted by activated macrophages can
cause a reduction of E-cadherin expression in HCC. This is
achieved through activating NF-κB/Slug signaling and
destabilizing the E-cadherin/β-catenin complex. The instability of
the E-cadherin/β-catenin complex was caused by phosphorylating
β-catenin and E-cadherin with tyrosine kinases c-Src and EGFR (Lin
et al., 2006; Wang et al., 2014). TAMs secreted CXCL12 to bind with
CXCR4 of HCC cells, activating the ERK and AKT pathways,
promoting HCC proliferation and metastasis (Song et al., 2021).
Activated macrophages, known as TAMs, can trigger the EMT of
HCC cells. This process is mediated by the JAK2/STAT3/Snail
pathway, which is activated by the inflammatory cytokine IL-8
(Fu et al., 2015). The diminishment in the G protein-coupled
receptor kinase 2 (GRK2) expression of M2-polarized
macrophages, which are stimulated by β2-adrenoceptors (β2-
ARs), induces the activation of the cyclic adenosine
monophosphate (cAMP)/protein kinase A/cAMP response
element binding protein and cAMP/IL-6/STAT3 signaling
pathways. This decrease in GRK2 expression contributes to the
release of associated cytokines, such as VEGF, MMP-9, and IL-6.
Ultimately, this leads to the enhancement of malignant biological
activity in cancer cells (Wu et al., 2019). MiR-15b expression was
upregulated in M2-TAMs and transferred to HCC cells through
EVs. This transfer of miR-15b in EVs suppressed the activation of
the Hippo pathway through LATS1. LATS1-mediated
ubiquitination and degradation of YAP1 were suppressed. The
displacement of YAP1 to the nucleus stimulates the upregulation
of oncogenes, leading to increased multiplication, invasion, and
propagation of neoplastic liver cells (Li et al., 2021). The interplay
between TAMs and EMT is intricate and can facilitate the
advancement and metastasis of cancer. Targeting these processes
can be a hopeful approach for cancer treatment.

In well-differentiated HCC, there exists a correspondence
between the number of TAMs and tumor blood vessels (Fujita
et al., 2014; Wang et al., 2020). TAMs are linked to the
promotion of neovascularization, and the count of tumor
micro-vessels (MVs) is related to carcinoma invasion and
metastasis (Peng et al., 2005). One mechanism is the
production of MMP-9 by TAMs, which contributes to tumor
angiogenesis, extracellular matrix (ECM) remodeling, and
cancer cell invasion through the ECM, ultimately promoting
cancer cell metastasis (Wu et al., 2019; Wang et al., 2020). VEGF
is generally regarded as one of the most significant angiogenic
factors released by Mφ (Zhou et al., 2017). Abnormal
angiogenesis was linked to the activation of platelets by
tissue factor (TF) secreted by invading Mφ and endothelial
cells. Tumoral angiogenesis is significantly influenced by HIF-
1α, VEGF, and TF (Dupuy et al., 2003; Zang et al., 2018). In
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tumor tissues, the presence of M-CSF, also known as CSF1,
promotes carcinoma growth and angiogenesis by a paracrine
effect on the CSF1R (Awasthi et al., 2023). The absence of
functional polarization, as indicated by the M0 signature and
the heightened presence of CCL2 receptors such as CCR2 and
CX3CR1, as well as pro-angiogenic factors, were observed. The
M0 signature was found to be linked with adverse clinical
results, while the expression of CCL2 was linked to YAP and
the formation of vascular networks (Thomann et al., 2021). The
promotion of TAMs on EMT and angiogenesis are all important
processes in carcinoma growth and metastasis, and
understanding the interactions between these processes may
lead to the emergence of novel cancer treatments.

TAMs possess the capability to impact
hepatic fibrosis in HCC

Hepatic stellate cells are responsible for hepatic fibrosis by depositing
extracellular matrix proteins. These cells are activated, in part, by TAMs.
Exacerbation of liver fibrotic changes, as well as induction of neighboring
epithelial cells transformed intoHCC, occurs when the aging response in
hepatic stellate cells, which relies on p53, is eliminated (Lujambio et al.,
2013). Long-term alcohol abuse facilitates the TAMs infiltration inHCC,
exacerbating inflammation, fibrosis, and EMT in the disease process of
HCC (Yan et al., 2017). In vitro experiments have demonstrated that
glucagon-like peptide-1 (GLP-1) can suppress the proinflammatory
characteristics of Mφ (Kawakubo et al., 2020). M2-TAMs engage in
the procedure of hepatic fibrosis in HCC advancement and aremanaged
via the PI3K-AKT-mTOR signaling (Zhang et al., 2022). Activation of
the Notch signaling pathway in Mφ promotes hepatic fibrosis by
upregulating NF-κB via cylindromatosis (CYLD) (He et al., 2015). In
TAMs with autophagy defects, mitochondrial ROS enhances the NF-κB
signaling and increases the releasement of IL-1α/β. NOX enzymes were
the principal source of ROS. NOX1 and secretion of IL-1α/β and TNF-α
facilitated the advancement of hepatic fibrosis and inflammation
(Amano et al., 2017; Sun et al., 2017; Vandierendonck et al., 2021).
Targeting the phenotype of TAMs and the cytokines they secrete is the
key to blocking the progression of the fibrotic liver into HCC (Table 1).

Interplay between TAMs and other immune
cells reshapes the immune
microenvironment in HCC

The TME contains various immune cells, such as TAMs, T cells,
B cells, and NK cells, whose secretion of cytokines leads to cellular
interactions and ultimately reshapes the immune
microenvironment, affecting the progression of the tumor. The
TME often experiences hypoxia, a common phenomenon in
various cancer types. This hypoxia can negatively impact
cytotoxic T cells’ actions and promote recruiting regulatory
T cells (Tregs), ultimately inducing a reduction in the tumor’s
immunogenicity (Wu et al., 2022). In hypoxic tumor
microenvironments, Tregs can impair the function of cytotoxic
T cells. This is due to the induction of TREM1 in TAMs by HIF-
1α under hypoxic conditions. The increase in TREM1 activates the
ERK/NF-κB pathway as a reaction to oxygen starvation and cancer-

specific metabolites, resulting in the increased expression of CCL20.
This leads to the accumulation of CCR6+Foxp3+ Tregs (Wu et al.,
2019). CD69+ T cells could trigger TAMs to produce indoleamine
2,3-dioxygenase (IDO), while TAMs can secrete IL-12 to activate
T cells. Furthermore, IL-12 can also enhance the expression of IDO,
which subsequently brings about Tregs expansion and the
suppression of T cells’ reactions and proliferation (Zhao et al.,
2012; Ye et al., 2016). The presence of CD74+ Mφ in HCC was
discovered to have a correlation with more CD8+ cytotoxic T
lymphocyte (CTL) infiltration, which displayed improved effector
capabilities (Xiao et al., 2022). CD169+ Mφ were observed to
significantly augment the multiplication, cytotoxic potential, and
cell secretory product generation of CD8+ T cells in a manner relying
on CD169. The downregulation of CD169 expression in these cells is
linked to autocrine TGF-β secretion. This is opposite to the survival
prognosis tendency of the entire amount of CD68+ macrophages
(Zhang et al., 2016). In non-responders, the TME is typical to the
close proximity of CD8+ T cells and Arg1hi TAMs, rather than CD4+

T cells (Mi et al., 2022). M2-TAMs suppress the activity of NK cells
(Xu et al., 2021).

As a type of co-inhibitory molecule, PD-L1 can bind to the
programmed death-1 (PD-1) receptor on the surface of T cells to
regulate immune responses and inhibit immune cells from killing
tumor cells, and is closely related to T-cell exhaustion and tumor
immune evasion. PD-L1 can be expressed in tumor cells, TAMs, and
vascular endothelial cells, but PD-L1 expression was predominantly
witnessed on CD68+ TAMs rather than HCC cells in the TME.
Additionally, high expression of PD-L1 was detected on TREM-1+

TAMs (Wu et al., 2019; Park et al., 2021). Abnormal levels of
cytokines such as HGF, VEGF, TNF-α, and IL-6 are often detected in
the serum of HCC patients and are closely related to liver cancer
prognosis. Among them, elevated levels of IL-6 in serum lead to the
downregulation of protein tyrosine phosphatase receptor O
(PTPRO) expression in monocytes and Mφ. A depletion of
PTPRO mediates high expression of PD-L1 in monocytes and
Mφ through the JAK2/STAT1 and JAK2/STAT3/C-MYC
pathways (Zhang et al., 2020). Changes in the expression of
enzymes related to abnormal glycolipid metabolism can also
affect the expression of PD-L1 in TAMs. The overexpression of
key glycolytic enzyme PFKFB3 in themonocytes of the TME induces
high expression of PD-L1 through mediation of the NF-κB signaling
pathway (Chen et al., 2019). Monocytes upregulate IL-10 secretion
through the expression of lipid-binding protein FABP5 and
inhibition of the PPARα pathway, and IL-10 can promote the
expression of PD-L1 in Tregs and TAMs (Liu et al., 2022),
ultimately resulting in immunosuppression. Abnormal
metabolism of tumor cells can lead to increased secretion of IgA.
Stimulation of IgA signaling induces M2 polarization and
upregulates PD-L1 expression through YAP, leading to reduced
CD8+ T-cell infiltration (Sung et al., 2022). Upregulating PD-L1 in
TAMs was also found to be mediated by STAT3, which is induced by
tumor-derived Sonic hedgehog (Shh) signaling (Petty et al., 2021).
Tumor cells activate the hedgehog (Hh) signaling pathway to
suppress Mφ to produce CXCL10 and CXCL9 (Petty et al.,
2019). CXCL10 secreted by Mφ attaches to CXC motif
chemokine receptor (CXCR)3 on B cells, causing them to
differentiate into IgG-producing plasma cells. IgG stimulates Fc
receptors onMφ, which in turn release cell secretory product like IL-
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TABLE 1 Mechanisms of TAMs influencing the progression of HCC. (↑ means promoting the process to promote HCC progression, and ↓ means inhibiting HCC
progression by inhibiting the process.)

Effect on HCC progression Mechanisms in TAMs Mechanisms in carcinoma cells

Cancerous cell stemness↑ Secretion of CXCL1 and CXCL2 Upregulation of the expression of BCL-2 and downregulation of BAX and BAD

Cancerous cell stemness and proliferation↑ Expression of 5-LOX, production of LTB
and LTC/D/E

Activation of ERK1/2

Cancerous cell stemness, proliferation,
migration, and invasion↑

Secretion of IL-6 Activation of STAT3

Cancerous cell stemness↑ Secretion of S100A9 Activation of NF-κB

Cancerous cell stemness, migration, and
invasion↑

Secretion of TNF-α Activation of Wnt/β-catenin

Cancerous cell stemness, migration, and
invasion↑

Secretion of CCL17 Activation of TGF-β1 and Wnt/β-catenin

Cancerous cell stemness, migration, and
invasion↑

Secretion of exosome contained miR-
17-92

Targeting Smurf1to break the balance of TGF-β1/BMP-7

Cancerous cell proliferation↑ Secretion of exosome contained MAAS Stability of c-MYC, transcriptional activation of CDK4, CDK6, and S-phase kinase
associated protein 2, and facilitation of G1/S transition

Cancerous cell proliferation ↑or↓ - Upregulation of the NF-κB p-p65/p65 ratio and the expression of CDK1, CDK2,
cyclin D1, or inhibition of nuclear translocation of P65

Cancerous cell proliferation↑ Secretion of IL-17 Activation of IL-17R and lysosome-associated membrane protein 2A

Cancerous cell proliferation, migration, and
invasion↑

CXCL8 Upregulation of the miR-17 cluster (miR-18a and miR-19a)

Cancerous cell proliferation↑ IGF-1 -

Cancerous cell proliferation↑ Dectin-3 regulating the glycolysis of
macrophages

-

Cancerous cell proliferation↑ Secretion of complement C1q Activation of Wnt/β-catenin

Cancerous cell motility↑ - Activation of NF-κB/FAK

Cancerous cell invasiveness and migratory
potential↓

Overexpression of lnc-Ma301 Inhibition of AKT/ERK1

Cancerous cell invasiveness and migratory
potential↑

High expression of CA12 and secretion
of CCL8

Activation of EMT

Cancerous cell invasiveness and migratory
potential↑

Secretion of VEGF, IL-10, and CCL18 Activation of EMT

Cancerous cell invasiveness and migratory
potential↑

Upregulation of the expression of
TGF-β1

Activation of the Gli2/IGF-II/ERK1/2 pathway

Cancerous cell proliferation, invasiveness, and
migratory potential↑

Secretion of TGF-β1 Inhibition the miR-28-5p expression

Cancerous cell invasiveness and migratory
potential↑

Secretion of TGF-β High expression of miR-362-3p maintained EMT

Cancerous cell invasiveness and migratory
potential↑

Secretion of IL-1β Upregulation of HIF-1α facilitated EMT

Cancerous cell invasiveness and migratory
potential↑

Secretion of IL-1 Stimulation of IL-1R1/IκB/IKK/NF-κB facilitated EMT

Cancerous cell invasiveness and migratory
potential↑

Secretion of inflammatory cytokines Activation of NF-κB/Slug and destabilization of the E-cadherin/β-catenin
complex

Cancerous cell proliferation and migratory
potential↑

Secretion of CXCL12 Activation of ERK and AKT

Cancerous cell proliferation and tumor
angiogenesis↑

Secretion of CSF1 Activation of CSF1/CSF-1R

Cancerous cell proliferation, invasiveness, and
migratory potential↑

Secretion of EVs contained miR-15b Inhibition of the Hippo pathway by targeting LATS1

Tumor angiogenesis↑ Secretion of MMP-9 Remodeling ECM

(Continued on following page)
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10, IL-6, and CCL20, causing a diminish in the recruitment and
response of antineoplastic CD8+ effector cells (Wei et al., 2019). The
secretion of CXCL9 by TREM2+ TAMs was reduced, while Galectin-
1 (Gal-1) secretion was increased. This resulted in PD-L1 highly
expressing in vascular endothelial cells, which impeded the

recruiting and infiltration of CD8+ T cells into the TME (Tan
et al., 2023). The high levels of DNA damage in HCC cells
activate the cyclic GMP–AMP synthase (cGAS)–stimulator of
interferon genes (STING) signaling, leading to PD-L1 expression
in M1-TAMs through the STING-IRF3-STAT1 pathway. This

TABLE 1 (Continued) Mechanisms of TAMs influencing the progression of HCC. (↑ means promoting the process to promote HCC progression, and ↓ means
inhibiting HCC progression by inhibiting the process.)

Effect on HCC progression Mechanisms in TAMs Mechanisms in carcinoma cells

Tumor angiogenesis↑ Secretion of CCL2 YAP protein

Hepatic fibrosis↑ Downregulation of the expression of
CYLD

Activation of NF-κB

Hepatic fibrosis↑ Secretion of IL-1α/β and TNF-α -

FIGURE 3
Interplay between TAMs and other immune cells reshapes the immune microenvironment in HCC. TREM1+TAMs secrete CCL20 to recruit
CCR6+Foxp3+ Tregs and exert immunosuppressive function. CD69+ T cells can stimulate TAMs to produce IDO, and TAMs can secrete IL-12 to activate
T cells. In addition, IL-12 can enhance IDO expression, leading to Treg expansion and inhibition of T-cell response and proliferation. CD74+ TAMs induce
stronger effector function in CD8+ CTLs. CD169+ TAMs significantly enhance the proliferation, cytotoxic potential, and secretion of CD8+ T cells in a
CD169-dependent manner. M2-TAMs can to inhibit NK-cell activity. Monocytes-secreted IL-10 promotes PD-L1 expression in Tregs and TAMs. TAMs
could secret CXCL9 and CXCL10. CXCL10 stimulates CXCR3+B cells to differentiate into IgG-producing plasma cells. IgG stimulates Fc receptors on
TAMs, leading to the secretion of IL-10, IL-6, and CCL20 to inhibit the recruitment and function of CD8+ T cells.
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promotes immunosuppression, facilitating oncogenesis and
malignant development. Additionally, M1-TAMs with a
stimulated cGAS–STING signaling can enlist T lymphocytes via
the STING-IRF3 signaling (Ma et al., 2023). The IL-27 secreted by
Mφ leads to the phosphorylation of STAT1 and reproduces an IFN-
γ-like reaction in cancer cells, which is similar to the effect of IFN-γ,
leading to the upregulation of TAP2 and MHC-I proteins, thereby
increasing the immune clearance rate. Simultaneously, it induces
T-cell exhaustion by promoting PD-L1 expression and IDO secretion
(Rolvering et al., 2018). Furthermore, as antigen-presenting cells, the
infiltration of MHC IIlow TAMs is positively correlated with the
progression of HCC (Wang et al., 2011). The overexpression of PD-
L1 in HCC is also related to the inhibition of PD-L1 ubiquitination and
degradation processes in tumor cells and TAMs. Golgi membrane
protein 1 (GOLM1) in HCC cells inhibits the ubiquitination and
degradation of PD-L1 by COP9 signalosome 5 and promotes the
secretion of EVs containing PD-L1 in HCC cells, upregulating the
expression of PD-L1 in TAMs (Chen et al., 2021). The lack of GSK3β in
TAMs can also inhibit the ubiquitination and degradation of PD-L1
(Sun et al., 2022). On one hand, high expression of PD-L1 can reshape
the immune inhibitory microenvironment. However, on the other
hand, increased levels of PD-L1 expression can facilitate the
treatment of PD-1 inhibitors (Figure 3).

Conclusion

TAMs originate from peripheral blood monocytes, M-MDSCs,
and KCs. The cytokines and EVs secreted by tumor cells, stromal cells
including TAMs, and other interstitial cells within the tumor tissue
can induce the recruitment of peripheral monocytes. Meanwhile,
TAMs in the tumor tissue can also increase their infiltration by
proliferation. Altered glucose and lipid metabolism in HCC and
cytokines secreted by tumor cells induce Mφ polarization and
functional phenotype changes. However, due to the influence of
the TME, TAMs often exert immunosuppressive functions,
inducing the occurrence of malignant behavior in HCC. TAMs
directly activate or inhibit the NF-κB, IL-6/STAT3, Wnt/β-catenin,
TGF-β1/BMP, and ERK1/2 signaling pathways in HCC cells by
producing cytokines and exosomes and overexpressing related
proteins, affecting carcinoma cell proliferation, invasion and
migration ability, angiogenesis, and liver fibrosis progression, thus
affecting the progression of HCC. Additionally, the coordination

between TAMs and immune cells reshapes the immune-
suppressive microenvironment within cancer. Among them,
elevated PD-L1 expression in TAMs suppresses the stimulation of
CD8+ T cells, induces CTL exhaustion, and promotes Treg
recruitment, which is one of the key mechanisms for inhibiting
CD8+ T-cell killing of HCC cells. The resistance mechanism of the
small-molecule targeted drug sorafenib used in HCC treatment is also
linked with TAMs. Therefore, focusing on the mechanism of TAMs
interacting with tumor and immune cells in HCC helps to target
relevant pathways to inhibit the progression of HCC.
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Cheong-sang-bang-pung-san
alleviated hepatic lipid
accumulation by regulating lipid
metabolism in vitro and in vivo
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Han-Hae Kim2 and Kyungho Kim1,2*
1KoreanMedicine (KM) Application Center, Korea Institute of Oriental Medicine, Daegu, Republic of Korea,
2Korean Medicine Life Science, University of Science and Technology, Daejeon, Republic of Korea

Introduction: The occurrence of fatty liver disease, resulting from the
accumulation of excessive fat within the liver, has been showing a significant
and rapid increase. This study aimed to evaluate the therapeutic effects of
Cheong-sang-bang-pung-san extract (CB) on fatty liver disease, and to
elucidate the underlying mechanisms.

Methods: We used a high-fat diet (HFD)-fed fatty liver mice and free fatty acid
(FFA) induced HepG2 cell lipid accumulation model. The levels of serum, hepatic,
and intracellular lipid content were assessed. Histopathological staining was used
to evaluate the extent of hepatic lipid accumulation. Real-time polymerase chain
reaction and Western blotting were conducted to examine the expression of
factors associated with lipid metabolism.

Results: We demonstrated that treatment with CB dramatically reduced body
weight, liver weight, and fat mass, and improved the serum and hepatic lipid
profiles in HFD-induced fatty liver mice. Additionally, CB alleviated lipid
accumulation in HFD-fed mice by controlling lipid metabolism, including fatty
acid uptake, triglyceride and cholesterol synthesis, and fatty acid oxidation, at the
mRNA as well as protein levels. In free fatty acid-treated HepG2 cells, CB
significantly reduced intracellular lipid accumulation by regulating lipid
metabolism via the activation of AMP-activated protein kinase.

Conclusion: These findings provide insights into the mechanisms underlying CB’s
effects on liver steatosis and position of CB as a potential therapeutic candidate for
managing lipid metabolic disorders.

KEYWORDS

Cheong-sang-bang-pung-san, fatty liver disease, lipid accumulation, lipid metabolism,
high-fat diet, HepG2 hepatocytes

1 Introduction

Lipid metabolism is involved in several physiological and pathological pathways. The
liver plays a key role as a metabolic hub for all lipid types (Nguyen et al., 2008). Lipid
metabolism and homeostasis in hepatocytes are maintained through multiple mechanisms,
including intracellular uptake, synthesis, storage, transport, consumption, and oxidative
metabolism (Duan et al., 2022; Feng et al., 2023). Overnutrition enhances lipolysis within
adipocytes, which leads to higher hepatic fatty acid levels and hepatic de novo lipogenesis.
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The excess fatty acid cannot undergo oxidative metabolism; instead,
it is directed toward triglyceride (TG) synthesis, causing hepatic TG
storage to increase and very-low-density lipoprotein to be
overproduced (Alves-Bezerra and Cohen, 2017). Likewise,
dysregulation of cholesterol homeostasis causes free cholesterol to
accumulate in the liver, promoting the development of fatty liver
disease and atherosclerosis (Li et al., 2021). In other words, fatty liver
is associated with abnormalities of hepatic lipid metabolism that is a
consequence of lipid acquisition pathways exceeding lipid disposal
pathways (Ipsen et al., 2018).

The accumulation of excess lipid droplets within hepatocytes
leads to hepatic steatosis in fatty liver, which is associated with an
increased risk of metabolic diseases, such as obesity, and
dyslipidemia, as well as chronic liver diseases, such as
hepatitis, and cirrhosis. Some key risk factors and stages in
pathogenesis are commonly shared by these diseases
(Kotlyarov and Bulgakov, 2021). Therefore, preventing, and
treating fatty liver disease is an important public health
concern. However, the safety issues of clinically recommended
lipid-lowering drugs have not yet been overcome (Mercep et al.,
2022). Accordingly, there has been a steady demand for
development of safe drug for treating dyslipidemia.

Traditional botanical medicine formulas have been shown to
attenuate fatty liver disease and regulate hepatic lipid metabolism,
thereby emerging as a new source of therapeutic agents for such
diseases (Yang et al., 2019; Dang et al., 2020; Yan et al., 2020; Han
et al., 2021). One of the traditional medicine prescriptions, Cheong-
sang-bang-pung-san (“Qing-shang-fang-feng-san” in Chinese and
“Seijo-bofu-san” in Japanese), is commonly used in clinical practice
to treat purulent skin inflammations, such as acne and urticaria
(Kim et al., 2019). This prescription was first mentioned in
Wanbinhuichun and it is also mentioned in Dongeuibogam by
Heo Jun of the Joseon Dynasty of Korea (Chen et al., 2016).
Korea Food and Drug Administration has approved it as a
clinical prescription, and it is most frequently administered to
patients with acne vulgaris (Kim et al., 2016). The anti-
inflammatory effects of Cheong-sang-bang-pung-san in the skin
of patients with acne vulgaris (Chen et al., 2016) and urticaria (Yang
et al., 2018) have been demonstrated. While traditional medicine
holds promise as a potential source for new drug development
targeting metabolic diseases, its impact on fatty liver disease remains
unexplored.

This study aimed to investigate the regulatory effect of Cheong-
sang-bang-pung-san extract (CB) in animal and cellular models of
hepatic steatosis. We found that CB prevented high-fat diet (HFD)-
induced fatty liver disease by regulating lipid metabolism. This study
is meaningful in that it proposed the alternative therapeutic
applications for dyslipidemia and expanded new indication of
botanical medicine that is generally considered to be safe and
effective agents.

2 Materials and methods

2.1 Preparation of CB extract

The botanical medicine materials were purchased from
Omniherb Co. LTD. (Yeongcheon, Korea). Assurance of quality

control for all the materials was validated according to the Korean
Botanical Pharmacopoeia (Korea Food and Drug Administration,
2002). CB-containing botanical medicines and the ratios were listed
in Table 1. The materials of CB were placed in distilled water at a
ratio of 1:10 and heated at 115°C in the extractor (Gyeongseo
Extractor Cosmos-600, Inchon, Korea) for 2 h. The resulting
extract was filtered using a standard test sieve (150 μm) (Retsch,
Hann, Germany) and freeze-dried to yield 25.9%. The lyophilized
powder was stored at −80°C and dissolved in phosphate-buffered
saline (PBS) before use.

2.2 Chemicals and reagents

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), and penicillin streptomycin were purchased from
HyClone (South Logan, UT, United States). Primary antibodies
against sterol regulatory-element binding protein (SREBP)-1, α-
tubulin, and β-actin antibodies were purchased from Santa Cruz
Biotechnology, Inc (Santa Cruz, CA, United States). Primary
antibodies against acetyl-CoA carboxylase (ACC), p-ACC, fatty
acid synthase (FAS), carnitine palmitoyltransferase (CPT)-1α,
AMP-activated protein kinase (AMPK) and p-AMPK were
purchased from Cell Signaling Technology, Inc (Danvers,
MA, United States). SREBP2, proprotein convertase
subtilisin/kexin type 9 (PCSK9), and LDL receptor (LDLR)
antibodies were purchased from Invitrogen (Waltham, MA,
United States). Horseradish peroxidase-conjugated secondary
antibodies were obtained from Jackson Immuno Research
Laboratories, Inc. (West Grove, PA, United States).
THUNDERBIRD SYBR qPCR Mix was purchased from
TOYOBO (Kita-ku, Osaka, Japan). Oligonucleotide primers
for ACC 1/2, liver X receptor (LXR) α, SREBP 1/2, FAS,
hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCoR),
CPT-1α, LDLR, cluster of differentiation 36 (CD36), fatty-acid-
binding protein (FABP), scavenger receptor class B type 1 (SR-
B1) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were purchased from Cosmogenetech (Seoul, Republic of
Korea). To simultaneous analyzed CB, we obtained several
metabolites according references that reported bioactivity and
marker metabolites of CB. The reference standard compounds
for simultaneous analysis, Baicalin and Baicalein, were
purchased from sigma-aldrich (St. Louis, MO, United States).
Wogonoside was obtained from Shanghai Sunny Biotech
(Xiangyin Rd, Shanghai, China), Geniposide was provided by
Wako (Chuo-ku, Osaka, Japan) and Hesperidin was purchased
from Biopurify (Chengdu, Sichuan, China). All solvents for
analysis, tertiary distilled water, methanol, acetonitrile, were
HPLC grade obtained Merck (Darmstadt, Germany). Formic
acid was purchased sigma-aldrich (St. Louis, MO,
United States).

2.3 Animal experiments

Male fifty C57BL/6J mice (6-week-old, 20–24 g) were
purchased from DooYeol Biothech (Seoul, South Korea). Mice
were acclimatized under constant conditions (humidity, 50%–
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55%; temperature, 22°C ± 2°C; 12 h light/dark cycle). After 1 week
of adaptation to the feeding conditions, mice were randomly
separated into 5 groups of 10 each: (1) normal diet (ND) group,
(2) HFD (40% fat diet, Research diet, D12109) group, (3) HFD
treated with atorvastatin (10 mg/kg) group, (4) HFD treated with
CB (100 mg/kg) group, and (5) HFD treated with CB (200 mg/kg)
group. With the exception of the ND group, all mice were fed an
HFD. CB was dissolved in PBS and orally administered on a daily
basis for the last 9 weeks along with HFD in the 100 or 200 mg/kg
CB groups. Body weights were measured once weekly. After
14 weeks of experiment, the animals were fasted overnight and
sacrificed. Blood samples were collected from mice via cardiac
puncture under 2%–2.5% isoflurane anesthesia. After cervical
dislocation, the liver tissues, and gastrocnemius muscle were
excised, rinsed with PBS, weighed and directly stored at −80°C
until analysis. All part of animal experiments were conducted in
accordance with the Care and Use of Laboratory Animals of the
National Institutes of Health of Korea and were approved by the
Institutional Animal Care and Use Committee of Korea Institute
of Oriental Medicine (KIOM) (approval number KIOM-D-
22-010).

2.4 Serum and hepatic biochemical
parameters analysis

Blood samples were collected from each mouse and centrifuged
at 1700 g for 15 min at room temperature to obtain serum samples.
The samples were stored at −70°C until use. Serum or liver
homogenate levels of TG, total cholesterol (TC), low density
lipoprotein cholesterol (LDL-c), high density lipoprotein
cholesterol (HDL-c), alanine aminotransferase (ALT), and
aspartate transaminase (AST) were determined by enzymatic
methods using commercial kits.

2.5 Histological analysis of liver

Collected liver tissues were fixed with 10% formalin. Paraffin-
embedded tissue was cut into 3 μm sections and stained with
hematoxylin and eosin (H&E). The stained sections were
observed under a Leica DM IL LED microscope (Leica, Wetzlar,
Germany).

2.6 qRT-PCR analysis

To isolate total RNA from the liver tissues or cells, TRIzol
Reagent (Invitrogen, Waltham, MA, United States) was used
according to the manufacturer’s protocol. Total RNA was
quantified using an NanoDrop spectrophotometers (Thermo
scientific, Waltham, MA, United States). Complementary DNA
was synthesized from isolated total RNA (2 μg), oligo d(T)
16 primer, and Avian Myeloblastosis Virus reverse transcriptase
(AMV RT) with genomic DNA remover. Relative gene expressions
of target gene versus reference gene were quantified using RT-qPCR
analysis (CFX384 Touch Real-Time PCR Detection System; Bio-
Rad, Hercules, CA, United States) with SYBR Premix. For calculate
changes in gene expression as a relative fold difference, the
comparative quantification cycle method was used. The Cq
(Target gene–reference gene) values of target genes ACC1/2,
LXRα, SREBP1/2, HMGCoR, CPT-1α, LDLR, CD36, and FABP
were normalized to that of GAPDH.

2.7 Western blotting assay

Total protein was extracted from liver tissues or cells using PRO-
PREP™ protein extraction kit (Intron Biotechnology, Seoul, Republic of
Korea). The protein concentration was measured using the protein

TABLE 1 The crude metabolites of CB.

Scientific name Latin name Family Active metabolites/markers Amount (g)

Saposhnikovia divaricata Schischkin Saposhnikoviae Radix Umbelliferae cimifugin, prim-O-glucosylcimifugin 2.75

Angelica dahurica Bentham et Hooker f. Angelicae Dahuricae Radix Umbelliferae forsythol, oleanic acid, arctiin 3.00

Forsythia suspensa Vahl Forsythiae Fructus Oleaceae arctigenin, arctiin 3.00

Platycodon grandiflorum A. De Candolle Platycodonis Radix Campanulaceae platycodin A-D, Betulin, Inulin 3.00

Scutellaria baicalensis Georgi Scutellariae Radix Labiatae baicalin, wogonin baicalein 2.62

Cnidium officinale Makino Cnidii Rhizoma Umbelliferae ferulic acid 2.62

Schizonepeta tenuifolia Briquet Schizonepetae Spica Labiatae Pulegone, limonene,
schizonepetoside C

1.87

Gardenia jasminoides Ellis Gardeniae Fructus Rubiaceae geniposide, genipin, crocin 1.87

Coptis japonica Makino Coptidis Rhizoma Ranunculaceae coptisine, berberine 1.87

Citrus aurantium Linné Aurantii Fructus Immaturus Rutaceae naringin, hesperidin 1.87

Mentha arvensis Linné var. piperascens Malinvaud ex
Holmes

Menthae Herba Labiatae menthol, menthone, camphene 1.87

Glycyrrhiza uralensis Fischer Glycyrrhizae Radix et
Rhizoma

Leguminosae glycyrrhizin, liquiritin, liquiritigenin 1.12

Assurance of quality control for all the materials was validated according to The Korean Herbal Pharmacopoeia (2022, Ministry of Food and Drug Safety, Republic of Korea).
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assay reagent (Bio-Rad, Hercules, CA, United States). Proteins were
separated by 10%–12% SDS-PAGE, and transferred to polyvinylidene
difluoridemembrane. Themembrane was blocked for 1 h with 5% BSA
followed by incubation with primary antibodies at 4°C overnight. After
washing three times with Tween 20/Tris-buffered saline (T/TBS), the
membranes were incubated with a horseradish peroxidase-conjugated
secondary antibody (dilution, 1:2500) for 2 h at room temperature. The
blots were again washed three times with T/TBS, and then bands were
detected via enhanced chemiluminescence reagent (Bio-Rad).

2.8 Cell culture and treatment

Human hepatic cell line HepG2 was obtained from the Korean Cell
Line Bank (KCLB, Seoul, Republic of Korea). HepG2 cells were grown
in DMEM supplemented 10% FBS and 1% penicillin/streptomycin at
37°C under a humidified atmosphere of 5% CO2. The cells were seeded
at a density of 2× 105 cells per well into 6-well plate and then treated
with 0.5 mM oleic acid (OA; O7501, Sigma-Aldrich) and 0.25 mM
palmitic acid (PA; P0500, Sigma-Aldrich) dissolved in culture medium
containing 10% BSA (A1595, Sigma-Aldrich) with or without different
concentrations of CB (50, 100, and 200 μg/mL) for 24 h. Control cells
were treated with 10% BSA only.

2.9 Cell viability assay

The cell viability was assessed usingMTT assy. In brief, HepG2 cells
were plated into a 96-well plate with concentration of 1×105 cells per
well. After incubation for 24 h, the cells were treated with different
concentrations of CB (50, 100, and 200 μg/mL) for 24 h. Afterwards, the
cells were added withMTTworking solution (5 mg/mL) and incubated
for another 4 h. The supernatant from the plates was removed, and the
purple formazan product was dissolved in DMSO. The absorbance was
measured on an Epochmicroplate spectrometer (Biotek,Winooski, VT,
United States) at 540 nm.

2.10 Measurement of lipid accumulation oil
red O staining

After stimulation with OA + PA mixture, the cells were washed
with PBS and fixed with 10% formalin in PBS for 1 h, followed by
staining with Oil Red O working solution (3 mg/mL in 60%
isopropanol) for 2 h. The cells were rinsed with distilled water and
observed under a microscope. Next, the Oil Red O dye was extracted
with isopropanol to determine the intracellular lipid content and was
assessed using an Epoch microplate spectrometer at 520 nm.

2.11 HPLC-DAD instrument and conditions
to quantify analysis

The CB was dissolved in water at 10 mg/mL concentration using
ultrasonicator (JAC Ultrasonic JAC-3010) for 30 min. After dissolved,
CB solution was filtered through a 0.2 μm PVDF membrane and then
10 μL of filtrate was injected to HPLC analysis. Stock solution of single
compounds (Baicalin, Baicalein, Wogonoside, Hesperidin, and

Geniposide) were prepared at 1000 ppm with HPLC grade methanol
and serially diluted at standard curve concentration of each. Standard
stock solution was used for quantitative analysis after 0.2 μm PETE
membrane filtration. Simultaneous determination of five metabolites
(Baicalin, Baiclein, Wogonoside, Hesperidin, Geniposide) were
conducted using using Dionex Ultimate 3000 system formed with
column oven, an auto sampler, a binary pump and diode assay UV/VIS
detector (DAD; Dionex Corp., Sunnyvale, CA, United States). HPLC
condition were follows; column was Waters X bridge (250 mm ×
4.6 mm, 5 μm) connected to a C18 guard cartridge (4.0 mm ×
3.0 mm), column temperature and auto sampler were kept 40°C and
20°C respectively, eluted condition was flow rate 1.0 mL/min with
gradient of 0.1% formic acid (solvent A) and 0.1% formic acid
acetonitrile (solvent B), solvent gradient method was applied;
0–40 min, 10–60%B; 40–50 min, 60–95%B; 50–55 min. 95%B,
chromatogram detected under 280 nm and 245 nm. Calibration
curves, assessed by standard solution and the limits of detection
(LOD) and quantification (LOQ) under the chromatographic
conditions, were determined by injecting a series of standard
solutions. Each sample was three injected under same condition and
data was processed using Chromeleon 7 software (Thermo Fisher,
Counteaboeuf, France)

2.12 Statistical analysis

Statistical analysis was performed using GraphPad Prism
5 software (GraphPad software, San Diego, CA, United States).
Data are presented as the mean ± standard deviation (SD) of
triplicate experiments. Statistical significance was determined
using ANOVA and Dunnett’s post hoc test, and p-values of less
than 0.05 were considered statistically significant.

3 Results

3.1 CB improved HFD-induced obesity
phenotypes and serum lipid levels

The in vivo experimental scheme is described in Figure 1A. Body
weight and the amount of epididymal white adipose tissue were
markedly increased in mice fed a HFD for 14 weeks compared with
control mice (Figures 1B, D). However, CB treatment significantly
attenuated both these phenotypes. The food intake (Figure 1C) or
muscle (gastrocnemius) mass (Figure 1E) did not differ significantly
between the groups. In addition, the serum levels of TG and total
cholesterol were elevated in HFD-fed mice compared with control
mice, while CB treatment significantly reduced their levels in HFD-
fed mice (Figures 1F, G). These results suggest that CB alleviated
HFD-induced obesity phenotypes and abnormal lipid changes.

3.2 CB ameliorated HFD-induced hepatic
steatosis and liver injury

Lipid metabolism and liver function are closely related.
Therefore, we investigated whether CB treatment could inhibit
hepatic steatosis and improve hepatic function. Liver weight
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significantly increased in the HFD group, but this increase was
markedly blunted in the CB-treated groups (Figures 2A, B).
Furthermore, H&E staining showed that lipid droplets were more
numerous and larger in the HFD group, while CB treatment reduced
both their number and their size (Figure 2C). Consistent with
hepatic lipid accumulation, the hepatic levels of total cholesterol,
TG, and low-density lipoprotein-cholesterol were also higher in
HFD-fed mice than in control mice, whereas CB treatment
significantly decreased these lipid levels. Conversely, CB
treatment reversed the HFD-induced decrease in the level of
high-density lipoprotein-cholesterol in the livers of mice
(Figure 2D). Additionally, CB treatment significantly attenuated

the HFD-induced increase in the levels of serum alanine and
aspartate transaminases (Figures 2E, F), indicating that CB
induced body weight loss and inhibited lipid accumulation in
HFD-fed mice without resulting in toxicity.

3.3 CB regulated lipid metabolism in HFD-
induced hepatic steatosis

To better understand how CB inhibited lipid accumulation in
the liver, the mRNA expression of genes involved in fatty acid
synthesis and cholesterol metabolism was examined using

FIGURE 1
The effect of CB on obesity phenotypes and biochemical parameters in HFD-induced fatty liver mice. (A) Experimental scheme of the in vivo study.
(B)Bodyweight and (C) food intake during 14 weeks in HFD-induced fatty livermice. (D) Epididymal fat pad and (E) gastrocnemiusweight in HFD-induced
fatty liver mice. Serum levels of (F) triglycerides and (G) total cholesterol in HFD-induced fatty liver mice. Data represent means ± standard deviation (SD)
(n = 10). #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. the HFD group. CB, Cheong-sang-bang-
pung-san extract; HFD, high-fat diet; SD, standard deviation.
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quantitative reverse-transcription PCR. Compared with the control
group, the HFD group showed significant upregulation of the lipid
uptake markers CD36 and FABP4, the lipogenesis markers ACC1,
SREBP1, FAS, and LXRα, and the cholesterol synthesis markers
SREBP2, ACC2, and HMGCoR (Figure 3A). On the other hand, SR-
B1, a marker of cholesterol efflux, was downregulated. CB treatment
reversed all these gene expression trends. Next, we determined how
CB affected hepatic signaling using Western blotting. CB
significantly enhanced the protein levels of phospho-ACC,
CPT1α, and low-density lipoprotein receptor while reducing
those of FAS, SREBP1, and SREBP2 in the liver of HFD-fed mice
(Figures 3B, C). These results suggest that CB treatment altered

multiple hepatic gene pathways involved in fatty acid, TG, and
cholesterol metabolism in HFD-induced fatty liver mice.

3.4 CB ameliorated free fatty acid (FFA)-
induced lipid accumulation in
HepG2 hepatocytes

HepG2 is most commonly used in liver metabolism and
hepatotoxicity studies (Donato et al., 2015). To further assess the
role of CB in an in vitro human cell system, we used a model of
HepG2 cells. To determine the cytotoxicity of CB, cell viability was

FIGURE 2
The effect of CB on hepatic phenotypes and biochemical parameters in HFD-induced fatty liver mice. (A) Liver weight and (B) weight ratio to the
body weight of mice. (C) Representative histological images of the liver tissue were assessed using H&E staining (200×). Hepatic levels of (D) triglycerides,
total cholesterol, LDL-cholesterol, and HDL-cholesterol in HFD-induced fatty liver mice. Serum levels of (E) ALT and (F) AST in HFD-induced fatty liver
mice. Data represent means ± SD (n = 10). ##p < 0.01, ###p < 0.001 vs. the control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. the HFD
group. H&E, hematoxylin and eosin; LDL, low-density lipoprotein; HDL, high-density lipoprotein; ALT, alanine transaminase; AST, aspartate transaminase.
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measured using theMTT assay. A range of 15.6–1000 μg/mL of CBwas
found to be non-cytotoxic to HepG2 cells (Figure 4A). Therefore, 50,
100, and 200 μg/mL of CB were used in subsequent experiments. The
effect of CB on lipid accumulation inHepG2 cells was assessed usingOil
red O staining. FFA treatment significantly increased the intracellular
lipid level in HepG2 hepatocytes, whereas CB significantly suppressed
lipid accumulation (Figures 4B, C). These results suggest that CB
exhibited inhibiting effect on hepatic lipid accumulation in human
liver cell without any cytotoxicity.

3.5 CB regulated lipid metabolism via the
AMPK pathway in FFA-stimulated
HepG2 hepatocytes

To investigate the inhibitory mechanism of CB in human cells,
the expression levels of relevant genes were examined. Compared
with the FFA-treated group, CD36, FABP, ACC, andHMGCoR were
downregulated in the CB-treated group, whereas CPT1α and LDLR
were upregulated (Figures 5A–C). FFA treatment remarkably

FIGURE 3
The effect of CB on the expression of markers related to lipid metabolism in HFD-induced fatty liver mice. The mRNA expressions of (A) CD36,
FABP4, ACC1, SREBP1, FAS, LXRα, SREBP2, ACC2, HMGCoR, and SR-B1were quantified by qRT-PCR and normalized to GAPDH control (B) p-ACC, ACC,
FAS, SREBP1, (C) CPT1α, SREBP2, and LDLR protein levels were determined by Western blotting, and normalized to α-tubulin expression. Densitometric
analysis was performed using ImageJ. Data represent means ± SD (n= 10). ###p < 0.001 vs. the control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs.
the HFD group.
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decreased the hepatic expression of phospho-ACC compared with
untreated cells, but CB treatment elevated its levels in a dose-
dependent manner (Figure 5D). The expression of CPT1α, a fatty
acid oxidation marker, was higher in CB-treated cells (100 μg/mL)
than in FFA-treated cells (Figure 5D). In addition, administering CB
to FFA-treated cells dramatically decreased the expression of
SREBP2 and PCSK9, which are related to cholesterol metabolism.
CB also reversed the decrease in ATP-binding cassette transporter
A1 expression induced by FFA (Figure 5E). Compared with the
control and stimulated groups, AMPK phosphorylation markedly
increased after CB treatment, while the expression of total AMPK
remained unchanged (Figure 5F). The levels of phosphorylated liver
kinase B1 did not differ significantly between the groups (Figure 5F).
These results indicate that CB might prevent lipid accumulation in
liver by controlling the expression of factors that are involved in lipid
metabolism in human in vitro system.

3.6 Simultaneous quantitation of marker
metabolites in CB

The simultaneous analysis method was developed in the
present study was efficiently applied to the quantitative
analysis of five marker metabolites in CB extract. The marker
metabolites were detected on HPLC analysis method that we
developed and determined the contents of each metabolite in CB
extract. The content of Baicalin, Baicalein, Wogonoside,
Hesperidin and Geniposide were 11.29 mg/g, 0.12 mg/g,
4.08 mg/g, 0.72 mg/g and 5.06 mg/g respectively, in CB extract
(Figure 6). The standard curve of each metabolite was showed
good linearity at the tested concentration range (Table 2). The
analytical method that we developed can be used as a quality
control of CB extract.

4 Discussion

CB is chiefly used to treat skin diseases due to its fever- and
inflammation-relieving activities (Kim et al., 2019). Kim and Park
et al. reported that the latter was exerted by modulating the
activation of nuclear factor-κB and the phosphorylation of
mitogen-activated protein kinase (Kim et al., 2017). Inflammation
has been shown to be involved in the development of complex
dysmetabolic processes, including fatty liver disease (Fricker et al.,
2019; Petrescu et al., 2022). However, the therapeutic efficacy of CB
has only been investigated in the context of skin inflammatory acne
lesions or skin sensitivity. In this study, we hypothesized that CB
could ameliorate fatty liver disease. Through both in vivo and
in vitro experiments, we found that CB alleviated fatty liver
disease by regulating the markers involved in lipid metabolism
and activating AMPK.

Imbalances in lipid homeostasis, including the synthesis,
degradation, and transport of the associated lipoprotein particles,
result in abnormal lipid levels. Despite being essential components
of the body, high levels of TGs, and cholesterol are risk factors for
heart disease, stroke, dyslipidemia, and obesity. In addition, obesity
chronically disturbs hepatic lipid metabolism, which may lead to
metabolic comorbidities (Godoy-Matos et al., 2020). In this study,
an animal model of HFD-induced fatty liver disease was employed
to investigate the effect of CB on obesity-related hepatic lipid
accumulation. HFD induced the major phenotypes of obesity,
including body overweight, increased fat mass, and dyslipidemia,
whereas CB significantly alleviated these symptoms (Figure 1).
Meanwhile, CB did not affect food intake and gastrocnemius
muscle mass, indicating that it could mitigate obesity without
causing adverse effects like muscle atrophy.

HFD-associated obesity is very common in patients with non-
alcoholic fatty liver disease, and is characterized by steatosis (Lian

FIGURE 4
The effect of CB on lipid accumulation in FFA-induced HepG2 hepatocyte steatosis. (A) Cell viability was determined using the MTT assay. ***p <
0.001 vs. untreated cells. (B) Lipid accumulation was measured using Oil red O staining. Quantitative content was measured at 520 nm. (C) Oil Red
O-stained image of HepG2 cells observed under amicroscope (200×). Data representmeans ± SD. ###p < 0.001 vs. the control group; **p < 0.01, ***p <
0.001 vs. the FFA-treated group.
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et al., 2020). We found that the livers of HFD-fed mice weighed
more and accumulated lipids to abnormal levels. However, CB
treatment significantly reduced lipid levels without inflicting liver
damage (Figure 2). This phenomenon was confirmed in the human
hepatocyte cell line HepG2 (Figure 4), confirming that CB can
regulate abnormal lipid metabolism in hepatocytes.

The liver regulates lipid metabolism by orchestrating the
synthesis of new fatty acids, their transport and redistribution to
other tissues, and homeostasis (Du et al., 2022). Hepatic fat
accumulates due to an imbalance between lipid acquisition and
disposal through four major pathways: fatty acid uptake, de novo
lipogenesis, mitochondrial fatty acid oxidation, and the export of
lipids via lipoproteins (Ipsen et al., 2018). Therefore, regulating the
accumulation of hepatic fat and related metabolic stages is
fundamental to the prevention and treatment of fatty liver
disease. In this study, lipid accumulation in HFD-fed mice was
accompanied by expression changes in CD36 and FABP, which are
related to hepatocyte lipid uptake, ACC, SREBP1, FAS, and LXRα,
which are related to TG synthesis, SREBP2, HMGCoR, PCSK9,
LDLR, and SR-B1, which are related to cholesterol metabolism,

and CPT1α, which is related to fatty acid oxidation. Lipid
dysregulation orchestrated by these factors directly or indirectly
contributes to fatty liver disease, especially the progression to
obesity-associated hepatic steatosis. However, fatty liver
symptoms were alleviated by CB in the HFD-fed mouse model
and the FFA-treated hepatocyte model. Overall, CB not only
inhibited lipogenesis and cholesterol synthesis but activated lipid
oxidation both in vitro and in vivo.

AMPK is a well-known regulator of lipid metabolism. It
inhibits the de novo synthesis of fatty acids and TGs by
inhibiting SREBP1c, a transcription factor for the expression
of lipogenic enzymes such as ACC and FAS (Jeon, 2016). AMPK
induces the phosphorylation of ACC1 at Ser79 and ACC2 at
Ser212, which in turn inhibits the conversion of acetyl-CoA to
malonyl-CoA. This relieves the inhibition of CPT1, thereby
activating fatty acid oxidation (Fullerton et al., 2013).
Activated AMPK can also inhibit cholesterol synthesis by
inducing the inhibitory phosphorylation of the rate-limiting
enzyme 3-hydroxy-3-methylglutaryl-CoA reductase, thus
downregulating the mevalonate synthesis pathway (Motoshima

FIGURE 5
The effect of CB on the expression of markers related to lipidmetabolism in FFA-inducedHepG2 steatosis. ThemRNA expression of (A)CD36, FABP,
(B) ACC, CPT1α, (C) HMGCoR, and LDLR were quantified by qRT-PCR and normalized to GAPDH control. (D) p-ACC, ACC, CPT1α, (E) SREBP2, PCSK9,
ABCA1, (F) p-AMPK, AMPK, p-LKB1, and LKB1 protein levels were determined by Western blotting, and normalized to β-actin expression. Densitometric
analysis was performed using ImageJ. Data represent means ± SD. ##p < 0.01, ###p < 0.001 vs. the control group; *p < 0.05, **p < 0.01, ***p <
0.001 vs. the FFA-treated group.
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et al., 2006). We found that CB significantly increased the
expression of phosphorylated AMPK in FFA-treated
HepG2 cells (Figure 5), suggesting that CB mediated its effects
via AMPK. These results suggest that AMPK plays a central role
in regulating lipid metabolism by inhibiting lipogenesis and

activating fatty acid oxidation. Being a natural AMPK agonist,
CB is expected to regulate lipid metabolism, inflammation, and
oxidative stress in hepatocytes (Fang et al., 2022).

In the context of fatty liver disease, the therapeutic properties
of the individual botanical medicines constituting CB have been

FIGURE 6
HPLC chromatogram of CB. HPLC-DAD chromatogram of standard compound mixture (A, B) and CB 10 mg/mL at 280 nm (C). The standard
compound geniposide 200 ppm (D); and CB 10 mg/mL (E) at 245 nm. The peaks are Geniposide (8.537 min), Hespiridine (14.940 min), Baicalin
(17.467 min), Wogonoside (21.397 min) and Baicalein (25.140 min).
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previously reported. The pharmacological activities of CB can be
attributed to its botanical metabolites, such as baicalin, baicalein
(flavonoid) from Scutellariae radix (Li et al., 2022a; Li et al.,
2022b; Shi et al., 2022), geniposide (iridoid glycoside) from
Gardeniae Fructus (Shen et al., 2020; Tang et al., 2022),
liquiritigenin (flavanone), licochalcone A, isoliquiritigenin
(chalcone) from Glycyrrhizae Radix et Rhizoma (Kim et al.,
2011; Quan et al., 2013; Na et al., 2018), osthol (coumarin
derivative) from Cnidii Rhizoma (Sun et al., 2010; Du et al.,
2011), and berberine (alkaloid) from Coptidis Rhizoma (Sun
et al., 2018). As expected, the individual botanical medicines act
on various stages of non-alcoholic fatty liver disease via an
AMPK-related signaling pathway, highlighting the prospect of
AMPK as a potential target for treating metabolic disorders
(Chen et al., 2018; Liou et al., 2019; Sun et al., 2020).
Furthermore, these metabolites could be expected to exert a
synergic effect in CB, but further research is required for
validating this synergism and understanding the
pharmacological mechanisms of each metabolite. Further
examination of CB’s mechanism could develop insight into the
applicability of CB to the associated metabolic diseases such as
diabetes, obesity, and cardiovascular disease.

5 Conclusion

In conclusion, we demonstrated that CB effectively alleviated
lipid accumulation in fatty liver disease. We uncovered a novel lipid-
lowering mechanism wherein CB activated AMPK, thereby
regulating the expression of transcription factors, its target
enzymes, and β-oxidation-related genes. Based on the results of
this study, CB could be a useful traditional medicine, and an effective
candidate for preventing and/or treating fatty liver disease and
associated metabolic diseases.
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TABLE 2 Calibration curves of metabolites.

Metabolite Range (μg/ml, ppm) Regression equation r2 LOD(μg/ml) LOQ(μg/ml)

Baicalin 25.0–200.0 y = 0.8327x—2.4254 0.9991 0.0276 0.0838

Geniposide 25.0–200.0 y = 0.4116x—1.3258 0.9992 0.0560 0.1696

Wogonoside 25.0–200.0 y = 0.5609x—1.7040 0.9992 0.0410 0.1245

Baicalein 1.50–20.0 y = 1.6045x—0.4866 0.9998 0.0018 0.0056

Hesperidine 1.50–20.0 y = 0.2070x—0.0455 0.9998 0.0143 0.0435

LOD, 3.3 x σ/S. LOQ, 10 x σ/S.
σ is the standard deviation of the intercept from the regression equation and S is the slope of the calibration curve.
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Colorectal cancer (CRC) represents 10% of all cancer types, making it the third
leading cause of cancer-related deaths globally. Metastasis is the primary factor
causing mortality in CRC patients. Approximately 22% of CRC-related deaths have
metastasis present at diagnosis, with approximately 70% of these cases recurring.
Recently, with the application of novel targeted drugs, targeted therapy has
become the first-line option for individualized and comprehensive treatment
of CRC. The management of these patients remains a significant medical
challenge. The most prevalent targeted therapies for CRC in clinical practice
focus on anti-vascular endothelial growth factor and its receptor, epidermal
growth factor receptor (EGFR), and multi-target kinase inhibitors. In the wake
of advancements in precision diagnosis and widespread adoption of second-
generation sequencing (NGS) technology, rare targets such as BRAF V600E
mutation, KRAS mutation, HER2 overexpression/amplification, and MSI-H/
dMMR in metastatic colorectal cancer (mCRC) are increasingly being
discovered. Simultaneously, new therapeutic drugs targeting these mutations
are being actively investigated. This article reviews the progress in clinical
research for developing targeted therapeutics for CRC, in light of advances in
precision medicine and discovery of new molecular target drugs.

KEYWORDS

colorectal cancer, molecular targeted therapy, VEGF, epidermal growth factor receptor,
RAS, Her-2

1 Introduction

Colorectal cancer (CRC) ranks as the third most common cancer in men and the second
in women, with approximately 1.9 million new cases and 900,000 deaths worldwide in 2020
(Siegel et al., 2022). The annual incidence is almost 10% of all cancer cases, making it the
second leading cause of cancer mortality (Siegel et al., 2020; Biller et al., 2021). Thus, CRC is a
worldwide health issue regarding morbidity, death, use of healthcare, and rising costs for
healthcare (Qiu et al., 2021; Kocarnik et al., 2022). Around 30% of CRC patients are found
with distant metastases at diagnosis, contributing to up to 30% of deaths from cancer
metastasis and recurrence (Beppu et al., 2014).

Treating CRC is a comprehensive treatment according to surgical resection,
supplemented by chemotherapy, radiotherapy, targeted therapy, and others. The median
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survival time (Siegel et al., 2014) for patients with metastatic
colorectal cancer (mCRC) has improved from 3.6–6 months to
24–28 months due to advancing chemotherapies, molecularly
targeted treatments, immune checkpoint inhibitors, and evolving
surgical techniques for treating liver and lungmetastatic lesions. The
advancements in chemotherapy have hit a ceiling of effectiveness,
and the pivotal role in enhancing outcomes for advanced CRC has
now shifted toward molecular targeted therapy. This method serves
as the premier choice for a personalized, comprehensive treatment
approach to CRC, offering patients a marked improvement in
survival benefits. We study the progress of clinical research on
developing targeted therapeutics for mCRC patients in the era of
precision medicine and of medication research for new molecular
targets, which provides evidence-based medicine for individualized
precision treatment and precision targeted therapy and new
therapeutic tools for mCRC patients with several
recommendations of treatment, with the ultimate aim of
improving their survival and bettering their quality of life.

Targeted therapies for CRC mainly include anti-vascular
endothelial growth factor/vascular endothelial growth factor
receptor (VEGF/VEGFR), epidermal growth factor receptor
(EGFR), and multi-target kinase inhibitors, as well as their rare
and uncommon targets (Table 1).

2 Anti-VEGF/VEGFR and kinase
inhibitors: bevacizumab, ramolutumab,
aflibercept, regorafenib, and
fruquintinib

Angiogenesis is a characteristic of the onset and progression of
all solid tumors, such as CRC (Folkman, 2007). Vascular
regeneration plays a crucial part in the pathophysiology of
tumors. The maximum diameter of tumors without the nutrients
provided by the vascular system does not exceed 2 mm. The vascular
network of tumors is formed by tumor regeneration, and this
process is turned on by stimulating angiogenic factors. The
VEGF pathway has been widely studied as a very important
factor in the vascular regeneration phase, which includes the
VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental growth
factor (PLGF) (Ferrara et al., 2003; Cao, 2009). Three VEGF
receptors (VEGFRs), namely, VEGFR1, VEGFR2, and VEGFR3,
are high-affinity membrane tyrosine kinase receptors that transmit
biological signals. VEGFR1 and VEGFR2 are mainly expressed in
vascular endothelial cells, while VEGFR3 is primarily expressed in
lymphatic vascular endothelial cells. The binding of a VEGF with the
extracellular region of a receptor causes a change in its molecular
conformation due to receptor dimerization, which results in
autophosphorylation of receptor tyrosine residues that stimulates
various sequences of signaling pathways that have roles in
endothelial cell budding, migration, vascular permeability, and
tumor cell survival (Joukov et al., 1997; Cao et al., 1998). The
binding of the VEGF to VEGFR leads to receptor dimerization
and autophosphorylation, subsequently activating downstream
signaling pathways. These pathways, which include the PI3K/Akt
and Ras/Raf/MEK/ERK pathways, stimulate angiogenesis and the
permeability of blood vessels. Monoclonal antibodies such as
bevacizumab, ramolutumab, and aflibercept have been authorized

for treating mCRC. Bevacizumab is a recombinant human
immunoglobulin G monoclonal antibody with a high affinity for
selectively binding to human VEGF-A, which prevents the binding
of a VEGF to its receptor and counteracts VEGF biology. It is the
first anti-angiogenic drug authorized for treating mCRC. Multiple
phase 2 and phase 3 research have revealed that the addition of
bevacizumab to 5-Fu-based chemotherapy protocols significantly
improves progression-free survival (PFS) and overall survival (OS)
in mCRC patients (Saltz et al., 2008). Bevacizumab is appropriate for
both first- or second-line treatments, and depending on the
hyperprogressive strategy, it can be used across lines of therapy
by switching chemotherapy to both first- and second-line therapies.
Two other monoclonal antibodies (ramolutumab and aflibercept)
are used in second-line therapy combined with FOLFIRI, after the
progression of bevacizumab combined with FOLFOX therapy.
Ramolutumab is a humanized monoclonal antibody that
selectively binds to the extracellular region of VEGFR2 and
blocks VEGFR2 phosphorylation; it is the only monoclonal
antibody to VEGFR2 that has been marketed worldwide (Fuchs
et al., 2014; Wilke et al., 2014). Aflibercept, a fusion protein formed
by the recombination of extracellular region binding domains of
human VEGF receptors 1 and 2 with the Fc segment of human
immunoglobulin, is a new anti-VEGF drug that further inhibits
neovascularization by binding tightly to VEGF and reducing
vascular permeability (Van Cutsem et al., 2012).

Small molecule tyrosine kinase inhibitors authorized for treating
mCRC include regorafenib and fruquintinib, which are effective
enough as a third-line therapy once disease has progressed.
Regorafenib (Grothey et al., 2013), an oral multikinase inhibitor,
inhibits angiogenesis (VEGFR 1–3 and Tie2), tumorigenesis (KIT,
RET, RAF1, and BRAF), and the tumormicroenvironment (platelet-
derived and fibroblast growth factor receptors), which leads to
suppression inhibition of tumorigenesis, tumor
neovascularization, and maintenance of tumor microenvironment
signaling. Fruquintinib (Dasari et al., 2021) is a highly selective anti-
tumor angiogenesis inhibitor developed by China, the main target of
which is VEGFR kinase family VEGFR1/2/3. Fruquintinib inhibits
VEGFR kinase activity at the molecular level and VEGFR2/
3 phosphorylation at the cellular level, endothelial cell
proliferation and lumen formation, tumor angiogenesis, and
tumor growth. Unfortunately, even after two decades of intense
translational and clinical research, no biomarkers to predict the
activity or effectiveness of anticancer antiangiogenic medications
have been established. Consequently, when compared with
chemotherapy, these medicines continue to be administered to
unselected mCRC patients.

3 Anti-EGFR monoclonal antibodies:
panitumumab and cetuximab

Numerous specific ligands, which include the epidermal
growth factor (EGF), transforming growth factor alpha (TGF-
α), bidirectional regulatory proteins, and epi-regulatory proteins,
can trigger the activation of the epidermal growth factor receptor
(EGFR). The binding of these ligands to the extracellular
structural domain of EGFR induces alterations in the receptor
conformation, leading to the phosphorylation of distinct tyrosine
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TABLE 1 Key phase 2 and 3 trials of molecular targeted therapy of mCRC patients.

Drugs Experiment Phase Number of
patients

Treatment regimen Primary
endpoints

Number of
approved

treatment lines

Anti-angiogenesis

Bevacizumab Hurwitz[13] Phase 3 vs. 411 IFL plus bevacizumab vs. IFL plus placebo PFS: 10.6 vs. 6.2 m First-line

OS: 20.3 vs. 15.6 m

Aflibercept VELOUR[16] Phase 3 613 vs. 613 Aflibercept + FOLFIRI vs. FOLFIRI PFS: 6.90 vs.
4.67 m

Second-line

OS: 13.5 vs.
12.06 m

Ramucirumab RAISE[15] Phase 3 536 vs. 536 Ramucirumab + FOLFIRI vs. FOLFIRI PFS: 5.7 vs. 4.5 m Second-line

OS: 13.3 vs. 11.7 m

Regorafenib CORRECT[17] Phase 3 505 vs. 255 Regorafenib vs. placebo PFS: 1.9 vs. 1.7 m Three-line

OS: 6.4 vs. 5.0 m

Fruquintinib FRESCO-2[18] Phase 3 458 vs. 229 Fruquintinib vs. placebo PFS: 3.7 vs. 1.8 m Three-line

OS: 7.4 vs. 4.8 m

Anti-EGFR monoclonal antibody

Cetuximab CRYSTAL[21] Phase 3 367 FOLFIRI/cetuximab vs. FOLFIRI ORR: 66.3 vs.
38.6 m

First-line

PFS: 11.4 vs. 8.4 m

OS: 28.4 vs. 20.2 m

Panitumumab PRIME[23] Phase 3 656 vs. 512 FOLFOX/panitumumab vs. FOLFOX ORR: 55% vs. 48% First-line

PFS: 10.1 vs. 7.9 m

OS: 25.8 vs. 20.2 m

BRAF inhibitors

Vemurafenib NCT00405587[31] Phase 2 21 Vemurafenib ORR: 5.0% Second-line

PFS: 2.1 m

OS: 7.7 m

Dabrafenib NCT01750918[32] Phase 2 20 vs. 91 vs. 31 Dabrafenib plus Panitu_x005fmumab (D + P) ±
trametinib (D + P + T)/(P + T):D + P vs. D + P

+ T vs. P + T

ORR: 10.0% vs.
21.0% vs. 0.0%

Second-line

PFS: 3.5 vs.
4.2 vs. 2.6 m

OS: 13.2 vs.
9.2 vs. 9.1 m

Encorafenib BEACON[33] Phase 3 224 (triplet); Encorafenib plus Cetuxi_x005fmab ±
binimetinib (triplet and doublet) vs. irinotecan

plus cetuximab (control)

ORR: 26.8% and
19.5% vs. 1.8%

Second-line

220 (doublet); PFS: 4.5 and
4.3 vs. 1.5 m

221 (control) OS: 9.3 and
9.3 vs. 5.9 m

Anti-HER-2

Trastuzumab HERACLES[37] Phase 2 27 Trastuzumab and lapatinib PFS: 21 w Second-line

OS: 46 w

Pertuzumab MyPathway[38] Phase 2 57 Pertuzumab and trastuzumab DCR: 32% Second-line

PFS: 5.9 m

(Continued on following page)
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residues within the EGFR’s intracellular structural domain.
Consequently, this activates an intricate signaling cascade
encompassing the RAS-RAF-MEK-MAPK and PTEN-PI3K-
AKT mTOR pathways, which crucially govern the aggression
of cancer cells and stimulate angiogenesis (Normanno et al.,
2009).

The EGFR is expressed in healthy and cancer epithelial cells and
plays a crucial part in the biological process of tumor development.
It is overexpressed in 40%–70% of CRC cells and is significantly
related to elevated metastatic probability and reduced survival in
CRC. Currently, the Food and Drug Administration (FDA) has
authorized the use of EGFR inhibitors cetuximab and
panitumumab. Cetuximab is a human murine immunoglobulin
antibody IgG antibody with a strong affinity for the extracellular
binding domain of the EGFR that suppresses the binding of
endogenous ligands competitively. Cetuximab promotes
antibody-dependent cell-mediated cytotoxicity, activates pro-
apoptotic molecules, and possesses a powerful synergistic impact
when combined with radiotherapy or chemotherapy. In the
previously published CRYSTAL study (Van Cutsem et al., 2009),
the first-line treatment with cetuximab for CRC expressing wild-
type RAS showed outstanding results, with a significant increase in
PFS and OS, along with a 15% decrease in the risk of disease
progression and mortality.

Panitumumab is a fully humanized IgG2 monoclonal antibody
with a strong potential for the extracellular binding domain of the
EGFR that competes with endogenous ligands to prevent ligand-
induced autophosphorylation of the EGFR carboxyl residues and
associated downstream signaling (Amado et al., 2008).
Panitumumab exerts its anticancer actions primarily by
promoting apoptosis and reducing proliferation, invasiveness,
angiogenesis, and metastasis. In 2006, the FDA authorized
Vectibix (panitumumab) as monotherapy for treating mCRC
expressing EGFR for which fluoropyrimidine, oxaliplatin, and
irinotecan chemotherapy had been previously ineffective. In 2014,
the FDA expanded the indication and approved Vectibix plus
FOLFOX for first-recommended therapy of mCRC expressing
wild-type KRAS. In 2017, the US FDA expanded the indication
to include Vectibix for treating mCRC expressing wild-type RAS
(both KRAS and NRAS). The results of both the phase 3 PRIME and
ASPECCT trials revealed that Vectibix medication significantly
enhanced survival in patients with advanced CRC (Douillard
et al., 2010).

From two decades of discussion and clinical research, targeting
the EGFR family and its intracellular signaling pathways remains the
targeted molecular therapy for mCRC with highest importance. The
medicinal application of cetuximab and panitumumab, two anti-
EGFR monoclonal antibodies, is restricted to a subset of mCRC

TABLE 1 (Continued) Key phase 2 and 3 trials of molecular targeted therapy of mCRC patients.

Drugs Experiment Phase Number of
patients

Treatment regimen Primary
endpoints

Number of
approved

treatment lines

Lapatinib HERACLES[37] Phase 2 27 Trastuzumab and lapatinib PFS: 21 w Second-line

OS: 46 w

Tucatinib MOUNTAINEER
[41]

Phase 2 117 Trastuzumab PFS: 8.2 m Second-line

OS: 24.1 m

KRAS G12C inhibitor

Sotorasib CodeBreaK100[51] Phase 1 129, of which 42 had
KRAS G12C mCRC

Sotorasib ORR: 78.3% Second-line

PFS: 7.1 m

OS: 4.0 m

Adagrasib KRYSTAL-1[52] Phase 2 45 Adagrasib monotherapy (phase 1/2) ORR: 87.0% vs.
100.0%

Second-line

28 Adagrasib plus cetuximab (first data cut-off
analysis)

PFS: 22.0 vs. 43 m

NTRK gene fusion

Entrectinib[58] — Phase 2 10 Entrectinib ORR: 20% Second-line

Larotrectinib
[59]

— Phase 2 19 Larotrectinib ORR: 47% Second-line

DCR: 89%

RET inhibitors

Selpercatinib LIBRETTO-001[64] Phase 2 10 Selpercatinib ORR: 20.0% Second-line

PFS: 13.2 m

DOR: 24.5 m

ORR, objective response rate; PFS, progression-free survival; OS, overall survival; DFS, disease-free survival; DCR, disease control rate; DOR, duration of overall response.
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patients. Nonetheless, this choice was made due to the absence of
prognostic molecular biomarkers of response (i.e., RAS activation or
BRAF-activating mutations) rather than the presence of positive
predictive biomarkers of antitumor activity and efficacy. Despite the
fact that chemotherapy coupled with anti-EGFR monoclonal
antibodies has great efficacy in mCRC patients with wild-type
left-hemi-RAS/BRAF tumors, with a primary objective response
reported in nearly two-thirds of patients and a median PFS of
11 months, all patients developed disease progression. In about one-
third of the patients, this was due to emerging RAS mutations and
cloning of cancer cells with BRAF mutations or EGFR ectodomain
mutations as an escape mechanism from EGFR inhibition (Strickler
et al., 2018). Indeed, therapy with anti-EGFR drugs removes RAS/
BRAF-sensitive clones of the wild type (RAS/BRAF-wt), and the
obtained RAS mutation-resistant clones become the majority
population of cancer cells. Consequently, second-line therapy,
besides adding an anti-angiogenic agent, usually includes a
change in the chemotherapy regimen. However, a growing
number of clinical studies suggest (Misale et al., 2014; Parseghian
et al., 2019) that anti-EGFR drug retreatment may play a role in the
sequential therapy of patients with wild-type RAS/BRAF mCRC.
Indeed, the gradual decay of acquired resistant RAS mutant clones
(half-life of nearly 4 months) during second-line, EGFR inhibitor-
free therapy and the potential proliferation of wild-type RAS/BRAF
clones to increase sensitivity to anti-EGFR medications has resulted
in the suggestion of re-challenge anti-EGFR therapy. This potential
re-introduction of anti-EGFR treatment may be used as a backline
medication for patients who are sensitive to first-line anti-EGFR
therapy and not medicated with anti-EGFR monoclonal antibodies
in second- and third-line therapies.

4 Anti-BRAF, MEK-targeted therapy:
vemurafenib, dabrafenib, encorafenib,
trametinib, and binimetinib

In CRC, the occurrence of BRAF mutation ranges from 10% to
20%. Out of these mutations, around 90% are BRAF V600E locus
mutations, accounting for 7%–15%, while non-V600E mutations
constitute about 2%. In CRC cases exhibiting high microsatellite
instability (MSI-H) or deficiency in mismatch repair protein
(dMMR) expression, BRAF V600E mutations often coexist with
MLH1 expression deficiency or hypermethylation in the MLH1 gene
promoter region. International reports indicate a concurrent rate of
about 30%–75% (Jones et al., 2017). In CRC with MSI-H or dMMR,
BRAF V600E mutations are often accompanied by MLH1 expression
deficiency or MLH1 gene promoter region hypermethylation, with a
concomitant rate of about 30%–75% reported abroad (Ward et al.,
2013). BRAF and RAS mutations are usually mutually exclusive and
linked to females, usually right hemizygous, late-staged, with mucinous
histological manifestations, defective mismatch repair, and malignantly
formed serrated adenoma. CRC patients with BRAF V600E mutation
have a median OS of nearly 11 months, are chemotherapy insensitive,
have an extremely poor prognosis, and are poorly treated with standard
chemotherapy (Cremolini et al., 2015). BRAF mutations induce self-
activation of downstream genes, which cause tumor cell growth and
accelerated proliferation.

BRAF-mutated mCRC is an extremely complex subgroup of
CRC. In the last decade, certain breakthroughs have been
achieved in targeting the BRAF-mutated CRC subgroup, but
the optimal recommended strategy for treating BRAF-mutated
mCRC patients remains to be determined. Options include
single-agent, two-agent, and three-agent chemotherapy, anti-
EGFR targeted therapy, BRAF inhibitors, and MEK inhibitors.
Besides there are combinations of target and chemotherapy and
combinations between two or more targets. However, using
chemotherapy with anti-angiogenic drugs in the first line and
BRAF inhibitors plus EGFR inhibitors after disease progression is
still the approved guideline of care for patients with appropriate
physical status.

Vemurafenib, dabrafenib, and trametinib are selective BRAF/
MEK suppressors that were created and tested in clinical trials
(Grothey et al., 2021). Anti-BRAF monotherapy is poorly effective.
Based on the BEACON CRC research, encorafenib combined with
cetuximab protocol significantly enhances OS when compared to the
control group, with amedian OS of 9.3 months when compared with
5.9 months of the control group. When encorafenib and cetuximab
were combined with binimetinib, the efficacy was similar; both
protocols significantly increased outcomes and quality of life
when compared with controls in mCRC patients with BRAF
V600E mutations in whom disease progressed on first- or
second-line therapy (Kopetz et al., 2015). After progression on
first-line therapy for mCRC with BRAF V600E mutations, the
NCCN recommendation for subsequent systemic therapy is
encorafenib in combination with an EGFR inhibitor such as
cetuximab or panitumumab. In the newest NCCN guidelines, the
three-drug strategy of dabrafenib and trametinib, encorafenib and
binimetinib, and cetuximab and panitumumab for BRAF
V600E–mutated mCRC was rejected. BEACON CRC research
findings support NCCN recommendations (Corcoran et al., 2018;
Kopetz et al., 2019).

Immunotherapy demonstrates potential benefits for patients
with BRAF-mutated, microsatellite stable (MSS)–type metastatic
CRC (mCRC). Preliminary studies suggest a potential synergy
when BRAF inhibitors are combined with PD-1/PD-L1 immune
checkpoint inhibitors. One investigation indicated that the pairing
of BRAF inhibitors with EGFR monoclonal antibodies encouraged
a temporary MSI-H phenotype in MSS-type bowel cancer, hinting
at potentially improved survival outcomes for patients harboring
BRAF mutations. A recent ASCO meeting unveiled a phase I/II
study that combined cetuximab and nivolumab in MSS-type,
BRAF V600E–mutated mCRC (Morris et al., 2022). In total,
26 patients were included, and 24 evaluable patients achieved
an overall remission rate of 50%, DCR of 96%, median PFS of
7.4 months, and median OS of 15.1 months. This is the best
outcome achieved so far in second-line treatment and beyond
for patients with BRAF mutations, and the randomized phase II
SWOG 2107 research is also ongoing. In addition, because BRAF
mutations often lead to sustained activation of the RAS/RAF/
MEK/ERK pathway, co-inhibition of BRAF and MEK contributes
to pathway suppression, and combined immunotherapy on this
basis may be more efficacious. Dabrafenib and trametinib with PD-
1 inhibitors are being researched together to provide further
clinical guidance.
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5 Anti-HER2 therapy: trastuzumab,
pertuzumab, lapatinib, and tucatinib

Overexpression of HER2 accounts for 2%–3% of all CRC
(Yaeger et al., 2018), commonly found in patients having left-
hemicolectomy colon cancer, RAS-wt. It is currently believed that
HER2 overexpression status may be a negative indicator of anti-
EGFR monoclonal antibody effectiveness (Sartore-Bianchi et al.,
2019). However, a proportion of HER2-amplified mCRC patients
may still benefit from EGFR monoclonal therapy, and it is also a
biomarker to guide anti-HER2-targeted medication in progressed
CRC. Moreover, HER2 immunohistochemical testing is
recommended in all mCRC. The determining criteria for
HER2 overexpression in CRC mainly refer to the HERACLES
study (Sartore-Bianchi et al., 2016), which requires tumors with a
3+ HER2 score in over 50% of cells by immunohistochemistry or
with a 2+ HER2 score and 50% of tumor cells to be FISH positive.
With the development of NGS, some studies have used NGS
detection of increased HER2 gene copy number as a criterion for
HER2 overexpression interpretation as well. For patients with
advanced CRC with HER2 overexpression, anti-HER2 therapy is
recommended as a second-line treatment.

A number of clinical studies resulting from the identification of
HER2 gene amplification in a subset of patients with wild-type RAS/
BRAF mCRC (Bertotti et al., 2011) have been conducted that
evaluated different anti-HER2 treatment strategies. Treatment
with the humanized anti-HER2 monoclonal antibody
trastuzumab plus the anti-HER2 tyrosine kinase inhibitor
lapatinib is the recommended and effective treatment for patients
with HER2-amplified chemo-refractory mCRC. Additional
potential strategies include combining trastuzumab and the
humanized anti-HER2 monoclonal antibody pertuzumab, as well
as the use of heavyweight antibody–drug conjugates (ADCs) such as
Enhertu (trastuzumab deruxtecan) (Sartore-Bianchi et al., 2020;
Siena et al., 2021). In addition, antitumor activities were observed
with trastuzumab in combination with the selective anti-HER2
tyrosine kinase inhibitor tucatinib (Gao et al., 2022). The
2022 ASCO meeting reported that MOUNTAINEER was an
open-label, multicenter phase 2 clinical research in the
United States and Europe, enrolling 117 HER2-positive patients
not eligible for surgery or mCRC patients who had experienced
standard treatment before but not received anti-HER2 therapy. In
the trial, patients were medicated with Tukysa plus trastuzumab or
Tukysa monotherapy. The overall remission rate for CRC patients
receiving tucatinib plus Herceptin was 38.1%, with a median
duration of remission of 12.4 months, median PFS of 8.2 months,
and median OS of 24.1 months. The US FDA has accepted its new
drug tucatinib/Tukysa plus trastuzumab for priority approval
eligibility in the treatment of patients with HER2-positive CRC
who have undergone at least one past therapy for disease that cannot
be resected or developed metastasis. Tukysa is an oral HER2 tyrosine
kinase inhibitor that expresses HER2 in tumor cells showing
antitumor activity. In vivo, Tukysa inhibits the growth of tumors
with HER2 expression. Trastuzumab plus Tukysa have
demonstrated better antitumor activity than either agent alone.
As anti-HER2 therapy effectiveness has been established in
treating chemotherapy-refractory patients, clinical studies of this
class of medications are now evaluating their potential involvement

in the early phases, such as in first-line treatment. Therefore, a global
phase 3 randomized clinical trial, MOUNTAINEER-03, has been
started with the aim to determine the effectiveness of Tukysa plus
trastuzumab, standard chemotherapy in the presence or absence of
cetuximab and bevacizumab, as the first-line medication for HER2-
positive mCRC (42-44).

6 Targeted KRAS mutation therapy

The RAS family consists of three variant genes encoding four
proteins: HRAS, NRAS, KRAS4A, and KRAS4B (the latter two being
isoforms generated by distinct splicing), as KRAS4B is the major
splice variant, also referred to as KRAS (Simanshu et al., 2017), and
the presence of KRAS-activating mutations is identified in mCRC in
anti-EGFR therapy as the first predictive negative biomarker.

Studies have proven that mutation of KRAS exon 2 activates
MAPK signaling that bypasses the upstream blockade of EGFR by
the therapeutic monoclonal antibodies cetuximab or panitumumab
(Karapetis et al., 2008). Recent research has demonstrated that, in
addition to KRAS exon 2, other KRAS and NRAS mutations are
resistant to anti-EGFR therapy (Van Cutsem et al., 2015). Over 40%
of mCRCs have KRAS mutations, specifically common in exon
2 and codon 12 (approximately 80% of all KRAS mutations) and
codon 13 and in exons 3 (codons 59 and 61) and 4 (codons 117 and
146). NRAS mutations are rarer (5%–10% of mCRC) and occur
mainly in exons 3 (codon 61) and 2 (codons 12 and 13) (Nassar et al.,
2021). RAS mutations are usually linked to poor outcome and drug
resistance.

KRAS G12C mutation has been on the radar of cancer
researchers since 40 years ago, but drug development for this
target has been slow that it was once considered a “non-
druggable target.” However, since 2013, several selective and
irreversible inhibitors targeting KRAS G12C mutation, which
occurs in about 3%–4% of mCRC patients, have been under
development (Jones et al., 2017). Sotorasib and adagrasib were
first accepted by the US FDA for treating KRAS G12C–mutated
advanced lung cancer and were subsequently studied in refractory
advanced studies in colon cancer (Hong et al., 2020; Kim et al., 2020;
Fakih et al., 2022) showed that sotorasib and adagrasib had single-
agent efficiencies of 10%–22%, achieving a breakthrough in targeted
therapy for RAS-mutant colon cancer. The 2022 ESMO Congress
KRYSTAL-1 has reported that the trial evaluated the effectiveness
and safety of the KRAS G12C inhibitor adagrasib, and this congress
has presented results of its CRC single-arm analysis of adagrasib
(MRTX849) in combination with or without cetuximab in patients
with KRAS G12C–mutated progressed CRC, with 44 patients
receiving adagrasib monotherapy and 32 patients receiving a
combination of adagrasib and cetuximab in the single-agent
group with an overall remission rate (ORR) of 19%, a disease
control rate (DCR) of 86%, and a median duration of remission
(DOR) of 4.3 months (95% CI, 2.3–8.3). The median PFS of the
patients was 5.6 months (95% CI, 4.1–8.3) while the median OS was
19.8 months (95% CI, 12.5–23.0). Patients in the combination
therapy group had an ORR of 46%, DCR of 100%, median DOR
of 7.6 months (95% CI, 5.7–NE), median PFS of 6.9 months (95%
CI, 5.4–8.1), and median OS of 13.4 months (95% CI, 9.5–20.1).
Adagrasib alone and in combination with cetuximab showed good
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clinical activity in KRAS G12C–mutated advanced CRC patients
with a manageable safety profile. The investigators noted that the
combination caused higher remission rates and longer PFS, and a
follow-up phase III study of this combination strategy S.J. et al.
(2022), Professor James K. Chen’s team, Li Jiong and Teng Xiu’s
team, and Yu Jun’s team (KRYSTAL-10) is underway.

The investigators also mentioned that two phase III trials are
currently evaluating the efficacy of these combinations in patients
with KRAS G12C–mutated CRC. Adagrasib in combination with
cetuximab versus chemotherapy is being investigated in KRYSTAL-
10 as second-line therapy in mCRC (NCT04793958), and
CodeBreak 300 (NCT05198934) is evaluating sotorasib in
combination with panitumumab with investigator-selected
therapies (trifluridine and tipiracil, or regorafenib) in previously
treated metastatic CRC, which may include third-line therapy.
Although this is a novel approach to treat KRAS G12C–mutated
advanced CRC, only this small subset of KRAS-mutated patients will
benefit, as most other patients with KRAS-mutated types remain
untargeted, and further work is required to understand the biology
of KRAS-mutated CRC, to directly target other KRAS mutations
with new selective agents and combinations, and metabolic pathway
inhibitors, to indirectly target MAPK signaling (Klempner et al.,
2022; Kuboki et al., 2022).

7 NTRK gene fusion targeted therapy

NTRK fusion (Pietrantonio et al., 2017) is a very rare
mutation in mCRC, with an incidence of 0.20%–1%, but has a
higher incidence of about 5% in MSI-H CRC, indicating the
possibility of testing for NTRK fusions in patients with dMMR/
MSI-H tumors. In recent years, two “cancer-free” therapies
(entrectinib and larotrectinib) have been authorized by the US
FDA and European Medicines Agency (EMA) that are based on
the presence of a specific mutation in the NTRK fusion
(independent of tumor type). The 2022 ESMO Congress
reported (Doebele et al., 2020) that among 34 patients
enrolled for larotrectinib treatment, which included 19 cases
of CRC, pancreatic, bile duct, appendix, gastric, liver,
esophageal, and other gastrointestinal tract tumors, the ORR
was 33%, with a complete remission (CR) rate of 3% and partial
remission (PR) rate of 30%, with 45% of patients having stable
disease. It is notable that among the 19 CRC patients, the ORR
was 47% and CR rate was 5%, which means that about 50% of the
CRC patients had a significant reduction in or even
disappearance of lesions. An additional 42% of the patients
had stable disease, with a disease control rate of 89%.

At the 2022 ESMOWorld Congress on Gastrointestinal Cancers
(WCGIC 2022) (Garrido-Laguna et al., 2022), the Huntsman Cancer
Institute at the University of Utah in Salt Lake City revealed the
findings of a recent comprehensive analysis exploring the use of
entrectinib in patients with NTRK fusion-positive gastrointestinal
tract tumors and found that entrectinib had durable efficacy in these
patients. Of 16 objectives with different types of gastrointestinal tract
tumors, 10 cases had CRC, and the remission rate was 40% for the
entire cohort of patients with gastrointestinal tract tumors and
approximately 20% for patients with CRC, with a duration of
remission of nearly 20 months and a PFS of nearly 7 months.

The OS of patients in this cohort was 4 months longer than was
previously reported.

8 Targeted RET inhibitors

RET, an oncogene, encodes a transmembrane receptor equipped
with a tyrosine kinase structural domain. Mutations or fusions
involving RET can incite downstream signaling pathways such as
RAS/MAPK, PI3K/AKT, or JNK, thereby promoting cell survival
and tumor growth (Jhiang, 2000). In a study that sequenced
39 different histological types and a total of 4,871 tumor tissue
samples, only 1.8% of solid tumors had RET gene variants, of which
the gene fusion types accounted for 30.7% (Kato et al., 2017).
However, the incidence of RET fusions in patients with CRC was
less than 1% (Gourd, 2018). Although RET fusions were rare
variants in CRC, one study found that more than two-thirds of
the patients with right hemizygous colon cancer, RAS/BRAF wt, and
MSI-H in CRC carried RET gene fusions. Furthermore, this study
found that RET fusion-positive patients had a poorer prognosis and
OS than did RET fusion-negative patients (median OS 14.0 months
vs. 38.0 months, HR: 4.59; p < 0.001) (Pietrantonio et al., 2018). In
mCRC, RET fusions can be potential therapeutic targets and
prognostic markers.

The 2022 ASCO guidelines for CRC both added the first
treatment option for patients with positive RET gene fusions.
Selpercatinib is a highly selective RET tyrosine kinase inhibitor.
On 21 September 2022, according to the research findings of
LIBRETTO-001 (NCT03157128) (Subbiah et al., 2022), the FDA
accelerated the approval for the use of selpercatinib in adult patients
with locally advanced or metastatic solid tumors with disease
progression or fusion of RET genes without other satisfactory
alternative treatment options after previous systematic treatment.
The LIBRETTO-001 study was a global multicenter, phase 1/2,
open-label, basket study that investigated the efficacy and safety of
selpercatinib in patients with RET fusion-positive advanced solid
tumors (excluding lung or thyroid cancer). A total of 45 patients
(10 with colon cancer) were enrolled, and the efficacy analysis
showed an ORR of 43.9%, which included 20.0% in patients with
colon cancer. Regarding safety, 18 patients (40%) experienced
serious on-treatment emergent adverse events (TEAEs), with the
most common grade ≥3 TEAEs of hypertension and abnormal liver
functioning (elevated ALT and AST). Owing to the small sample size
of this research, with limited clinical data available to evaluate
patients with colon cancer, and the fact that selpercatinib was
only owing to the limited sample with 114, the validation of the
results of this study in confirmatory clinical trials with larger sample
sizes is still required. Therefore, selpercatinib was not included in the
treatment pathway for mCRC in this update of the NCCN Colon
and Rectal Cancer Guidelines but only added as a footnote.

9 Other new targets

9.1 ALDH1B1, acetaldehyde dehydrogenase

Ethanol dehydrogenase (ADH) in the liver catalyzes the
conversion of ethanol (alcohol) to acetaldehyde, and acetaldehyde

Frontiers in Pharmacology frontiersin.org07

Li et al. 10.3389/fphar.2023.1165666

462

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1165666


dehydrogenase (ALDH) is responsible for further catalyzing the
resulting acetaldehyde to harmless acetic acid. In humans, the
ALDH family comprises several isozymes. Prior investigations
(Feng et al., 2022) have detected the presence of cancer cells with
high levels of ALDH activity in a variety of cancers, and such cancer
stem cells are more tumorigenic, chemoresistant, andmetastatic. For
example, high levels of ALDH1A3 are present in breast, glioma,
melanoma, and non–small-cell lung cancer stem cells, while
ALDH1B1 are highly expressed in cancer stem cells of CRC and
pancreatic ductal adenocarcinoma (PDAC).

A study led by Professor James K. Chen’s team at Stanford
University resulted in the development of IGUANA-1, a selective
inhibitor of ALDH1B1. IGUANA-1 curbs the proliferation of CRC
cells and organoids, underscoring the significant role that
ALDH1B1 plays in CRC. This finding indicates that inhibitors of
ALDH1B1 could potentially serve as a therapeutic strategy for CRC,
introducing a new direction in the development of targeted drugs
against ALDH1B1.

9.2 Interleukin 37

Interleukin 37 (IL-37) was discovered to be an important natural
and acquired immunity suppressor. In CRC, the molecular
mechanism and role of IL-37 have remained obscure. In 2022, Li
Jiong and Teng Xiu’s team at Sichuan University (Wang et al., 2022)
observed that IL-37 transgenic (IL-37tg) mice were highly sensitive
to CAC and had significantly elevated colonic tumor burden.
However, in intestinal mutagenesis, CRC cell aggressiveness did
not require IL-37. Importantly, IL-37 blocked cytotoxic T-cell-
mediated immunity in CAC and B16-OVA models. Finally, this
study observed significantly elevated IL-37 levels in CRC patients
that were positively linked to serum CRC biomarker CEA levels but
negatively linked to CD8+ T-cell infiltration in patients. In
conclusion, the results of this study have highlighted the function
of IL-37 in harnessing antitumor immunity through the inactivation
of cytotoxic T cells and established a newly defined suppressor IL-
37/SIGIRR as a treatment option for CRC in the cancer immune
cycle.

9.3 Squalene epoxidase

Huang et al. (2020) have shown that excessive cholesterol intake
increases the risk of CRC and that squalene epoxidase (SQLE) is the
rate-limiting enzyme in cholesterol biosynthesis. Yu Jun’s team at
the Chinese University of Hong Kong published a study in the
journal Gut and found that SQLE mRNA and protein expression
were upregulated and predicted poor survival in CRC patients (Li
et al., 2022). SQLE enhanced CRC cell growth by triggering cell cycle
progression and inhibiting apoptosis. In the azomethane-induced
CRC model, colon-specific SQLE transgenic (tg) mice (Sqle tg) had
elevated tumorigenesis, while Sqle KO mice had decreased tumor
numbers in the colon when compared with wild-type mice.
Integrated macrogenomic and metabolomic analyses have
revealed a dysregulated intestinal ecology in Sqle tg mice
enriched in pathogenic bacteria, which was associated with
increased secondary bile acids. In accordance with the harmful

consequences of secondary bile acids, Sqle tg mice have impaired
intestinal barrier functioning and decreased tight junction protein
Jam-c and occludin. Finally, this study revealed that terbinafine, an
SQLE inhibitor, could be repurposed for CRC by synergistically
inhibiting CRC growth with oxaliplatin and 5-fluorouracil. To
conclude, this research has suggested that SQLE mediates
tumorigenesis through cell-intrinsic effects and regulation of the
metabolite axis of the gut microbiota. The studies have suggested
that SQLE is a possible treatment option and prognostic marker
in CRC.

Additionally, immunotherapy is an encouraging route to
explore in CRC treatment. Research has demonstrated that
immunotherapy is efficacious and safe for mCRC patients who
are dMMR/MSI-H. Nonetheless, the vast majority of mCRC patients
(approximately 85%–90%) present with MSS and normal mismatch
repair (pMMR). Despite the existence of limited studies with small
cohorts, there is optimism that immunotherapy canmake significant
strides in the area of MSS/pMMR in the coming years. When
compared with the wide application of PD-1/PD-L1 inhibitors in
tumor therapy, CTLA-4 monoclonal antibodies have been used as a
single drug and in combination with other ICIs. Currently, only
ipilimumab is approved by the US FDA for the clinical treatment of
tumors, and it is the first drug that was proven to prolong OS in
patients with advanced melanoma (McDermott et al., 2013). In a
clinical trial (CheckMate 142) (Overman et al., 2017), 119 patients
with metastatic mCRC—who had been previously treated with
fluorouracil and oxaliplatin or irinotecan—and MSI-H/dMMR
received four cycles of “O + Y” combination therapy, followed by
3 mg/kg sequential nivolumab every 2 weeks until progression or
death. The BRAF and KRAS mutation rates of the enrolled patients
were 24% and 37%, respectively, and the ORR was 49%, of which the
rate of CR and PR was 4% and 45%, respectively; the “O + Y”
combination therapy was approved by the US FDA. A clinical study
(Derakhshani et al., 2021) indicated an overexpression of CTLA-4 in
the CRC tissues when compared to the adjacent non-tumoral tissues
and that SW480 cells substantially overexpress CTLA-4 when
compared to HCT 116 and HT-29 cells. In addition, capecitabine
remarkably downregulates the expression of CTLA-4. Collectively,
capecitabine can inhibit the expression of CTLA-4 in CRC cells and
might bridge immunotherapy approaches with chemotherapy.
Thus, we know the transformative potential of CTLA-4 inhibitors
in reshaping the therapeutic landscape of mCRC. However, at
present, only ipilimumab and tremelimumab have been approved
as CTLA-4 inhibitors. Ipilimumab is only approved for
monotherapy in specific cases of melanoma, and the rest are
combination therapies, which are still characterized by a small
number of drug classes, narrow range of indications, and lack of
optimal dosage and treatment strategies. In addition, there is a
requirement to be deeply aware of the complexity, uncertainty, and
risk of immunotherapy. Attention should be paid to the occurrence
of AEs in anti-CTLA-4 monotherapy and “O + Y” combination
therapy. Early clinical trials mostly used high-frequency, high-dose
ipilimumab monotherapy, which showed that the incidence of AEs
was as high as 53% and the discontinuation rate was 28%, which was
higher than that of the chemotherapy group, and only 46% of the
patients in the ipilimumab group completed the treatment
(Govindan et al., 2017). CTLA-4 inhibitors represented by
ipilimumab have been on the market for many years but failed
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to have a major breakthrough in a variety of solid tumors, probably
because the mechanism of action of CTLA-4 is still unclear, and with
the emergence of PD-1/CTLA-4 combination, therapeutic agents
could solve the aforementioned problems. In conclusion, due to the
complexity, uncertainty, and certain risk of immunotherapy, more
sufficient evidence-based medical research is still required to screen
the advantageous population of colorectal cancer immunotherapy
through accurate biomarkers and predict the efficacy and risk of
immunotherapy accurately. The combined use of CTLA-4 inhibitors
in different stages and treatment should be carried out prudently
under the guidance of evidence-based medicine and relevant
domestic and international guidelines.

10 Conclusion

With in-depth research on the pathophysiology of CRC and its
treatment, the discovery of novel targets can help corresponding
drugs that are designed for specific targets in patients with especially
CRC who are prolonged under the guidance of individualized
precision treatment. It improves the overall survival and quality
of life. However, there are still many problems in targeted therapy.
The focus of future research is on the efficacy of targeted drugs in
evaluation, besides existing clinical efficacy assessment criteria for
solid tumors (response evaluation criteria in solid tumor—RECIST),
how to combine other imaging signs before and after treatment,
marker changes, establishing a set of drugs that are more suitable for
targeted therapy, and evaluation criteria.. How to predict the
targeting efficacy of drugs before treatment and to find effective
biomarkers are also the main challenges and goals of the front. In
addition, anti-angiogenesis is better controlled adverse effects
associated with targeted drugs are also of concern. Currently,
there are more and more clinical trials that explore the potential
for targeted drugs with different mechanisms of action suitable for
application areas, such as targeted therapy with chemotherapy and
different mechanisms. With the progression of the combination of

therapy, including chemotherapy, targeted terapy and immunue
therapy for cancers. Believing in targeted cure therapeutic drugs will
have a more essential part in comprehensive medication of CRC in
the future.
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