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Editorial on the Research Topic
Advances in the potential treatments of gastrointestinal and liver diseases:
addressing the public health burden

Gastrointestinal and liver diseases continue to pose a significant burden worldwide, both
on societies and healthcare systems (Marcellin and Kutala, 2018). With recent advances in
studying the pathogenesis of these diseases and the development of therapy and screening
strategies for early detection, physicians, pharmacists and policymakers can now address this
major public health burden. This includes not only for cancer but also chronic liver diseases
and autoimmune diseases (Goebel et al., 2015; World Health Organization, 2022). By doing
so, they can improve the therapeutics outcomes, enhance the quality of life of patients, and
optimize healthcare costs.

The present Research Topic consists of twenty articles: 3 systematic reviews with meta-
analysis, 3 reviews, and 14 original research articles. These articles provide a diverse range of
innovative viewpoints on the significance of comprehending the genetic, molecular, and
cellular mechanisms associated with gastrointestinal complications and diseases. Such
understanding has the potential to guide the advancement of therapies in areas where
clinical problems remain unsolved.

Regarding cellular and molecular mechanisms, Sui et al. examined the relationship
between various immune cells and postoperative ileus, aiming to provide potential
therapeutic solutions for this unresolved clinical issue. Jiang et al. analyzed the potential
antifibrotic effects of salvianolic acid B in autophagy in liver fibrosis. Their findings revealed
that inducing TGF-B1 resulted in a significant increase in autophagosome formation and
autophagic flux in different molecular cascades. Another original research studied by Jia et al.
demonstrated the in vivo efficacy of hesperidin in promoting gastric motility in rats with
functional dyspepsia, suggesting a potential treatment approach for this condition.

Screening and early detection are among the primary priorities of the current European
anticancer plan and should be implemented at the national level (Pana et al., 2023). Within
our Research Topic, three original research articles emphasized the significance of on
national level screening. Groza et al. conducted a study analysing the quality of colonoscopy
in Romania as part of colorectal cancer screening. They discovered that the quality of
colonoscopy is not consistently monitored and suggested using adenoma detection rate,
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polyp detection rate, and adenoma per colonoscopy as monitoring
indicators. In their systematic review with meta-analysis, Ding et al.
examined the regimes that could improve bowel cleansing quality
for patients undergoing colonoscopy. They emphasized the
importance of adequately preparing patients before screening
interventions to improve the quality of the results. Additionally,
Fu et al. provided a review describing the current diagnostic
methods, therapeutic targets, and therapies for non-alcoholic
fatty liver disease.

Irritable bowel syndrome (IBS) is a functional gastrointestinal
disorder. Bao et al. demonstrated that genetic susceptibility to
insomnia could increase the risk of IBS. However, they did not
observe a causal association between chronotype and IBS, nor did
they find that genetic liability to the “morning” chronotype could
lower the risk of IBS.

Many of the original research articles contributing to this
Research Topic also provided insights on the potential
pharmacological effects of plant-derived medicines. Li et al.
conducted a review on the current progress of plant-derived
treatments such as terpenoids, flavonoids, quinones, etc., against
intestinal mucositis. He et al. analyzed traditional Chinese medicines
as a potential source of hepatoprotective agents. An interesting
aspect of their original research was the use of an in silico model
based on machine learning techniques to discover potential
Afolabi et al

methanolic Moringa oleifera leaf extract for its potential

pharmacologically active plants. examined
protective role against epithelial barrier damage and enteric
bacterial translocation in intestinal ischaemia/reperfusion injury.
Chen et al. demonstrated that the patchouli alcohol, extracted from
Pogostemonis Herba, improves intestinal motility and alleviates IBS-
induced diarrheal symptoms. These findings suggest the potential
therapeutic efficacy of patchouli alcohol against IBS accompanied
with diarrhea.

Network pharmacology and molecular docking are novel
methods that contribute to a comprehensive understanding of
systems and network biology, as well as the orientation of
molecules within binding sites. Currently, these methods are
primarily used in the discovery of plant-based, marine-based, and
antibiotics drugs (Aleem et al., 2022). In our Research Topic, Xia
et al. have contributed with a research article that employs these
methods to explore the potential in vivo protective effect of Epidemii
Folium on cisplatin-induced intestinal injury in mice. Their findings
showed that the extract of Epidemii Folium can alleviate cisplatin-
induced intestinal damage by modulating oxidative stress,
inflammation, and apoptotis.

The utilisation of artificial intelligence and machine-learning in
gastroenterology allows the creation of models for predicting
prognostics such as mortality (Ungureanu et al., 2023) or liver
protection. He et al. employed these techniques to predict the

from
in the

hepatoprotective  activity ~of ingredients  derived

12 traditional Chinese medicine, which could aid
development of new drugs.

Two original research articles examined the efficacy and safety as
major criteria for evidence-based therapy decision making. Li et al.
investigated the efficacy of mesalazine in treating nonspecific terminal
ileal ulcers and demonstrated no significant difference in clinical or
endoscopic efficacy between patients who received mesalazine and

those who were followed up without special intervention. Sur et al.
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analyzed the efficacy and safety of trifluridine/tipiracil as a therapeutic
option in metastatic colorectal cancer in real life setting for a Romanian
cohort of patients. Liu et al. conducted a meta-analysis showing that
neoadjuvant imatinib plus surgery significantly improve overall survival
of rectal gastrointestinal stromal tumor compared to upfront surgery.
Another meta-analysis, performed by Zhang et al., focused on changes
in hemodynamic and cardiac function in patients with portal
pulmonary hypertension (POPH) to understand the effect of
pulmonary hypertension agents (including prostacyclin and its
analogues, endothelin receptor antagonists, phosphodiesterase
5 inhibitors, soluble guanylate cyclase stimulants, efc.) treatment on
the entire population of POPH patients.

Primary biliary cholangitis (PBC), a chronic autoimmune
intrahepatic cholestatic disease, is still not fully understood. Meta-
analyses were performed to better understand its pathogenic
mechanisms (lonele et al, 2022). Guoyun et al. updated a meta-
analysis to explore the influence of fenofibrate dose and the
effectiveness and safety of long-term application on PBC patients,
with the aim of improving guideline recommendations.

In the field of gastrointestinal endoscopy, Zheng et al.
determined the optimal dose of propofol combined with
esketamine for gastroscopy in elderly patients.

In summary, the articles presented in this Research Topic focus
on molecular and cellular mechanisms, the efficacy and safety of
established therapies in real-world settings and provide insight into
potential therapies derived from plant origins, as well as advanced
solutions for screening, diagnosis, and treatment of gastrointestinal
and liver diseases.
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Molecular and cellular
mechanisms underlying
postoperative paralytic ileus by
various immune cell types

Chao Sui*?, Liang Tao', Chunhua Bai*#, Lihua Shao?, Ji Miao?,
Kai Chen'?, Meng Wang'*, Qiongyuan Hu'#* and Feng Wang'*

Department of Gastrointestinal Surgery, Nanjing Drum Tower Hospital, The Affiliated Hospital of
Nanjing University Medical School, Nanjing, China, ?Medical School of Nanjing University, Nanjing,
China

Postoperative ileus (POI) is a well-known complication following gut
manipulation or surgical trauma, leading to an impaired gut motility and
prolonged postoperative recovery time. Few current therapeutic strategies
can prevent POI, and this disorder remains to be a major clinical challenge
for patients undergoing surgery. Comprehensive understanding of cellular and
molecular mechanisms related to the pathogenesis of POI stimulates the
discovery of more promising targets for treatment. POl is closely associated
with a series of inflammatory events within the bowel wall, and as key
components of inflammatory mechanisms, different types of immune cells,
including macrophages, dendritic cells, and T lymphocytes, play significant
roles during the development of POI. A variety of immune cells are recruited
into the manipulation sites after surgery, contributing to early inflammatory
events or impaired gut motility. Our review intends to summarize the specific
relationship between different immune cells and POI, mainly focusing on the
relevant mechanisms underlying this disorder.

KEYWORDS

postoperative ileus, inflammatory response, immune cell, macrophage, neutrophil,
mast cell

Introduction

Postoperative ileus (POI), characterized by a transient cessation of
gastrointestinal (GI) function, is a common complication following general
surgery or gut manipulation (Behm and Stollman, 2003; Hedrick et al., 2018;
Thomas, 2019). This clinical dilemma has been a considerable burden on both
inpatients and medical resources because of prolonged hospitalization time and
increased expenses (Ramirez et al., 2013; Bragg et al., 2015; Wolthuis et al., 2016).
Figure 1 presents us the imaging features of a patient with severe POI. Intraoperative
intestinal manipulation directly led to the generation of POI, which subsequently
resulted in poor prognosis.
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FIGURE 1

Gut manipulation in the abdominal surgery leads to
postoperative ileus. (A) CT imaging features of a patient with small
bowel diverticulum (red circles); (B) photos of intestinal
manipulation during endoscopic surgery of this patient; and

(C) postoperative imaging suggested that this patient had severe
ileus.

Currently, POT is considered to be mainly related to sympathetic
neural reflexes, activation of gut opioid receptors and inflammatory
reaction, which eventually lead to symptoms such as vomiting,
abdominal distension, and delay of defecation in patients (Vather
et al, 2013; Vather et al, 2014; Wattchow et al, 2021). Recent
evidence suggested that different types of immune cells play a vital
role in the genesis of POI (Wattchow et al., 2021), and studies based
on it are trying to find a novel potential target for treatment
(Mazzotta et al, 2020). However, the relationship between
immune cells and POI lacks further investigation and systemic
summary. This review intends to provide a general understanding of
the mechanisms under POL It draws together information on effects
of various immune cells on paralytic ileus, covering monocytes,
macrophages, neutrophils, dendritic cells, mast cells, and T
lymphocytes. Other important contributors are also briefly
summarized in our review, with emphasis on molecular and
cellular mechanisms.

Mechanisms under postoperative
ileus

Several studies have focused on the pathophysiological process of
POI in the past few years. Neurogenic as well as inflammatory
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mechanisms are considered to be mainly involved in the
pathogenesis processes of this disorder (Wehner et al., 2012). It is
now widely accepted that a neurogenic component plays a significant
role in the early phase of postoperative impairment of gut motility
(Lubbers et al., 2010). Activation of sympathetic pathways in response
to surgical trauma or gut manipulation is verified to mediate a
widespread inhibition of GI function, mostly through suppression
of enteric neural reflex pathways (Stakenborg et al., 2017a).

The second phase of ileus is related to an immunological and
inflammatory response that consequently leads to a prolonged
duration of POI (Venara et al., 2016). Previous evidence in both
animal models and humans showed increased leukocyte infiltration
after intestinal handling, which begins 3-4 h after surgery and lasts
for several days (Kalff et al., 1999; Kalff et al.,, 2003). This suggests
that although early neurogenic mechanism triggers an acute
reduction in gut motor activity, the following sustained gut
inflammation  eventually leads to delayed postoperative
dysmotility in the late phase of POL In addition, another critical
factor involved in POI is the use of analgesics, primarily of opioids
after surgery. These pain-relieving drugs are able to bind to p-opioid
receptors in the GI tract, adding to the potential possibilities of POI.

Current approaches to prevent or treat ileus include non-
pharmacological interventions and pharmacological treatments
(Wattchow et al, 2021), most of which have poor therapeutic
effects and lacks reliable clinical evidence (Delaney et al, 2010;
Sammut et al., 2021). Hence, new strategies that target the intimate
mechanisms of POI are required to complement current clinical
practice and solve existing medical dilemmas (Buscail and Deraison,
2022). Recent studies have focused on the intestinal inflammation
during POI, and as key components of inflammatory response, the
populations of immune cells including monocytes, macrophages,
neutrophils, dendritic cells, mast cells, and T lymphocytes, are
proved to be closely linked to the onset of POL Figure 2 briefly
illustrates that different types of immune cells play crucial roles
during POL. It is generally accepted that intestinal handling triggers
the activation of resident immune cells like macrophages and
neutrophils, subsequently leading to the recruitment of more
immune cells. On the one hand, activation of immune cells can
interact with enteric nervous system (ENS) and transmit stimulation
to the spinal cord and in turn increase sympathetic output, which
further inhibits myenteric neurons. Meanwhile, they trigger a serious
of inflammatory events, subsequently aggravating GI dysfunction.
Next, we will mainly summarize and discuss the specific roles of
different immune cells in POI and relevant mechanisms implicated
in the pathogenesis of this disorder.

Immune cells in postoperative ileus
Monocytes and macrophages

Macrophages in the GI tract constitute the major population
of macrophages in the body (Mowat and Agace, 2014; Wang
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FIGURE 2

Different types ofimmune cells play key roles in the pathophysiologic process of POI. Surgical trauma or gut manipulation triggers the activation

of different types of immune cells. In the initial stage, activated cells like mast cells and enteric glial cells can interact with enteric neurons and
subsequently transmit stimulation to our brain. Meanwhile, further activation and recruitment of different immune cells such us monocytes,
macrophages, neutrophils, dendritic cells, mast cells, and T lymphocytes lead to a series of gut inflammatory cascade events, accompanied by
production of varied inflammatory cytokines, activation of transcription factors, and release of other active substances, all of which eventually lead to

the generation and aggravation of POI.

et al, 2019). Compared with conventional macrophages,
intestinal macrophages have particular features in terms of
phenotypic characterization, inflammatory response, and
cytokine generation (Yip et al,, 2021). It is acknowledged that
intestinal macrophages are essential in mediating intestinal
immunity and maintaining GI homeostasis (Bain and Mowat,
2014; Bain and Schridde, 2018; Muller et al., 2020). For paralytic
ileus, research studies based on reliable animal models suggested
that intestinal macrophages, primarily muscularis macrophages,
play key roles in the inhibition of gut motility (De Schepper et al.,
2018). These resident macrophages in the muscularis layer are
activated after gut manipulation or surgical trauma, promoting
the development of POI through a series of inflammatory cascade
events (Grainger et al., 2017; Mazzotta et al, 2020). TNFa
(Matsumoto et al., 2018), IL6 (Wehner et al., 2005), MCP-1
(Tiirler et al., 2002), CXCL1 (Docsa et al., 2020), and other
proinflammatory cytokines or chemokines released from
muscularis macrophages contribute to the recruitment of
circulating leukocytes and suppress GI function by influencing
intestinal muscles and nerves (Wehner et al., 2007; De Schepper
et al, 2018). The production of transcription factors such as
STAT3 (De Jonge et al,, 2005) and p38-MAPK (Wehner et al.,
2009) are also upregulated in macrophages during inflammation
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and are proved to be associated with POI. Moreover, muscularis
macrophages induce the formation of active substances like NO,
which inhibit smooth muscle via the activation of guanylyl
cyclase (Shah et al, 2004; Francis et al, 2010). In addition,
the of
prostaglandin E2 by transient receptor potential vanilloid 4
(TRPV4) which  further
contraction (Luo et al, 2018). Taken together, muscularis

activation of macrophages results in release

channels, triggers  intestinal
macrophages take part in various inflammatory events that
lead to POI, and relevant channels and pathways could be
potential targets for treatment.

In contrast to resident muscularis macrophages, the infiltrated
macrophages could play protective roles in POIL Farro et al
demonstrated that a population of macrophages, which was
exogenously migrated and monocyte-derived, could resolve
inflammation and restore intestinal motility in POI, suggesting
the functional heterogeneity of different cellular origins (Farro
et al, 2017). In addition, Pohl et al. pointed out the different roles
of macrophages between small and large intestine. They found that
progression of POI in small intestine relied on the iNOS produced by
both Ly6C macrophages and Ly6C monocytes, while in colon only
the latter secreted iNOS, which indicated a potential role of the
intestinal microbiota (Pohl et al., 2017).
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Enteric neurons are key players in macrophage-mediated
inflammatory response during POI. Vagus nerve stimulation
after induction of ileus has been reported to reduce the
expression of inflammation-related cytokines (Stakenborg
et al, 2017b). This effect depends on a7 nicotinic receptors
(a7nAChR) on macrophages, leading to the regression of
inflammation and amelioration of POI (Matteoli et al., 2014).
In this context, many therapeutic modalities that utilize parallel
mechanisms are widely studied (Cipriani et al., 2016; Yang N. N.
et al, 2021). Similar to vagus nerve stimulation, the 5-HT,
receptor (5HT,R) agonist accelerates the release of acetyl
choline, which subsequently activates a7nAChR on muscularis
macrophages and eventually reduces the duration of POI after GI
surgery (Tsuchida et al, 2011; Stakenborg et al, 2019).
Considering that this effect has been confirmed in clinical
trials (Gong et al, 2016), 5HT,R agonist can act as an
effective therapeutic alternative for patients with ileus. It
should be noted that not all macrophages express a7nAChR,
and Stakenborg et al. proved that a7nAChR expression was
M2-like Through
culturing  macrophages ganglia,

restricted  to pathogenic  phenotype.

with  myenteric they
discovered that enteric neurons contributed to the induction
of a7nAChR and the install of M2 phenotype (Stakenborg et al,
2019). Therefore, further studies are required to clarify the
relevant phenomena and mechanisms.

Except for a population of resident macrophages, which can
sustain their numbers by cell division instead of recruiting
2022),

rely on the continuous

monocytes (Mischopoulou et al, most intestinal

macrophages replenishment of
monocytes that extravasate into GI tissue in a CCR2-
dependent way (Bain et al., 2013; Bain et al., 2014), and this
is also the case during POI These CCR2-dependent monocyte-
derived macrophages help restore GI function after gut
manipulation (Farro et al, 2017). CCR2 knock-out mice have
fewer monocyte-derived macrophages in muscularis layer due to
damaged monocyte migration, which further leads to increased
neutrophil-mediated immunopathology. Farro et al. observed
that Ccr2™”” mice show persistent muscular dysfunction and
delayed GI transit recovery compared with WT mice upon
intestinal handling (Farro et al, 2017), suggesting that
targeting circulating monocytes and enhancing macrophage
physiological repair functions could be possible strategies for
reversing the symptoms of POI.

It should be specifically pointed out that IL10, mainly
secreted from monocyte-derived macrophages during POI,
plays an important role in the disease. Previous studies have
shown that IL10 promotes polarization of macrophages and acts
as a macrophage deactivator in the gut inflammation,
contributing to faster recovery from ileus (Kontoyiannis et al.,
2001; Stoffels et al., 2009; Makita et al., 2015). However, recent
evidence suggests that IL10 leads to migration of other immune
cells (also see the section on neutrophils below), which induces
further inflammation (Stein et al., 2018). Indeed, Stein et al.
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that IL10
macrophages aggravated POI, instead of relieving this sort of
disorder (Stein et al., 2018).

In conclusion,

pointed out secreted by monocyte-derived

the current evidence has shown that
macrophages activation is crucial in the pathogenesis of POI,
and that focusing on underlying molecular and cellular
mechanisms may be of great use for clinical treatment.
However, further studies are needed so that the observations
in animal models can translate into practical therapeutic options.

Neutrophils

Neutrophils are an indispensable component of innate
immune system and act as the first kind of immune cells
accumulating in large numbers at sites of inflammation (Sadik
et al,, 2011; Amulic et al., 2012). Neutrophils are able to release
massive amounts of reactive oxygen species (ROS), produce
other toxic molecules, and induce neutrophil extracellular
traps during their course of reaction (Chen et al., 2021). In
addition to their essential functions throughout the body,
neutrophils play unique roles in intestinal homeostasis
(Fournier and Parkos, 2012) and result in various pathological
changes of gut disease such as inflammatory bowel disease (Zhou
et al., 2018; Dinallo et al., 2019), colorectal cancer (Yang et al.,
2020), and intestinal ischemia-reperfusion injury (Wang et al.,
2018). Recent studies have shown that neutrophils are strongly
associated with POIL Increased neutrophil infiltration can be
observed in intestinal manipulation-induced models of POI,
causing the induction of inflammatory mediators (Tsuchida
et al., 2011; Maehara et al.,, 2015). Neutrophils are associated
with the recruitment and activation of immune cells in the gut via
producing cytokines such as CXCLS8, IL17, and IL10 (Ferretti
et al.,, 2003; Mantovani et al., 2011). Meanwhile, cytokines and
chemokines produced by other immune cells also regulate
neutrophil  infiltration intestinal  inflammation
(Kucharzik et al., 2005).

As highlighted above, IL10 secreted from monocyte-

during

derived macrophages aggravates POI. Recent evidence has
proved that IL10
traumatized sites by regulating the expression of neutrophil
chemokines (Stein et al., 2018). Of note, IL-10 deficiency
reduces the neutrophil extravasation into the bowel wall,

influences neutrophil migration to

and consequently ameliorates paralytic ileus. This suggests
that neutrophils have direct correlation with inflammatory
other in POL
Interestingly, Farro et al. demonstrated that knockout of
CCR2
immunopathology and prolong the clinical outcome of POI
(Farro et al, 2017). These findings indicate the close
relationship between neutrophils and macrophages in POL

response and pathological processes

could increase neutrophil-mediated

They may have complex associations in intestinal

inflammation rather than a single synergistic effect.
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Janus kinase 1 (JAK1) plays an important role during
inflammation and is regarded as a candidate signal pathway
involved in regulating inflammatory reactions in intestinal
paralysis. Sun et al. found marked activation of JAK1 after gut
manipulation, accompanied by increased myeloperoxidase-
stained neutrophils (Sun et al., 2019). JAK1 inhibition lowered
the infiltration of neutrophils and expression of proinflammatory
mediators. In addition, mitogen-activated protein kinase-
activated protein kinase 2 (MK2), a downstream molecule of
P38, plays an essential role in inflammation (Gorska et al., 2007).
In POI, MK2 activation is upregulated, and MK2 inhibitor
significantly reduces the number of neutrophils as well as the
expression of proinflammatory gene (Liu et al., 2013). Moreover,
the selective inhibition of p38 mitogen-activated protein kinase
(MAPK) pathway leads to reduction of neutrophil infiltration
after gut manipulation (Wehner et al, 2009). Taken together,
signal pathways activated during POI are related to neutrophil-
mediated inflammation, and from a therapeutic point of view,
targeting relevant pathways may have enormous potentialities to
prevent POI via reducing neutrophil infiltration.

Dendritic cells

Dendritic cells (DCs) are professional antigen-presenting
cells that efficiently sample the environment for foreign
antigens and present them to immune system (Chang et al,
2014; Schiavi et al., 2015). In the intestine, dendritic cells are
widely distributed within the lamina propria, and they are one of
the immune cells central to the initiation of protective
proinflammatory as well as tolerogenic immune response,
which are pivotal in the maintenance of intestinal homeostasis
(Persson et al., 2010; Persson et al., 2013; Worbs et al., 2017). For
a long time, studies have focused on the relationship between
DCs and intestinal diseases including inflammatory bowel
disease and intestinal neoplasms (Bernardo et al., 2018; Yang
Z.]. et al, 2021). Considering the inflammatory reaction and
immune response in POI, it could be logically inferred that DCs
play an irreplaceable role in the pathogenesis and development of
this disease.

In fact, the intestinal DCs were observed to be activated in the
mouse model of POI, with their numbers increased by 30-fold
compared with sham-operated groups, which directly
demonstrated the connection between ileus and this kind of
immune cells (Engel et al., 2010). DCs secrete a great deal of
costimulatory molecules like interleukin-12 (IL12) after surgical
trauma, leading to partial activation of Tyl-memory cells and
thus stimulate intestinal macrophages to have more profound
impacts on POI (Engel et al.,, 2010; Koscielny and Kalff, 2011).
CCR7, expressed on activated DCs and T cells, is significantly
upregulated after gut manipulation, and CCR7”" mice show
improved intestinal muscle function in the case of surgical
trauma (Koscielny et al., 2011). In addition, Pohl et al. (Pohl
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et al, 2017) found that CD103*CD11b* DCs, a subset of
intestinal DCs, triggered the disorder of gut motility, and that
lacking such cells consequently reduced the inducible nitric oxide
synthase produced by monocytes and macrophages, resulting in
the amelioration of POIL As a result, human immune system
plays a key role in POI, and as an important component of the
immune system, dendritic cells are widely involved in the
of this Studies
subpopulations of intestinal DCs provide us more possibilities

development disorder. on various
to clearly understand their roles in POI, allowing them become a

novel potential target for POI treatment.

Mast cells

Previous evidence suggested that mast cells (MCs) are
responsible for innate and adaptive immunity, neurogenic
inflammation, impaired tissue function, and intestinal barrier
dysfunction (Wouters et al., 2016; Traina, 2021), all of which
are concerned with POI. The activation of MCs has been
proved to be related to POI in both rodent models and clinical
setting (De Winter et al., 2012; Berdtn et al., 2015). IgE bound
to the specific receptor on MCs, which triggered a series of
biochemical events. Subsequently, MCs release preformed
granule compounds such as cytokines, proteases, and
histamine, followed by a proinflammatory response (Galli
et al., 2020). MCs have bidirectional communication with
nerve endings, making them able to regulate intestinal
motility and organ pain (De Winter et al, 2012). In the
initial phase, such interactions can be influenced by active
substances secreted from MCs, which causes neurogenic
inflammation and increased sensitivity. These effects on

neurons eventually promote the disturbances of gut
motility ~ (Buscail ~and  Deraison, 2022). Previous
experiments on mouse models showed that gut

manipulation led to mast cell degranulation and this
process contributed to the development of leukocyte
infiltration, implicating that MCs played a key role in the
inflammatory cascade during POI (De Jonge et al., 2004).
Moreover, release of mouse mast cell protease-1 (mMCP-1) in
the peritoneal fluid was significantly increased after gut
manipulation (Peters et al., 2015), further indicating that

tW/va

MCs are key players in POI. Snoek et al. used Ki and

KitVMW=sh mice that carry different spontaneous mutations
in the gene for ckit and genetically lack MCs to demonstrate
that absence of MCs can reduce the manipulation-induced
inflammatory infiltrate and ameliorate GI transit (Snoek et al.,
2012). Furthermore, the inflammatory response to intestinal
handling in mast cell-deficient mice could be restored through
mast cell reconstitution. In addition, evidence has shown that
MCs evoke bacterial translocation to mesenteric lymph nodes
and are responsible for epithelial barrier dysfunction after
intestinal surgery, all of which are proved to be associated with
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an increased inflammatory response and delayed GI

emptying, suggesting another role of MCs in the
pathogenesis of POI (Snoek et al., 2012).

The relationship between MCs and POT has been also verified
in clinic as well. A clinical pilot study demonstrated that the
handling of intestine triggered mast cell activation and prolonged
ileus in patients undergoing gynecological surgery (The et al,
2008). By quantifying mast cell activation and inflammation, the
data showed that conventional abdominal hysterectomy resulted
in the release of tryptase as well as an increased level of IL6 and
IL8, whereas such phenomenon did not occur during minimal
invasive surgery. On the other hand, intestinal manipulation-
induced mast cell activation upregulated the expression of
intercellular adhesion molecule-1 (ICAM-1) that is strongly
associated with leucocyte recruitment (The et al, 2008).
Hence, faster recovery after minimal invasive surgery may be
partly owing to this, and more importantly, targeting MCs as a
therapeutic approach for POI has reliable clinical proof of
concept (De Giorgio and Barbara, 2008).

Mast cell stabilizers like ketotifen can reduce the release of
mast cell mediators and weaken inflammation after abdominal
surgery, subsequently leading to an improvement of gastric
emptying (The et al., 2009; Rychter et al., 2015). In addition,
evidence showed that early enteral nutrition ameliorated POI
by stabilizing MCs with a cationic channel protein TRPAI
(Sun et al., 2020). Moreover, Kimura et al. found a new zinc
chelator, IPZ-010, and they proved IPZ-010 caused an
inhibition of inflammatory response in activated bone
marrow-derived MCs, which promotes recovery of GI
function after surgery (Kimura et al., 2020). Although some
studies based on mouse models questioned the involvement of
MCs in POI and opposed mast cell inhibitors as a therapeutic
strategy for POI (Gomez-Pinilla et al., 2014), MCs are still
regarded as key players in POI development considering the
variation of species and current clinical evidence, and the
prudent use of mast cell stabilizers could open up new
perspectives for POI treatment. In addition, given the
numerous differences between mucosal MCs and connective
tissue MCs (Reber et al, 2015), investigations on the
heterogeneity of mast cell subtypes may be valuable in POI.

T lymphocytes

Adaptive immune system is crucial to the development of
experimental POI, and as an essential cellular counterpart in
this immune response, T lymphocyte is closely linked to the
pathological process of this disorder. T lymphocytes are
widely known to exist in human blood and lymphoid
tissue, resident in the gut at the same time (Ma et al,
2019). They have long been observed interacting with gut
microbiota to regulate intestinal homeostasis (De Oliveira
et al., 2017; Caruso et al., 2020). So far, studies on T
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lymphocytes, especially helper T cells, have given us a
deeper insight into the molecular and cellular mechanisms
involved in POL.

Gut

administered

the

dextran in

retarded transit

fluorescent

manipulation

of orally
mice, while
CD4 knockout mice eliminated such delay and lightened
the local inflammatory response, implicating that CD4" T
helper cells are critical factors involved in POI (Engel et al,,
2010). Nevertheless, this effect may be related to the type of T
helper effector cells. As a subtype of CD4" T cells, Ty1 cells
can be induced mainly by IL-12, and subsequently secrete a
variety of cytokines, thereby mediating the cellular immune
response and participating in the inflammatory response.
Koscielny et al. identified that surgical trauma and local
inflammation trigger the release of IL-12, leading to
production of large numbers of interferon-y (IFN-y) by
activated Tyl-memory cells, which consequently enhances
the inflammatory process underlying POI and causes GI
hypomotility by promoting intestinal macrophages to
secrete NO (Koscielny and Kalff, 2011). These findings
present us a close connection between T-helper type 1 cell-
mediated adaptive immune response and macrophage-
mediated innate immune system during POI, assisting us to
discover a fire-new way to reduce the duration of POL.

In addition, activated Ty1 cells at surgical trauma sites can
migrate to unmanipulated intestinal segments through the
bloodstream, subsequently disseminating ileus over the entire
intestinal tract (Engel et al., 2010). Immunosuppressive
FTY720 or inhibition of IL-12 can block the Tyl cell exit
to the portal vein blood and thus prevent POI These findings
that Tyl
participants in POI and play irreplaceable roles in its

provided further evidence cells are major
progression.

Despite the well-known role of Ty1 cells in POIL, T2 cells
may have an ignorant effect on the disease progression. In fact,
recent studies have proved that POl is related to an increase in
both Ty2 cytokines and Ty2 cells, accompanied by an
increased number of mast cells as well as upregulated IgE
and histamine plasma levels. This Ty2 response could be
linked to the ROS-mediated activation of NF-kB and
p38 MAPK signaling pathways (Lin et al, 2021). In
summary, T lymphocyte-mediated immune response has
been identified to be a crucial target in the pathological
process of POI, but the characteristics of such immune
response are not completely understood. Hence, further
research is needed to help develop the comprehension of

POI to a brand-new phase.

Other important contributors

An the field of
neurogastroenterology and GI disorders is the enteric glial

emerging cellular target in
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cell that constitutes a crucial part of the enteric nervous
system and maintains intestinal homeostasis through
interactions with resident immune cells and other cell types
(Sharkey, 2015; Yoo and Mazmanian, 2017). Enteric glial cells
play a pivotal role in normal gut motility, and disruption of the
balance maintained by this cell population consequently leads
to motility disorders and GI diseases (Gulbransen and
Christofi, 2018; Seguella and Gulbransen, 2021). Notably,
studies have revealed that both finger manipulation and
high pneumoperitoneum pressure during intestinal surgery
cause abnormal mechanical forces on the gut and its
mesentery, activating enteric glial cells and converting them
to a pathogenic state referred to as a reactive glial phenotype
that directly contributes to POI (Mazzotta et al., 2020).
Recently, Schneider et al. found that surgical trauma
triggers ATP release which further induces a reactive glia
phenotype known as “gliosis” (Schneider et al.,, 2021). The
induction of enteric gliosis through ATP depends on the p38-
MAPK signaling pathway, and this process subsequently leads
to intestinal inflammation and impaired gut motility in POL.
Furthermore, P2X2, a relevant ATP receptor, is demonstrated
to be linked to ATP-induced enteric gliosis and inflammation.
Therefore, blocking enteric glial P2X2 receptors could be a
potential therapy in ameliorating POL

Interstitial cells of Cajal (ICC) are proved to be another
contributor to the genesis of POI. Known as intestinal
pacemaker cells, ICCs play a significant role in regulating
GI motility (Sanders et al., 2014). Kaji et al. demonstrated that
the production and propagation of pacemaker potentials via
ICCs were disrupted through a nitric oxide pathway, further
resulting in GI dysmotility after intestinal manipulation (Kaji
et al., 2018). This pathological change will be ameliorated as
the intestinal inflammation subsides. Hence, it is reasonable to
infer that nitric oxide synthase inhibitor may have therapeutic
potentials for POI by suppressing the disruption of ICC
networks. Moreover, studies have shown that acupuncture
protects ICCs in rat models of POI, leading to amelioration of
GI function (Deng et al., 2017; Deng et al., 2019). Of note,
intestinal mesothelial cells in the abdominal cavity are also
involved in the development of POI as the inflammatory
response mediated by them is a significant mechanism in
many clinical conditions including gut dysmotility (Mihara
et al., 2017). Relevant anti-inflammatory pathways regulated
by a7nAChR expressed on intestinal mesothelial cells may
have a therapeutic potential through connectivity with enteric
nerves. In addition, other intestinal components like
microbiome contribute to POI as well, making POI a
complex pathological process.

Frontiers in Pharmacology

15

10.3389/fphar.2022.929901

Conclusion and future perspectives

POI is an unsolved clinical problem that demands further
investigation to find a novel therapy. Recent studies have focused
on the immunological and inflammatory response during POI, and
comprehensive understanding of relevant cellular mechanisms
provides a promising target for POI treatment. As key
components of this process, populations of different immune
cells are closely related to POI development. Strategies that target
macrophages or MCs are already proven to be effective in clinical
setting, but they still need further evidence. Our review provides a
comprehensive understanding of different types of immune cells in
the development of POI, with emphasis on molecular and cellular
mechanisms. Although most of their roles have been elucidated in
previous studies, the complex interactions between these players are
still poorly understood. More promising and effective therapies are
likely to evolve from a deep comprehension of relevant mechanisms
underlying POL.
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In liver fibrosis, transforming growth factor-p1 (TGF-f1) can stimulate
autophagy and activation of hepatic stellate cells (HSCs). Autophagy, playing
a crucial role in HSCs activation, is related to liver fibrosis. Increasing evidence
have suggested that antifibrosis effects of salvianolic acid B (Sal B) and their
mechanisms of action, however, remain unclear. The aim of the article is to
understand the role of Sal B in HSCs autophagy in liver fibrosis. Herein, we
demonstrated thatinducing TGF-p1 led to dramatic increase in autophagosome
formation and autophagic flux in JS1 and LX2, which was mediated through the
ERK, INK, and p38 MAPK cascades. TGF-p1 significantly increased the protein of
autophagy and liver fibrosis, including LC3BIIl, ATG5, a-SMA, and Col.l; Sal B
inhibits JS1 autophagy and activation by inhibiting the formation of
autophagosomes and autophagic flux. Sal B significantly decreased the
LC3BIl, ATG5, a-SMA, and Col.l protein expressions; pretreatment with
autophagy inhibitors, chloroquine (CQ) and 3-methyladenine (3-MA) or
silencing ATG7 further increase these reductions. However, pretreatment
with  autophagy agonist, rapamycin  (Rapa), or  overexpressed
ATGS attenuated this decrease. To further assess the importance of this
mechanism, the antibody chip was used to detect the change of
phosphorylation protein expression of the MAPK signaling pathway after
treating JS1 with Sal B. Eleven differentially expressed proteins were verified.
Sal B inhibits activation and autophagy of JS1 induced by TGF-p1 through
downregulating the ERK, p38, and JNK signaling pathways, as demonstrated by
downregulating p-ERK, p-JNK, and p-p38 MAPK protein expressions. In
conclusion, Sal B inhibits autophagy and activation induced by TGF-p1 of
HSCs possibly by downregulating the MAPK pathway.
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Introduction

The pathological basis of cirrhosis is hepatic fibrosis. The
paradigm of HSCs activation remains the foundation for defining
event in hepatic fibrosis (Friedman, 2010). Mechanisms of fibrosis
have focused on HSCs, which become fibrogenic myofibroblasts
during injury through ‘activation’ (Lee et al, 2015), secreting
extracellular matrix protein (ECM) (Friedman, 2008) (Higashi
etal., 2017). Hence, inactivation of HSCs can lead to enhancement
of fibrolytic activity and could be a potential target of antifibrotic
therapy (Jung and Yim, 2017). Yet, the continued discovery of
novel pathways and mediators, including endoplasmic reticulum
stress, oxidative stress, retinol and cholesterol metabolism,
epigenetics, receptor-mediated signals, extracellular vesicle
(Shuhei 2018), and autophagy, the
complexity of HSCs activation (Tsuchida and Friedman, 2017).

Autophagy is

Nakamura, reveals
an evolutionally conserved cytoplasmic
degradation system, in which varieties of materials are
sequestered by a double-membrane structure, autophagosome,
and delivered to the lysosomes for the degradation (Gao et al.,
2020). Due to the wide varieties of targets, autophagic activity is
essential for cellular homeostasis (Gao et al., 2020). Autophagy also
plays an important role in energy and nutritional metabolism of
the liver (Mizushima et al., 2008). The role of autophagy in liver
disease depends on the cell type and the stage of the disease (Allaire
etal., 2019). The crucial role of autophagy in protecting hepatocyte
from death in response to stress induced liver injury, such as
acetaminophen (APAP) overdose (Ni et al., 2012) (Li et al., 2019)
(Yan etal, 2018) (Shan et al., 2019), liver injury mediated by death
receptors (Amir et al., 2013) (Zhong et al., 2016), Wilson’s disease
(Polishchuk et al., 2019), and targeting autophagy as a therapeutic
strategy for al-AT deficiency (Mukherjee et al.,, 2018). Autophagy
not only regulates hepatocyte functions but also impacts on non-
parenchymal cells such as endothelial cells, macrophages, and
hepatic stellate cells (Allaire et al., 2019). A large number of studies
demonstrate that the role of autophagy on HSCs activation is
complex. Autophagy displays opposite functions depending on the
cell type (Allaire et al., 2019). Many studies have shown that
selective reduction of autophagy levels of fibrosis-related cells and
tissues may be a target for the treatment of liver fibrosis. Activation
of HSCs depends on autophagy because the autophagy-mediated
degradation of lipid droplets stored in these cells provides energy
supply and promotes fibrogenic cell functions (Weiskirchen and
Tacke, 2019). Recently, one study showed TGF-Pl treatment
increasing both autophagosomes and autolysosomes in
LX2 cells, thereby elevating autophagic flux. Ursodeoxycholic
acid alleviates experimental liver fibrosis involving inhibition of
autophagy flux (Ye et al,, 2020). At the same time, many studies
have obtained the opposite conclusion. For instance, PDGF
induced hepatic stellate cell autophagy inhibiting extracellular
vesicle release to attenuate liver fibrosis (Shuhei Nakamura,
2018). Interestingly, we previously showed that TGEF-pl
promoted autophagy when it activated HSCs by regulating the
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MAPK pathway. Sal B has effects on antifibrotic (Liu et al., 2016)
and antihepatic injuries (Lin et al., 2015) (Zhang et al., 2017). Our
previous research studies have found that Sal B inhibits the ERK
pathway via inhibiting phosphorylation of MEK and inhibits the
p38 MAPK pathway via blocking phosphorylation of MKK3/6 and
inhibiting expression of MEF2 in HSCs with or without TGF-p1
stimulation. But the role of Sal B on autophagy is unknown.

In the present study, we demonstrate that TGF-B1 can induce
HSCs activation and relate to upregulating autophagy (Zhang
etal., 2020a). Sal B can inhibit HSCs activation induced by TGF-
B1 through increasing autophagic flux by downregulating the
MAPK this
participates in liver fibrosis progression.

signaling pathway. Meanwhile, mechanism

Material and methods
Culture of hepatic stellate cells

JS1, the mouse immortalized stellate cell lines, and LX2,
human hepatic stellate cell lines were cultured with Dulbecco’s
modified Eagle medium (DMEM, GIBCO, United States)
supplemented with 10% FBS, penicillin G (100U/mL,GIBCO,
United  States) and  streptomycin (100 pg/ml,GIBCO,
United States) with 5% CO, at 37°C. TGF-P1 (recombination
human TGF-B1, PeproTech, United States) was added to the
media for different times, according to the design of different
experiments.

Western blotting. Protein quantification was detected by
Western blotting. The antibodies used were as follows: the
rabbit antibodies were: Col. 1 (Abcam,#ab34710), a-SMA
(Abcam, #ab32575), Atg5(CST,#12994), Atg7 (CST,#8558),
Beclinl (CST,#3495), LC3B (sigma,#L7543), JNK (CST,#9258),
p-JNK (CST,#4671), ERK (CST,#4695), p-ERK (CST,#4370), p38
(CST,#8690), and p-p38 (CST,#4511). The secondary antibodies
were horseradish peroxidase (HRP)-conjugated goat antirabbit
(LI-COR, #926-68071) or donkey antimouse (LI-COR,#926-
32212). ImageJ software was used for quantification. Data were
expressed as relative quantification normalized to GAPDH
expression and presented as fold change from unstimulated cells.

Reverse transcription-quantitative (RT-q) PCR: RT-qPCR
was performed as previously described to determin the gene
expression levels in the culture cells. The following primer pairs
were used for the qPCR (Table 1).

pGMLV-CMV-RFP-GFP-hLC3-Puro
lentivirus (purchased from Genomeditech
Co., Ltd.) infection of target cells.

The HSCs were seeded in 24-well plates (4 x 10° cell per

well) to carry out the pre-infection experiment of the target
cells. Before the experiment, different infection holes were set
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TABLE T1 Primers used for gPCR analysis
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Target Forward primer Revers primer

Mouse a-SMA GGAGAAAATGACCCAGATTA GAGGCGGATGTTCTCAATCT
Mouse Col.l CCAGTGGCGGTTATGACTTC GCTGCGGATGTTCTCAATCT
Mouse LC3B AGCAATGGCTGTGTAAGACT CGCTGGTAACATCCCTTTTT

Mouse ATG5 CCCCAGCCAACAGATTGA GCCTCCACTGAACTTGACTG
Mouse ATG7 TACGAGCGAGAAGGATTCAC CTTGATGGAGCAGGGTAAGA
Mouse BECN1 GAGGGATGGAAGGG GGGCTGTGGTAAGTA

Mouse GAPDH AAATGGTGAAGGTCGGTGTG AGGTCAATGAAGGGGTCGTT

up, according to different MOI, and the amount of lentivirus
needed was calculated according to the MOI value and the
number of cells. According to the MOI (MOI = 100) value
measured by the pre-test, the virus was diluted to the required
concentration by using a fresh and complete medium
containing 5 g/ml polybrene. After 48 h of infection, each
group were incubated with different drugs for
corresponding time and then replaced with normal

Statistical analysis

Results are representative of at least three independent
experiments. All data are expressed as the mean + SD.
Statistical analysis was performed using two-tailed Student’s
t-test between two groups or one-factor ANOVA with
Student-Newman-Keuls among multiple groups using
SPSS21.0 software. p value < 0.05 was considered statistically

complete medium. Fluorescence changes were observed significant.
under a fluorescence inversion microscope and photographed.

Lentiviral autophagy-related gene7(Atg7) short hairpin
RNA(shAtg7), which was kindly provided by Professor Mark Results

J. Czaja (Albert Einstein College of Medicine, United States), was
cloned into lentiviral vectors. Knockdown and autophagy
inhibition was optimal at 5 days after transduction, which was
the time point used for the experiments.

M_atg5 overexpression stable transgenic
Strain (purchased from Genomeditech
Co., Ltd))

The primer sequence design was carried out first, and the
primers were synthesized according to the designed sequence,
then the target gene fragments were amplified and connected to
the over-expression vectors after digestion through different
restriction sites at both ends. The connecting products were
transferred to the prepared bacterial competent cells, and the
monoclonal colonies were sequenced, and the correct clones were
compared. That is to say, the target gene was successfully
constructed and expressed overexpression vector (PGMLV-6395).
293T tool cells were transfected with the transfected overexpression
vectors. Western blot was used to verify the effect of overexpression.
293T cells were transfected with the constructed lentivirus vector
and packaging mix. The viral solution was collected, concentrated by
ultrafiltration, and then the cell titer was determined. JS1 was
infected by lentivirus negative control and packaged
ATGS lentivirus. Overexpression of the target gene was detected
by qPCR and Western blot (this stable strain is provided by
Genomeditech Co., Ltd.).
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Sal B inhibits autophagy of HSCs induced
by transforming growth factor-f1

To determine the relationship between Sal B and autophagy
activity in liver fibrosis, we detected the expression levels of
autophagy-associated protein and autophagic flux in JS1 and (or)
LX2. As shown in Figure 1A, JS1 were transfected with an
exogenous GFP-LC3B plasmid and then treated with Sal B
with or without TGF-P1. The basic autophagy level was lower,
LC3-GFP was diffused in the cytoplasm, and only a small amount
of green fluorescent dots were observed. GFP-LC3 puncta, which
indicates the formation of autophagic vesicles, significantly
decreased in the Sal B group compared with the TGF-f1
group in JSI. JS1 were exposed to Sal B at a concentration of
10°M for 2, 4, 8, 12, and 24 h, and the expressions of the
autophagy marker LC3B II and apoptosis marker C-Caspase
3 were assessed. As shown in Figure 1B, Sal B could inhibit the
protein expression of LC3B II, especially at 8 and 12 h, but induce
the expression of C-Caspase 3 at 4, 8, 12, and 24 h.

To investigate whether Sal B regulates autophagic flux in HSCs
activation, pGMLV-CMV-RFP-GFP-hLC3-Puro lentivirus was
used. We also confirmed that Sal B inhibited autophagic flux by
transfecting JS1 and LX2 with the pPGMLV-CMV-RFP-GFP-hLC3-
Puro lentivirus. The GFP signal is sensitive to the acidic and/or
proteolytic condition of the lysosome lumen, whereas RFP is more
stable. Therefore, colocalization of both GFP and RFP fluorescence
indicates a compartment that has not fused with a lysosome, such as
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Sal B inhibits the formation of autophagosomes and autophagic flux induced by TGF-p1 in JS1 and LX2(A) LC3-GFP plot of JS1 in different
groups. (B) Expressions of LC3B and cleaved-Caspase 3 in JS1 were detected by WB. (C,D) Representative fluorescence inversion microscope
images showing GFP (green) and RFP (red) in JS1(C) and LX2(D). (E) Expression of LC3B in JS1 was detected by WB (n = 3 vs. control:"p < 0.05,p <
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autophagosome. In contrast, an RFP signal without GFP
corresponds to an autolysosome (Klionsky et al, 2021).
Therefore, the cleaved GFP level can be used to monitor
autophagic flux. As expected, incubation of JS1 with TGF-pl
resulted in a marked increase in free GFP, whereas pretreatment
with Sal B attenuated the TGF-B1-induced increase of cleaved GFP,
suggesting that Sal B inhibited the formation of autolysosome and
blocked autophagic flux. The exciting thing is that we observed the
same results in LX2 (Figures 1C,D).

We then co-treated JS1 with Sal B and autophagic inhibitors
CQ and 3-MA, which blocked the upstream and downstream
steps of autophagic flux. As shown in Figure 1E, the protein
expression of LC3B II was significantly decreased by 3-MA or Sal
B and increased by co-treatment of Sal B and CQ; its level
decreased significantly compared with CQ, indicating that Sal B
can inhibit the formation of autophagosomes and reduced the
total amount of autophagosomes; co-treatment with Sal B and 3-
MA: the expression of LC3B II further decreased compared with
3-MA, and it can be considered that the combination of Sal B
with 3-MA further reduced the formation of autophagosomes
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(Figure 1F). These data suggest that Sal B inhibits JS1 autophagy
by the
autophagic flux.

inhibiting formation of autophagosomes and

Sal B inhibits activation of JS1 through
repressing autophagy of JS1 induced by
TGF-p1

In order to investigate whether Sal B inhibit autophagy also
contributed to HSCs activation, the following experiments
were carried out. As shown in Figures 2A,B, Sal B and CQ
markedly suppressed the protein expression of Col.l in JS1. Co-
treated JS1 with Sal B and CQ further reduced Col.l
accumulation. At the same time, we found that TGF-p1 and
Rapa, a autophagic agonist, could significantly increase
LC3BIl, Coll, a-SMA, and Atg5 proteins expression, while
these proteins were reversed by Sal B, suggesting a possible role
of Sal B inhibiting the activation of JS1 by decreasing the
formation of autophagosomes.
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Sal B inhibits activation and autophagy of JS1 and LX-2 induced by TGF-p1 through downregulating the MAPK signaling pathway. (A) Protein
analysis by MAPK Pathway Phosphorylation Array Kit phosphorylated protein chip (three samples in every group). Expression of p-ERK, p-

p38 MAPK, p-JINK, Coll, a-SMA, and LC3Bin JS1(B,C) or LX-2 (D,E) (vs. control:"p < 0.05,”p < 0.01; vs. TGF-B1: “p < 0.05 #*, p < 0 01; vs. TGF-
Bl+Sal B:%p < 0.05,°°p < 0.01).

Preclinical studies have shown that activation of autophagy Overexpression of ATG5 extends life in mice and reduces the
following selective overexpression of certain ATG protein onset of age-related disease (Jong-Ok Pyo et al., 2013). To further
counteracts disease progression (Allaire et al, 2019). elucidate the role of autophagy on inhibition of HSCs activation
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Working model of Sal B inhibits activation and autophagy of HSCs induced by TGF-f1 through downregulating the MAPK pathway.

by Sal B, ATG5 was overexpressed. We commissioned
Genomeditech Co., Ltd. to complete the overexpression of
ATG5 (it is called ATG5-OE afterward) and empty vector
stable cell lines (ATG5-NC). The expression of mRNA has
shown that ATG5 gene expression in wild-type JS1 was similar
to that in ATG5-NC, but ATG5-OE was 25.56 times higher than
that in ATG5-NC (Figure 2C). It is mean stable transgenic strain of
ATGS5 gene overexpression is successful. ATG5-OE dramatically
upregulated the protein expressions of ATG5, LC3BII, a-SMA, and
Col. T (Figure 2D); and next is the treatment of stable transgenic
strain with TGF-p1 and Sal B. TGF-1 could further promote the
protein expression of Atg5 and a-SMA compared with ATG5-OE,
there was no statistical significance but could significantly promote
the protein expression of ColI. These three proteins markedly
decreased by Sal B, indicating an effect of Sal B on autophagy in
JS1 activation (Figure 2E). The result of gene expression was
similar (Figure 2F).

Then, to further explore the relationship between HSCs
activation and autophagy inhibition by Sal B, we established
the Atg7 interference model, which was transfected with
shAtg7 on the fifth day, and then cells were incubated with
10 ng/ml TGF-B1 or 10~°M Sal B. We also demonstrated that
Atg7 interference reversed TGF-p1-mediated upregulation of the
expression of the Col. I and LC3B II (Zhang et al., 2020a). At the
same time, a Western blotting analysis showed that Sal B could
further reduce the expression of Col. I, Atg7, and LC3B II
(Figure 2G). These results showed that Sal B could further
inhibit the autophagy and activation of JS1 under the
autophagy defect induced by shAtg?7.
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Based on the aforementioned experimental results, we draw a
conclusion: Sal B inhibits JS1 activation induced by TGEF-p1
through autophagy.

Sal B inhibits autophagy and activation of
HSCs by downregulating the ERK, p38,
and JNK pathways.

To explore the mechanism of Sal B inhibiting the
autophagy and activation of HSCs, we chose a protein chip
from RayBiotech as the research object. The results showed
that 11 differentially phosphorylated protein sites expressed
were screened out. JNK, p38 MAPK, and its upstream
MKK3/6,
phosphorylated proteins of ERK pathways, Mekl, all of

phosphorylated  proteins and  upstream
them were downregulated (Figure 3A).

Then the aforementioned results are verified. After exposure
to TGF-P1 at a dose of 10 ng/ml, the protein expression levels of
p-ERK, p-p38 MAPK, p-JNK, Coll, a-SMA, and LC3BII
increased compared with controls, whereas these markers
were markedly inhibited by Sal B. In addition, ERK,
p38 MAPK, and JNK protein

unchanged (Figures 3B,C). Fortunately, we also found the

expressions remained
similar results in LX2 (Figures 3D,E).

Collectively, the data indicate that Sal B inhibits activation
and autophagy of JS1 in partially mediated ERK, p38, and JNK
pathways, and there may be crosstalk between three channels.
This possible mechanism of Sal B is shown in Figure 4.
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Discussion

Available evidence suggest Chinese herbal medicine can
prevent liver fibrosis. For example, Duhuang Zhechong pill
and Gan Shen Fu Fang attenuates liver fibriosis via different
signaling pathway (Gong et al., 2020) (Du et al., 2020). Among
them, Fuzheng Huayu formula has been studied more. Fuzheng
Huayu recipe has been used widely for treating liver fibrosis or
cirrhosis caused by chronic hepatitis B infection, chronic
hepatitis C infection, non-alcoholic steatohepatitis, and so on.
A Phase Il, randomized, multicenter, double-blind, placebo-
controlled study was successfully completed to assess the
antifibrotic activity of Fuzheng Huayu tablet in patients with
chronic hepatitis C plus hepatic fibrosis in the United States in
2013 (Zhang et al., 2020b). But, the mechanisms are unclear. In
this research, we revealed a new mechanism of Sal B, a main drug
of Fuzheng Huayu formula, inhibiting HSCs activation. We
discovered that reducing autophagic flux also play an
important role in Sal B inhibiting HSCs activation induced by
TGE-B1 through the downregulated MAPK signaling.

TGEF-f1 is a potent fibrogenic cytokine that promotes
myofibroblast activation and ECM synthesis (Tschumperlin
and Lagares, 2020). HSCs activation is stimulated by several
cytokines, in particular TGF-f1, mainly released from Kupffer
cells, has been supposed to be the cardinal pro-fibrogenic effector
of HSCs (Yongfang Gong and Yang, 2020). Many studies have
shown that autophagy operates as a critical quality control
mechanism for the maintenance of hepatic homeostasis in
both parenchymal [hepatocytes (Fang et al., 2021) (Park et al.,
2020)] and non-parenchiymal [stellate cells,
endothelial cells (Hammoutene et al., 2020), Kupffer cells (Xu
et al, 2020)], and cpmpartments (Hazari et al., 2020). We
recently showed that TGF-P1 induced autophagy activates
hepatic stellate cells via the ERK and JNK signaling pathways
(Zhang et al., 2020a). Sal B has an obvious effect on antifibrosis.
Sal B can inhibit liver fibrosis induced by DMN and CCl, in rats
in vivo (Tao et al., 2021), and it has a therapeutic effect on liver
fibrosis, kidney (Gang Yao et al., 2009), and lung fibrosis
(Kesireddy et al., 2019) (Stojanovi¢ et al, 2020). Sal B can
inhibit the proliferation of lung fibroblasts cell and expression
of Col. I, a-SMA, and the production of endogenous TGF-f1
induced by TGF-B1 (Liu et al,, 2016). The regulation of Sal B on
autophagy varies according to different cell types. For example,
Sal B attenuates epithelial-mesenchymal transition in renal

sinusoidal

fibrosis rats through activating Sirtl-mediated autophagy (He
etal., 2020), but in cardiac myocytes, it can inhibit autophagy and
protect starving cardiac myocytes (Han et al., 2010). The details
presented in our study demonstrate 10~°M Sal B could inhibit the
activation and proliferation of HSCs induced by TGF-f1. Recent
studies suggest that Sal B protects human umbilical vein
endothelial cells from oxidative stress at least partially by
promoting autophagy via activation of the AMPK pathway
and downregulation of the mTOR pathway (Gao et al., 2019).
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Autophagy may interact with NLRP3 activation to contribute to
the development of depression, whereas Sal B can promote
autophagy and induce the clearance of NLRP3, thereby
resulting in neuro-protective and antidepressant actions (Jiang
et al., 2017). These results suggest that Sal B may act as an
important role in different cells by regulating autophagy. Our
study demonstrated Sal B can decrease the expression of LC3BII,
a marker of autophagosome, at different times. Meanwhile, we
observed cleaved-Caspase 3, the key enzyme to regulate
apoptosis, increased at 8, 12, and 24 h. Autophagy appears
before apoptosis, which may be related to the inhibition of
autophagy to induce apoptosis.

Sal B inhibited autophagy of JS1 induced by TGF-p1 from the
perspective. It is suggested that Sal B can reduce autophagosomes
induced by TGF-B1. The effect of Sal B on autophagy flux
induced by TGF-P1 is studied. In the next experiment, we
pGMLV-CMV-RFP-GFP-hLC3-Puro
transfected cells to confirm that Sal B inhibited the formation

used lentivirus
of autolysosome and blocked autophagic flux in JS1. The
interesting thing is that we observed the same results in LX2,
and then we used 3-MA and CQ to treat JS1, respectively. The
results showed that Sal B and autophagy inhibitor could further
decrease the expression of LC3BIl. Prior studies have
demonstrated that the activation of HSCs can be promoted by
induction of autophagy. Lipopolysaccharide induced autophagy
resulted in LD loss, RA signaling dysfunction to mediate hepatic
stellate cell activation (Chen et al., 2017). Recent studies also have
suggested autophagy suppression contributes to inhibition of
HSCs activation (Yu et al.,, 2019) (Ma et al., 2019) (Wang L. et al.,
2020). Ursodeoxycholic acid alleviates experimental liver fibrosis
involving inhibition of autophagy (Ye et al, 2020). This is
consistent with our results. However, there are some opposite
results (Hu et al, 2020). For example, hepatic stellate cell
autophagy inhibits extracellular vesicle released to attenuate
liver fibrosis (Shuhei Nakamura, 2018). This may depend on
different cell states and different animal models.

In autophagy research, gene of Atg interference (Wang Z.
et al., 2020) and overexpression were used (Zhang et al., 2019).
Autophagy is highly dependent on some autophagic proteins,
among which ATGS is a very important protein in autophagic
body formation. In our experiment, we established the
overexpression of ATG5 (ATG5-OE) and empty vector
plasmid (ATG5-NC) transfection stable strain. We detected
the protein expressions of Coll, a-SMA, Atg5, and LC3BII
were significantly increased in ATG5-OE than ATG5-NC. It is
suggested that ATG5-OE promotes autophagy and activation in
JS1. Then, the study has shown that Sal B can inhibit the
activation of HSCs by inhibiting autophagy induced by TGEF-
B1 and Rapa, as well as ATG5-OE. At the same time, we
established the Atg7 interference model. The increase of Col.l,
Atg7, and LC3BII induced by TGF-B1 was alleviated by shAtg?7.
Sal B could further reduce the expressions of Col.l, Atg7, and
LC3BIl in the shAtg7 model. Its mean Sal B could further inhibit
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the autophagy and activation of HSCs under the impaired
autophagy induced by shAtg7.

Sal B can inhibit HSCs activation by downregulating
autophagy. Next, we will study its mechanism. Our previous
research has found (Lv et al., 2010) (Lv and Xu, 2012) (Xu et al,,
2012) that Sal B could inhibit HSCs activation induced by TGEF-
B1 through the MAPK signaling pathway. Qiangian Wang et al.
(Wang et al,, 2019) reported high glucose caused autophagic cell
death by activating the JNK pathway. Previous research had
shown autophagy can be regulated by the MAPK signaling
pathway (Hanyu et al., 2020) (Chiou et al.,, 2020). In order to
determine the signal pathway of Sal B inhibiting the activation
and autophagy of HSCs, we chose a protein chip from
RayBiotech. Most focus was on the MAPK signaling pathway.
Then, the verification experiments found after exposure to TGE-
B1, the level of p-ERK, p-p38 MAPK, p-JNK, Col.l, a-SMA, and
LC3BII protein increased, whereas Sal B significantly reduced the
level of these elevated protein. Fortunately, we also found the
similar results in LX2.

In summary, the present study demonstrates Sal B
inhibits activation and autophagy of HSCs induced by
TGF-B1 partly through downregulating the ERK, p38, and
JNK pathways, and there may be crosstalk between these
channels. These findings provide a rationale for potential
clinical applications of Sal B for the prevention or treatment
of liver fibrosis.
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Hesperidin promotes gastric
motility in rats with functional
dyspepsia by regulating
Drpl-mediated ICC mitophagy
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Keming Yang, Jun Cong, Gan Cai* and Jianghong Ling*
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Hesperidin is one of the main active ingredients of Citrus aurantium L.
(Rutaceae) and tangerine peel, which have anti-inflammatory and antioxidant
effects. In previous study, we found that gastric motility disorder in functional
dyspepsia (FD) rats accompanied by excessive autophagy/mitochondrial
swelling and even vacuolization in the interstitial cells of cajal (ICC), but the
exact mechanism has not yet been investigated. Therefore, we used different
doses of hesperidin (50 mg/kg, 100 mg/kg, and 200 mg/kg) to intervene in FD
rats, and found that medium doses of hesperidin (100 mg/kg) significantly
increased gastric motility in FD rats. Subsequently, FD rats were randomly
divided into control group, model group, mdivi-1 group, mdivi-1+hesperidin
group and hesperidin group, and mitochondrial division inhibitor (mdivi-1) was
injected intraperitoneally to further investigate whether hesperidin could
regulate dynamin-related protein 1 (Drpl)-mediated mitophagy in ICC to
improve mitochondrial damage. The results showed that compared with the
model group, the serum malondialdehyde (MDA) level decreased and the
superoxide dismutase (SOD) level increased in the mdivi-1 and hesperidin
groups (p < 0.001). Transmission electron microscopy (TEM) observed that
the mitochondrial nuclear membrane was intact in gastric tissues with a clear
internal cristae pattern, and autophagy lysosomes were rare. The co-
localization expression of microtubule associated protein 1 light chain 3
(LC3) and voltage dependent anion channel 1 (VDAC1), Drpl and translocase
of the outer mitochondrial membrane 20 (Tom20) was significantly decreased
(p < 0.001), the protein expression of mitochondrial Drpl, Beclinl and LC3 were
significantly decreased (p < 0.001), the protein expression of mitochondrial
P62 and ckit in gastric tissue were significantly increased (p < 0.05, p < 0.001).
The above situation was improved more significantly by the synergistic
intervention of mdivi-1 and hesperidin. Therefore, hesperidin can improve
mitochondrial damage and promote gastric motility in FD rats by regulating
Drpl-mediated ICC mitophagy.
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1 Introduction

Functional dyspepsia (FD) is a common gastrointestinal
disorder with a reported global prevalence of 5-11% in the
community, which has caused a severe social and economic
burden (Talley and Ford, 2015; Jin and Son, 2018; Kim et al,,
2018). Currently, gastric motility disorders are considered to be
one of the pathophysiological features of FD and are closely
associated with dyspepsia symptoms (Asano et al., 2017). Gastric
motility is mostly regulated by the autonomic and enteric
nervous systems as well as by the interstitial cells of cajal
(ICC) 2017). As of
gastrointestinal slow-wave activity, ICC plays an important

(Naganuma et al, a pacemaker
role in intestinal motility by transmitting excitatory and
inhibitory signals to affect gastrointestinal motility (Hagger
et al, 1997). Ckit is a specific receptor for ICC in the
gastrointestinal tract, and ICC is cell that specifically express
ckit. Studies have shown that blockade of ICC development in
BALB/c mice by the anti-ckit monoclonal antibody ACK2 leads
to severe abnormalities in intestinal motility, reduces the number
of ICC in the small intestine, and inhibits ICC proliferation and
development (Torihashi et al., 1995; Streutker et al., 2007). In our
previous study, we found that impaired gastric motility in FD rats
was accompanied by excessive autophagy/mitochondrial
swelling and even vacuolization of ICC (Tan et al,, 2019).
Mitophagy is a form of cellular autophagy that occurs when
mitochondria are depolarized and damaged by external stimuli
such as oxidative damage, and the damaged mitochondria are
wrapped in autophagosomes and fused with lysosomes, thus
completing the degradation of the damaged mitochondria
(Patergnani and Pinton, 2015; Springer and Macleod, 2016).
Mitochondrial division inhibitor (mdivi-1) is a selective inhibitor
of dynamin-related protein 1 (Drp1) that inhibits Drp1-mediated
mitochondrial division by inhibiting GTPase activity (Duan
et al, 2020). Mdivi-1 treatment has been shown to prevent
lipopolysaccharide-induced mitophagy and reduce acute lung
injury in rats (Luo et al., 2019). Activation of mitophagy via a
Drpl-dependent pathway reduced apoptosis and improved renal
ischaemia/reperfusion injury-induced renal dysfunction (Li et al.,
2018). the
mitophagy in diabetic cardiomyocytes (Mishra et al, 2014).

Furthermore, mdivi-1 prevents initiation of
However, no studies have yet shown how mitophagy plays a
role in FD, and further studies are warranted.

Hesperidin, a flavonoid, is one of the main active
of

aurantium L. (Rutaceae) and tangerine peel, and has anti-

components traditional ~Chinese medicines  Citrus
inflammatory, antioxidant, analgesic, and antihypertensive
effects (Iranshahi et al., 2015; Parhiz et al., 2015). Studies have
shown that hesperidin can effectively improve gastrointestinal
function in rats. For example, hesperidin can improve colonic
motility in loeramide-induced constipation rats through the
serotonin 4R/cAMP signaling pathway (Wu et al, 2019).

Hesperidin may play an anti-ulcer effect by preventing
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hemorrhagic injury of gastric mucosa through its antioxidant
effect (Bigoniya and Singh, 2014). In addition, hesperidin can
reduce oxidative stress and mitochondrial dysfunction by
inhibiting DNA Methyltransferase 1-mediated silencing of
miR-149,
resistance (Tian et al., 2021). Although hesperidin is known to

and ameliorate high glucose-induced insulin
alleviate FD, its specific mechanism has been rarely studied.
Therefore, in this study, we aimed to explore the mechanism of
hesperidin through Drpl-mediated ICC mitophagy, improving

mitochondrial damage and promoting gastric motility in FD rats.

2 Methods and materials

2.1 Animals

66 specific pathogen-free (SPF) SD rats, 5-6 weeks old, body
weight (200 + 20 g), purchased from Zhejiang Weitong Lihua
Laboratory Animal Technology Co., Ltd., certificate number
SCXK (Zhejiang) 2019-0001, housed in SPF-grade barrier
environment at the Experimental Animal Center of Shanghai
University of Traditional Chinese Medicine (TCM), with
alternating light and dark cycles of 12/12h, relative
temperature (22 + 2)°C and relative humidity (55 + 2)%. This
study was approved by the Animal Ethics Committee of Shanghai
University of TCM (PZSHUTCM210108004).

2.2 Reagents

Hesperidin (Dalian Meilun Biotechnology Co., Ltd,,
MB6567, Dalian, China), Domperidone Tablets (Xian Janssen
Pharmaceutical Ltd., KDJ3YSP, Xian, China), mdivi-1 (Shanghai
Selleck, S7162, Shanghai, China), rabbit anti-Drpl (Abcam,
ab184247, Cambridge, UK), rabbit anti-ckit (Cell Signaling
Technology, 3074, MA, United States), rabbit anti-Beclinl
(Cell Signaling Technology, 3738S), rabbit anti-P62 (Cell
Signaling Technology, 23214S), rabbit anti-LC3 (Cell Signaling
Technology, 4108S), rabbit anti-GAPDH (Cell Signaling
Technology, 5174S), anti-rabbit IgG, HRP-linked antibody
(Cell Signaling Technology, 7074P2), mouse anti-VDACI
(Santa $c-390996, CA,
United States), mouse anti-Tom20 (Santa Cruz Biotechnology,
Inc., sc-17764), Bovine Serum Albumin (BSA) (Shanghai
Beyotime Biotechnology Co., Ltd., ST023, Shanghai, China),
Alexa Fluor 488-labeled Goat Anti-Rabbit IgG (H + L)
(Shanghai Beyotime Biotechnology Co., Ltd., A0423), Cy3-
labeled Goat Anti-Rat IgG (H + L) (Shanghai Beyotime
Biotechnology Co., Ltd., A0507), Antifade Mounting Medium
with DAPI (Shanghai Beyotime Biotechnology Co., Ltd., P0131),
SDS-PAGE Gel Quick Preparation Kit (Shanghai Beyotime
Biotechnology Co., Ltd., PO012AC), Mitochondrial Extraction
Kit (Beijing Solarbio Science & Technology Co., Ltd., SM0020,

Cruz  Biotechnology, Inc,
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Beijing, China), EZ-Buffers H 10X TBST Buffer (Shanghai
Ltd, C520009, China),
Reactive Oxygen Species (ROS) Assay Kit (Nanjing Jiancheng

Sangon Biotech Co.,, Shanghai,
Bioengineering Institute, E004-1-1, Nanjing, China), Rat Motilin
(MTL) ELISA Kit (Shanghai Biological Technology Co., Ltd.
enzyme research, EK-R30889, Shanghai, China), Rat Gastrin
(GAS) ELISA Kit (Shanghai Biological Technology Co., Ltd.
enzyme research, EK-R30890), Rat Superoxide Dismutase
(SOD) ELISA Kit (Shanghai Jianglai Biotechnology Co., Ltd.,
JL22893, Shanghai, China), Rat Malondialdehyde (MDA) ELISA
Kit (Shanghai Jianglai Biotechnology Co., Ltd., JL13297).

2.3 Grouping, modelling and drug
administration

After 1w of adaptive feeding, 36 SD rats were randomly
divided into control group (C), model group (M), hesperidin
low-dose group (Hes + low), hesperidin medium-dose group
(Hes + medium), hesperidin high-dose group (Hes + high), and
Domperidone (Dompe) group, six rats in each group. All groups,
except the control group, were modelled with reference to the
modified tail-clamping stimulation method (Wu et al., 2020; Li
et al., 2022) for 30 min each time, 2 times/d for 4 w. The dose of
gavage was calculated according to the equivalent dose formula
of 60 kg adult body weight and rats, and the model group was
given saline gavage at 1.5 ml/100 g, the Hes + low group, Hes +
medium group, Hes + high group and Dompe group were given
50 mg/kg, 100 mg/kg, 200 mg/kg and 4.5 mg/kg aqueous solution
by gavage once in the morning and once in the evening at an
interval of 12 h for 4 w. Subsequently, 30 SD rats were randomly
divided into control group (C), model group (M), mdivi-1 group
(mdivi-1), mdivi-1+hesperidin group (mdivi-1+Hes), hesperidin
group (Hes), six rats in each group. Mdivi-1 was injected
intraperitoneally once every other week at a dose of 25 mg/kg,
and the gavage dose for the Hes group was 100 mg/kg.

2.4 Preparation of semi-solid paste

5g of sodium carboxymethyl cellulose, 8 g of skim milk
powder, 4g of starch, and 4g of sugar were dissolved in
125 ml of distilled water, and fully mixed to make 150 ml of
nutritional semi-solid paste.

2.5 Specimen collection and processing

After the last administration, the rats were fasted for 12 h.
The next day, the rats in each group were gavaged with the semi-
solid paste, and 30 min later, the rats were anesthetized with 2.5%
sodium pentobarbital (2.25 ml/kg, ip), dissected along the side of
the greater curvature of the stomach, and blood was removed
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from the abdominal aorta by flushing with ice-cold saline, then
blotted and spread on filter paper. The whole stomach was
exposed, the cardia and pylorus were quickly ligated with
surgical thread, the connective tissue on the surface of the
stomach body was stripped, the mass of the whole stomach
was weighed and recorded, the stomach was cut along the greater
curvature, the stomach contents were rinsed with saline, the filter
paper was blotted dry, the mass of the empty stomach was
weighed and recorded, the tissue of the gastric sinus was
taken, part of it was fixed in 5% glutaraldehyde and 4%
paraformaldehyde respectively, part of it was extracted from
the mitochondria according to the instructions of the
mitochondrial extraction kit. The rest of the tissue was stored
in a refrigerator at —80°C.

2.6 Determination of gastric emptying rate
and small intestine propulsion rate by
semi-solid paste method

The whole stomach mass, empty stomach mass and semi-
solid paste mass were collected and recorded, and the total length
of the small intestine and the distance advanced by the semi-solid
paste in the small intestine were measured and recorded and
calculated according to the following formula: gastric emptying
rate = [1- (whole stomach mass—empty stomach mass)/semi-
solid paste mass] x 100%, small intestine propulsion rate (%) =
distance of semi-solid paste advancing in small intestine/total
length of small intestine x 100% (Liang et al., 2018; Zhu et al.,
2020).

2.7 Histopathological changes in rat
gastric antrum tissue observed by H&E
staining

After dewaxing, the sections were stained with hematoxylin
for 2 min, rinsed with running water for 5 min, stained with eosin
for 90 s, rinsed with running water for 10 min, oven at 60°C for
sealed with neutral resin to observe the

30 min, and

histopathological changes of the gastric antrum tissue in each
group.

2.8 Observation of mitochondrial
structure of interstitial cells of cajal in rat
gastric antrum by transmission electron
microscope

Gastric antrum tissues were rapidly placed in 2.5%
glutaraldehyde fixation for 2h, rinsed for 10 min x 2 times,
fixed with 1% osmic acid fixative for 2 h, rinsed in double-
distilled water for 10 min x 2 times, dehydrated in steps of
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30% — 50% — 70% ethanol for 10 min and then block-stained in
70% ethanol containing 3% dioxin acetate at 4°C, dehydrated in
steps of 80% — 95% — 100% — 100% ethanol, and after
of
Epon812 embedding solution was infiltrated with propylene

10min  x 2 times epichlorohydrin  replacement,
oxide (1:1, 2 h; 2:1, overnight), and pure Epon812 embedding
solution was infiltrated at 37°C for 6 h. Sections were baked at
60°C for 48h, electronically stained with lead citrate, and

observed and photographed by TEM (Hitachi, H-7650, Japan).

2.9 Determination of serum motilin,
gastrin, superoxide dismutase,
malondialdehyde content by enzyme-
linked immunosorbent assay

The contents of serum MTL, GAS, SOD and MDA in rats
were determined according to the instructions of the ELISA kit.
The absorbance A of each sample was read at the wavelength of
450 nm on the microplate reader, and the standard curve was
plotted and the concentration value of each sample was
calculated according to the curve equation.

2.10 Determination of mitochondrial
reactive oxygen species activity in rat
gastric tissues by spectrophotometer

The fluorescence intensity was measured at excitation
wavelength 485nm and emission wavelength 525 nm using a
spectrophotometer, following the steps of the ROS assay kit
instructions.

2.11 Observation of ckit, light chain 3 and
VADC1, dynamin-related protein 1 and
translocase of the outer mitochondrial
membrane 20 expression in gastric
antrum tissue by immunofluorescence

After dewaxing with xylene, the antigen was retrieved with
0.01 mol/L citrate buffer for 15min, then cooled to room
temperature naturally, washed with PBS, blocked with 10%
BSA at room temperature for 1h, primary antibodies (ckit, 1:
200; LC3 and VADCI, 1:200; Drpl and Tom20, 1:200) were
added overnight at 4°C. After washing with PBS, fluorescent
secondary antibodies Alexa Fluor 488-labeled goat anti-rabbit
IgG (H + L) and Cy3-labeled goat anti-rat IgG (H + L) (1:200)
were added, respectively. Incubated for 1 h at room temperature
and protected from light, washed with PBS, and nuclei stained
with DAPI for 5 min. After mounting, the expressions of ckit,
LC3 and VADCI, Drpl and Tom20 were observed with a
fluorescence confocal microscope.
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2.12 Detection the expression of ckit and
mitophagy-related proteins dynamin-
related protein 1, Beclinl, P62, and light
chain 3 in gastric antrum tissue by western
blot

Mitochondria were extracted from rat gastric antrum tissue
according to the instructions of the mitochondrial extraction kit,
protein concentration was determined by BCA, separated by 10%
SDS-PAGE electrophoresis for 90 min, transferred by wet
transfer method (300 mA, 30-90 min), and closed in 5%
skimmed milk for 2 h at room temperature in a shaker, rabbit
anti-ckit, Drpl, LC3, Beclinl, P62, and GAPDH (1:1000) was
incubated overnight at 4°C in a refrigerator shaker; the next day,
the relevant secondary antibody (1:1000) was incubated for 1 h at
room temperature, the membrane was washed in TBST buffer for
10 min/time x 3 times, developed in ultra-sensitive ECL
luminescent solution, and the gray value of the band was
analyzed by Image J.

2.13 Statistical analysis

SPSS 24.0 statistical software was used for analysis, and the
experimental results were expressed as mean * standard
deviation (means + SD). One-way ANOVA was used for
comparison of means among multiple groups, with p <

0.05 representing a statistically significant difference.

3 Results

3.1 Effects of different doses of hesperidin
on gastric motility in functional dyspepsia
rats

3.1.1 Effects of different doses of hesperidin on
pathological changes of gastric antrum in
functional dyspepsia rats

The structure of the gastric antrum was clear, the mucosa was
smooth, the glandular structure was regular, and the shape of the
epithelial cells and the size of the interstitium of the gastric
mucosa were the same in all groups; a small amount of neutrophil
infiltration was seen in the model group, the different doses of
Hes group, and the Dompe group, and no pathological changes
such as erosion and ulceration were seen, see Figure 1 for details.

3.1.2 Effects of different doses of hesperidin on
gastric emptying rate and small intestinal
propulsion rate in functional dyspepsia rats
Compared with the control group, the gastric emptying rate
and small intestinal propulsion rate in the model group was
significantly decreased (p < 0.001). Compared with the model
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FIGURE 1
H&E staining of rat gastric antrum tissue in each group (H&E, x200). C, control; M, model; Hes + low, Hesperidin + low; Hes + medium,
Hesperidin + medium; Hes + high, Hesperidin + high; Dompe, Domperidone.

TABLE 1 Effects of different doses of hesperidin on gastric emptying rate and small intestinal propulsion rate in functional dyspepsia rats.

Group n Gastric emptying rate Small intestinal propulsion
rate

C 6 0.62 + 0.11 0.84 + 0.05

M 6 0.36 + 0.097* 0.66 + 0.08***

Hes + low 6 0.39 £ 0.05 0.69 * 0.07

Hes + medium 6 0.48 + 0.08" 0.77 + 0.05"

Hes + high 6 0.49 £ 0.06™ 0.79 + 0.05*

Dompe 6 0.49 + 0.08* 0.78 + 0.05*

C, control; M, model; Hes + low, Hesperidin + low; Hes + medium, Hesperidin + medium; Hes + high, Hesperidin + high; Dompe, Domperidone. Data are presented as means + SD,

compared with C, *p < 0.05, **p < 0.01, **p < 0.001, compared with M, “p < 0.05, “p < 0.01,
p; P P P p; P P

TABLE 2 Effect of different doses of hesperidin on serum motilin (MTL)
and gastrin (GAS) contents in functional dyspepsia rats.

Group n MLT GAS

C 6 556.25 * 9.05 505.27 + 27.27
M 6 230.75 + 34.84%% 227.00 + 22.59%*
Hes + low 6 255.02 + 44.33 262.22 + 31.88
Hes + medium 6 399.28 + 14.52°* 387.10 + 53.15°
Hes + high 6 34597 + 11.71°% 338.98 + 7.407
Dompe 6 466.42 + 13.62"" 422,12 + 53.25"

C, control; M, model; Hes + low, Hesperidin + low; Hes + medium, Hesperidin +
medium; Hes + high, Hesperidin + high; Dompe, Domperidone. MLT&GAS, pg/ml.
Data are presented as means + SD, compared with C, *p < 0.05, **p < 0.01, ***p < 0.001,
compared with M, “p < 0.05, “p < 0.01, **p < 0.001.

group, the gastric emptying rate and small intestinal propulsion
rate in the medium-dose Hes group, high-dose Hes group and
Dompe group were significantly increased (p < 0.05, p < 0.01, p <
0.001), as detailed in Table I.
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*p < 0.001.

3.1.3 Effects of different doses of hesperidin on
serum motilin and gastrin contents in functional
dyspepsia rats

Compared with the control group, the serum MTL and GAS
contents in model group were significantly decreased (p < 0.001);
compared with the model group, the serum MTL and GAS
contents in medium-dose Hes group, high-dose Hes group
and Dompe group were significantly increased (p < 0.001), as
detailed in Table 2.

3.1.4 Effects of different doses of hesperidin on
the expression of ckit in the gastric antrum tissue
of functional dyspepsia rats

Compared with the control group, the expression of ckit in
the model group was significantly decreased (p < 0.01); in
comparison with the model group, which was increased in the
middle-dose Hes group and Dompe group (p < 0.05), see Figure 2
for details.
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Expression of ckit in functional dyspepsia rats detected by Western blot. (A) Western blot. (B) Results of ckit Western blot. C, control; M, model;
Hes + low, Hesperidin + low; Hes + medium, Hesperidin + medium; Hes + high, Hesperidin + high; Dompe, Domperidone. Data are presented as
means + SD, compared with C, *p < 0.05, **p < 0.01, compared with M, #p < 0.05.
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Effect of hesperidin on serum malondialdehyde (MDA) and superoxide dismutase (SOD) contents in functional dyspepsia rats. C, control; M,
model; mdivi-1+Hes, mdivi-1+Hesperidin; Hes, Hesperidin; MDA, nmol/ml; SOD, ng/ml; Data are presented as means + SD, compared with C, *p <
0.05, **p < 0.01, ***p < 0.001, compared with M, #p < 0.05, **p < 0.01, ***#p < 0.001, compared with mdivi-1, “p < 0.05, **p < 0.01,%**p < 0.001.

3.2 Effect of hesperidin on mitochondrial
damage and mitophagy of interstitial cells
of cajal in functional dyspepsia rats under
mdivi-1 intervention

3.2.1 Effect of hesperidin on serum
malondialdehyde and superoxide dismutase
content in functional dyspepsia rats

Compared with the control group, the MDA content in the
model group was significantly increased (p < 0.001), whereas SOD
content was significantly decreased (p < 0.001); compared with the
model group, the MDA content of mdivi-1 group, mdivi-1+Hes
group and Hes group were significantly decreased (p < 0.001) and
SOD content was significantly increased (p < 0.001); while
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compared with the mdivi-1 group, the mdivi-1+Hes group had
lower MDA content (p < 0.001) and higher SOD content (p <
0.001), as detailed in Figure 3.

3.2.2 Effect of hesperidin on mitochondrial
reactive oxygen species activity in functional
dyspepsia rats

Compared with the control group, the activity of mitochondrial
ROS in the model group was significantly increased (p < 0.001);
compared with the model group, the activity of mitochondrial ROS
in the mdivi-1 group, mdivi-1+Hes group and Hes group was
significantly decreased (p < 0.001); and compared with the
mdivi-1 group, mdivi-1+Hes group had lower mitochondrial
ROS activity (p < 0.01), see Figure 4 for details.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.945624

Jia et al. 10.3389/fphar.2022.945624
25000 —
0 o~ e ke A
0D T AN
3 £ 20000 — wnn
[sXm]
7] |n_|:_ | #H##
C T
8 15000 — #H#
2% |
(o~
o O 10000 —
®
2
X)) T
4 8 5000 —
o
0 | I | | T
A e e°
c M & .,\X‘ N
< &V
<&
FIGURE 4
Effect of hesperidin on mitochondrial reactive oxygen species (ROS) activity in functional dyspepsia rats. C, control; M, model; mdivi-1+Hes,
mdivi-1+Hesperidin; Hes, Hesperidin; ROS, RFU/mg; Data are presented as means + SD, compared with C, *p < 0.05, **p < 0.01, ***p < 0.001,
compared with M, #p < 0.05, **p < 0.01, **#p < 0.001, compared with mdivi-1, “p < 0.05, #*p < 0.01.

FIGURE 5

mitochondria, and autolysosomes are marked with arrows.

3.2.3 Effect of hesperidin on the ultrastructure of
the interstitial cells of cajal mitochondria in
gastric antrum tissue of functional dyspepsia rats
In the control group, the rats had a clear morphological
structure of ICC with long shuttle shape or oval shape, intact
nuclear membrane, high cristae density and large number of

Frontiers in Pharmacology

Effects of hesperidin on the ultrastructure of the interstitial cells of cajal (ICC) mitochondria in gastric antrum tissue of functional dyspepsia rats
(TEM, x30000). C, control; M, model; mdivi-1+Hes, mdivi-1+Hesperidin; Hes, Hesperidin. Scale bar: 500 nm, N stands for nucleus, Mito for
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mitochondria in the cytoplasm. In the model group, the
mitochondrial morphology was blurred, the number of
mitochondria was reduced, the mitochondria were swollen
and dilated, vacuolated lesions were present, and a large
number of autophagic lysosomes were visible. The mdivi-1
group, mdivi-1+Hes group and Hes group were more
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FIGURE 6

Expression of ckit in functional dyspepsia rats detected by Immunofluorescence and Western blot. (A) Immunofluorescence, Scale bar: 250 ym

(B) Results of ckit Immunofluorescence. (C) Western blot. (D) Results of ckit Western blot. C, control; M, model; mdivi-1+Hes, mdivi-1+Hesperidin;
Hes, Hesperidin; Data are presented as means + SD, compared with C, *p < 0.05, **p < 0.01, ***p < 0.001, compared with M, #p < 0.05, *#p < 0.01,
###p < 0.001, compared with mdivi-1, #p < 0.05, #4p < 0.01, #**p < 0.001

structurally intact, with long shuttle-shaped mitochondria, among which, a small number of autophagic lysosomes

more intact nuclear membranes, higher cristae density and a were visible in the mdivi-1 group and Hes group, as

small number of mitochondria splitting and fusing, detailed in Figure 5.
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FIGURE 7

Effects of hesperidin on the fluorescence co-localization expression of dynamin-related protein 1 (Drpl) and translocase of the outer
mitochondrial membrane 20 (Tom20), microtubule associated protein 1 light chain 3 (LC3) and voltage dependent anion channel 1 (VDAC1) in gastric
antrum of functional dyspepsia rats. (A) Immunofluorescence of Drpl and Tom20, Scale bar: 75 um. (B) Colocalization of Drpl and

Tom20 Immunofluorescence. (C) Immunofluorescence of LC3 and VDACI, Scale bar: 250 um (D) Colocalization of LC3 and

VDAC1 Immunofluorescence. C, control; M, model; mdivi-1+Hes, mdivi-1+Hesperidin; Hes, Hesperidin. Data are presented as means + SD,
compared with C, *p < 0.05, **p < 0.01, ***p < 0.001, compared with M, “p < 0.05, *#p < 0.01, **p < 0.001, compared with mdivi-1, “p < 0.05.
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3.2.4 The effect of hesperidin on the expression
of ckit in gastric antrum of functional dyspepsia
rats

The fluorescence results showed that compared with the
control group, the expression of ckit in the model group was
significantly decreased (p < 0.001); compared with the model
group, the expression of ckit in the mdivi-1 group, mdivi-1+Hes
group and Hes group was significantly increased (p < 0.001); and
the expression of ckit was higher in the mdivi-1+Hes group
compared with the mdivi-1 group (p < 0.001); see Figures 6A,B
for details. WB results suggested that compared with the control
group, the expression of ckit in the model group was significantly
decreased (p < 0.001); compared with the model group, the
expression of ckit in the mdivi-1 group, mdivi-1+Hes group and
Hes group was increased (p < 0.05, p < 0.001); and the expression
of ckit was higher in the mdivi-1+Hes group compared to the
mdivi-1 group (p < 0.01), as detailed in Figures 6C,D.

3.2.5 Effect of hesperidin on fluorescence co-
localization of dynamin-related protein 1 and
translocase of the outer mitochondrial
membrane 20, microtubule associated protein
1 light chain 3 and voltage dependent anion
channel 1 in gastric antrum of functional
dyspepsia rats

Compared with the control group, the co-localization
expression of Drpl and Tom20 was significantly increased in
the model group (p < 0.001); compared with the model group, the
co-localization expression was significantly decreased in the
mdivi-1, mdivi-1+Hes and Hes groups (p < 0.001); and the
co-localization expression was less in the mdivi-1+Hes group
compared with the mdivi-1 group (p < 0.05), see Figures 7A,B for
details. Compared with the control group, the co-localization
expression of LC3 and VDACI was increased in the model group
(p < 0.001); LC3 and VDACI co-localization expression was
decreased in the mdivi-1, mdivi-1+Hes and Hes groups
compared with the model group (p < 0.001); and less co-
localization expression was observed in the mdivi-1+Hes
group compared to the mdivi-1 group (p < 0.05), as detailed
in Figures 7C,D.

3.2.6 Effects of hesperidin on the protein
expression of mitochondrial dynamin-related
protein 1, P62, Beclinl, and light chain 3 in
functional dyspepsia rats

Compared with the control group, the protein expressions of
mitochondrial Drpl, Beclinl, and LC3 in the model group were
significantly increased (p < 0.001), and the protein expression of
P62 was decreased (p < 0.05); compared with the model group,
the protein expressions of Drpl, Beclinl, LC3 in the mdivi-1,
mdivi-1+Hes and Hes groups were decreased significantly (p <
0.01, p < 0.001) and the protein expression of P62 was
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significantly higher (p < 0.05, p < 0.001); and compared with
the mdivi-1 group, the mdivi-1+Hes group had lower
Drpl expression (p < 0.05) and higher P62 protein expression
(p < 0.05), as detailed in Figure 8.

4 Discussion

The incidence of functional dyspepsia (FD) accounts for
approximately 20-40% of gastroenterology outpatient visits
and seriously affects the quality of life of patients (Ohara
et al, 2011; Jin and Son, 2018). Related studies have shown
that gastrointestinal hormones such as motilin (MTL) and
gastrin (GAS) play an important role in the occurrence and
development of FD (Zhao et al., 2015; Deng et al., 2018). MTL
can induce enhanced smooth muscle movement of the
gastrointestinal tract, promote gastrointestinal peristalsis, and
accelerate gastric emptying; GAS acts on almost the entire
gastrointestinal tract, promoting contraction of the gastric
antrum and gastric body, increasing GAS acts on almost the
entire gastrointestinal tract, promotes the contraction of the
gastric antrum and gastric body, increases the movement of
the gastrointestinal tract, and also promotes the proliferation of
the epithelium of the gastrointestinal mucosa. Domperidone
improves postprandial epigastric distension, epigastric pain,
belching and early satiety in FD patients, and therefore serves
as a positive control drug (Shokry-Shirvani et al., 2012). In this
study, H&E staining indicated that no significant organic changes
were seen in the gastric antrum tissue of rats in each group, and
the gastric emptying rate and small intestine propulsion rate of
rats in the model group were significantly lower than those in the
control group, which was consistent with the disease
characteristics of FD and suggested successful modeling.
Compared with the control group, the serum MTL and GAS
contents decreased, and ckit protein expression decreased in the
model group; after hesperidin intervention, the serum MTL and
GAS levels increased, and ckit protein expression increased.
Therefore, hesperidin can effectively promote gastric motility
in FD rats, and the medium-dose hesperidin was selected for
follow-up experiments.

As the main site of reactive oxygen species (ROS) production
in cells, mitochondria are responsible for intracellular redox
signaling regulation and maintenance of oxidative homeostasis
through a range of antioxidants (Zorov et al., 2014). Oxidative
stress can increase ROS and decrease the formation of
The

antioxidant enzymes such as superoxide dismutase (SOD)

antioxidant defenses. reduction in the activity of
promotes oxidative attack on cells. Once the redox balance is
disrupted, SOD reacts with oxygen molecules and scavenges
superoxide anions that are harmful to the organism thus
achieving antioxidant stress (Liu et al., 2020; Dokumacioglu

et al, 2021). Malondialdehyde (MDA) is the carbonyl group
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FIGURE 8

Effects of hesperidin on the protein expression of mitochondrial Drpl, P62, Beclinl, and LC3 in functional dyspepsia rats. (A) Western blot. (B—E)
Expression of Drpl, P62, Beclinl and LC3. C, control; M, model; mdivi-14+Hes, mdivi-1+Hesperidin; Hes, Hesperidin. Data are presented as means +
SD, compared with C, *p < 0.05, **p < 0.01, ***p < 0.001, compared with M, *p < 0.05, *#p < 0.01, **#p < 0.001, compared with mdivi-1, “p < 0.05.

produced during lipid peroxidation and is widely used to
determine oxidative stress. SOD activity decreases during

oxidative stress and produces excess lipid peroxidation
product MDA, which can indirectly reflect the degree of
mitochondrial peroxidative damage (Tian 2019;
Dokumacioglu et al., 2021). The results of this study showed

that compared with the control group, the serum MDA content

et al,

of the model group was increased, the SOD content was
decreased, and the mitochondrial ROS level was increased.
Transmission electron microscopy (TEM) showed a decrease
in the number of mitochondria, swollen and dilated morphology,
and even vacuoles in the model group, indicating oxidative stress
and mitochondrial damage in the ICC mitochondria of FD rats.
Previous studies have further shown that after mdivi-1
intervention, dynamin-related protein 1 (DRP1) is activated
by GTPase hydrolysis and oligomerized around the outer
mitochondrial outer membrane, which triggers fission and
mitochondrial fracture (Rovira-Llopis et al, 2017; Fonseca
et al, 2019). The delicate balance between mitochondrial
fission and fusion events is disturbed by elevated Drpl levels,
which promotes mitochondrial fission and ultimately impairs
mitochondrial function, leading to increased ROS production
(Kim et al., 2016; Roy and Sesaki, 2021). If Drpl protein
expression was increased in human umbilical vein endothelial
cells under high glucose conditions, increased mitochondrial
ROS production and decreased SOD activity induced further

mitochondrial fission and apoptosis (Hao et al., 2019). The
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results of this study suggested that mdivi-1 intervention
reduced mitochondrial ROS and serum MDA levels and
increased serum SOD content in gastric antrum tissue
compared with the model group, and the morphological
structure of ICC mitochondria was clearer and the nuclear
membrane was more intact under TEM, suggesting that
mdivi-1 intervention could reduce mitochondrial oxidative
stress in FD rats. The results of the hesperidin group were
similar to those of the mdivi-1 group. However, the mdivi-
I+hesperidin group had the lowest ROS and MDA, the
highest SOD content, and better morphological structure of
ICC mitochondria, suggesting that hesperidin could further
reduce mitochondrial oxidative stress and improve
mitochondrial damage in FD rats under mdivi-1 intervention.

Mitophagy is a normal physiological activity of cells and is
one of the forms of cellular autophagy. Mitophagy refers to the
damage that occurs when mitochondria are depolarized in
response to external stimuli such as oxidative damage/nutrient
deficiency/cellular senescence, and the damaged mitochondria
are characteristically encapsulated into autophagosomes and
fused with lysosomes, thus completing the degradation of the
damaged mitochondria and maintaining intracellular
environmental homeostasis. Mitophagy involves three main
stages: mitochondrial division, autophagosome assembly and
fusion with lysosomes to degrade the damaged mitochondria

(Patergnani and Pinton, 2015; Springer and Macleod, 2016; Ma
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et al., 2020). TEM suggested that a large number of autophagic
lysosomes were visible in ICC cells of the model group compared
with the control group; compared with the model group, only a
few autophagic lysosomes were visible in the mdivi-1 and
hesperidin groups, and no autophagic lysosomes were seen in
the mdivi-1+hesperidin group. To further confirm whether the
mitochondria were wrapped by autophagosomes, we co-localized
the expression of Drpl, a key protein regulating mitophagy, with
the mitochondrial marker Tom?20; the mitochondrial outer
membrane protein VDACI and the autophagosomal marker
protein LC3 by Immunofluorescence. Compared with the
control group, the co-localized expression of Drpl and
Tom20, LC3 and VDACI in the model group increased; while
the co-localized expression of those in the mdivi-1 group, mdivi-
1+hesperidin group and hesperidin group decreased, indicating
that mdivi-1 acts as an inhibitor of mitochondrial splitting
proteins and reduces mitophagy, and the mitophagy was also
significantly improved in the hesperidin group, with the best
synergistic effect of hesperidin and mdivi-1, thus revealing that
hesperidin could further improve mitophagy in ICC of FD rats
under the intervention of mdivi-1.

Drpl can interact with LC3 and thus induce mitophagy (Wu
et al., 2016). LC3 is a marker of mitophagy, and when mitophagy
occurs, LC3l is modified by ubiquitination and binds to
phosphatidylethanolamine on the surface of autophagic vesicles
to form LC3II, which is localized on the surface of autophagosomal
membranes, and LC3Il and LC3II/LC3I represent to some extent
the level of mitochondrial autophagy in the body (Chifenti et al.,
2013). P62, a specific substrate for mitophagy, directly binds
LC3 and is selectively degraded by autophagy, negatively
regulating mitochondrial autophagic activity (Sulkshane et al,
2021). Beclinl promotes the conversion of LC3l to LC3Il and
accelerates the fusion of autophagosomes with lysosomes,
activating mitophagy, and is a key factor in evaluating
mitochondrial autophagic activity (Jakhar et al, 2016). The
results revealed that the protein expressions of mitochondrial
Drpl, LC3, and Beclin-1 were down-regulated and the
expression of P62 protein was increased after mdivi-1 or
hesperidin intervention compared with the model group; the
expression of ckit in gastric antrum tissues was increased.
Mdivi-1, as an inhibitor of mitochondrial splitting proteins, was
seen to reduce mitochondrial autophagy and thus exert a pro-
gastric motility effect. In the mdivi-1+hesperidin group, the
expression of mitochondrial Drpl protein was lower and the
expression of P62 protein was higher; the expression of ckit
protein in the gastric antrum tissues was further up-regulated.
The above results indicated that mdivi-1 synergistically regulated
Drpl-mediated mitochondrial autophagy with hesperidin.

In conclusion, we believe that hesperidin can enhance
mitochondrial activity, inhibit ICC mitophagy, and promote
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gastric motility in FD rats through the Drpl signaling
pathway, thus effectively preventing and treating FD.
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Alleviating insomnia should
decrease the risk of irritable
bowel syndrome: Evidence from
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Nationalities, Tongliao, China, ?Department of Otorhinolaryngology, The First Hospital of China
Medical University, Shenyang, China

Background: Associations have been reported between sleep and irritable
bowel syndrome (IBS). However, whether there exists a causation between
them is still unknown.

Methods: We employed the Mendelian randomization (MR) design to explore
the causal relationship between sleep and IBS. All genetic associations with
sleep-related traits reached genome-wide significance (p-value < 5 X 10-8).
The genetic associations with IBS were obtained from two independent
large genome-wide association studies (GWAS), where non-FinnGen GWAS
was in the discovery stage and FinnGen GWAS was in the validation stage.
Primarily, the inverse-variance weighted method was employed to estimate
the causal effects, and a meta-analysis was performed to combine the MR
estimates.

Results: In the discovery, we observed that genetic liability to the “morning”
chronotype could lower the risk of IBS [OR = 0.81 (0.76, 0.86)]. Also, the
genetic liability to insomnia can increase the risk of IBS [OR = 2.86 (1.94, 4.23)]
and such causation was supported by short sleep duration. In the validation
stage, only insomnia displayed statistical significance [OR = 2.22 (1.09, 4.51)].
The meta-analysis suggested two genetically-determined sleep exposures
can increase the risk of IBS, including insomnia [OR = 2.70 (1.92, 3.80)] and
short sleep duration [OR = 2.46 (1.25, 4.86)]. Furthermore, the multivariable
MR analysis suggested insomnia is an independent risk factor for IBS after
adjusting for chronotype [OR = 2.32 (1.57, 3.43)] and short sleep duration
[OR =145 (1.13, 1.85)]. IBS cannot increase the risk of insomnia in the reverse
MR analysis.

Conclusion: Genetic susceptibility to insomnia can increase the risk of IBS,
and improving sleep quality, especially targeting insomnia, can help to
prevent IBS.

Abbreviations: IBS, irritable bowel syndrome; MR, Mendelian randomization; GWAS, genome-wide
association study; 1V, instrument variable; SNP, single nucleotide polymorphism; IVW, inverse variance
weighted; FDR, false discovery rate; CRP, C-reactive protein.
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Introduction

Irritable bowel syndrome (IBS) is a chronic functional
disorder of the lower gastrointestinal tract with symptoms
including abdominal pain, constipation, or diarrhea. There is
a higher prevalence of IBS where up to 20% of the population is
affected in their lives (Ford et al., 2020). The patients are mainly
young and middle-aged. However, its etiology and pathogenesis
are still unclear, which may relate to genetics, intestinal motility,
the mental system, psychological stress, infection, and chronic
inflammation. In addition to drug therapy, several therapies can
alleviate the symptoms of IBS, including dietary adjustment, and
psychological and behavioral therapy (Vasant et al, 2021).
Therefore, a clear understanding of its risk factors is
conducive to identifying the mechanism of IBS considering
there is no clear and effective therapeutic schedule for IBS
and the disease-associated burden on the health service is
heavy (Ford et al., 2020).

Sleep occupies almost 1/3 of our lives. Good quality sleep is
essential to maintain physical and mental health (Stern, 2021).
Sleep plays an important role in human growth and
development, metabolism, and memory function, besides,
cardiovascular diseases and metabolic diseases will also be
affected by sleep disorders (Ai and Dai, 2018; Ai et al., 2021;
Song et al., 2021). A recent study implicated frequent daytime
napping should have deleterious effects on cardiometabolic traits
and daytime napping with  both
cardiometabolic and neurodegenerative traits (Dashti et al,

shared genetic loci
2021). In addition, insomnia has been identified as an
important predictor of depression, anxiety, and neuropathy
(Lane et al., 2019). Sleep disorders have been reported to be
associated with IBS and may account for a proportion of its
pathogenesis (Vege et al., 2004; Wang et al., 2018). For instance,
the alterations in day-night rhythms could upregulate circulating
cytokines via triggering sleep disruption, increasing the risk of
IBS (Orr et al., 2020). Furthermore, obstructive sleep apnea,
usually accompanied by snoring, was also associated with an
increased risk of IBS (Rotem et al., 2003; Orr et al, 2020).
However, the causal relationship between different types of
sleep disorders and IBS remains poorly understood.
Mendelian randomization (MR) studies used genetic
the
predefined exposure and outcome (Emdin et al, 2017).

variants to verify causal associations between
This approach is based on a simple principle: if an
exposure trait is a risk factor for a kind of disease, then
the locus of genetic variation representing that exposure will
also be associated with the disease via the exposure. Due to
the principle of random allocation during meiosis, gene

variant loci are usually inherited stably and independently
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of disease status and environment. Based on these
assumptions, the MR design is thus similar to randomized
controlled trials in clinical practice and is easier to avoid
confounding factors and reverse causation to some extent.
In this study, we used the two-sample MR to explore the causal
association between eight different sleep disorders and IBS, hoping
to clarify the correlation between sleep disorders and IBS and

provide novel insights into the prevention and treatment of IBS.

Methods
Data source description

A total of eight sleep-related exposures were included in this
study, namely, insomnia, sleep duration (continuous variable),
long sleep duration (binary variable), short sleep duration (binary
variable), chronotype, “morning” person, daytime nap, and
snoring (Table 1). The GWAS of insomnia was analyzed in
453,379 (345,022
108,357 2019).
(446,118 Europeans), longer sleep duration (34,184 cases and
305,742 controls), and shorter sleep duration (106,192 cases
and 305,742 controls) were extracted from the same GWAS
where long sleep duration was defined to be more than 9 h and
short sleep duration was less than 6 h (Dashti et al., 2019). The
GWAS of chronotype was performed in 449,734 European

European  participants and

(Lane et

cases

controls) al, Sleep  duration

ancestry individuals and it is a categorical variable, including
“Definitely a “morning” person” (coded as 2), “More a
“morning” than “evening” person” (coded as 1), “More an
“evening” than a “morning” person” (coded as -1), “Definitely
an “evening” person” (coded as —2), and “Do not know” or “Prefer
not to answer” (coded as 0) (Jones et al, 2019). Similarly, the
“morning person” is a binary variable, including 252,287 cases
(“Definitely a “morning” person” and “More a “morning” than
“evening” person”) and 150,908 controls (“Definitely an “evening”
person” and “More an “evening” than a “morning” person”) (Jones
etal., 2019). Genetic variants of daytime nap were obtained from a
GWAS consisting of 452,633 European individuals, and the
phenotype was treated as a continuous variable based on the
frequency (Dashti et al., 2021). We extracted genetic variants of
snoring from a GWAS consisting of 152,302 cases and
256,015 British ancestry controls (Campos et al., 2020).

Two GWASs of IBS were used, where the discovery set
encompassed 53,400 European cases and 433,201 European
controls (Eijsbouts et al., 2021) and the validation set was
from the FinnGen consortium, including 4,605 cases and
182,423 controls (finn-b-K11_IBS, https://www.finngen.fi/fi).
The IBS cases from UKB should meet at least one of the
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TABLE 1 Descriptive information of sleep-related data.

Exposure Ancestry Sample size

Insomnia European 345,022 cases and
108,357 controls

Sleep duration European 446,118

Long sleep European 34,184 cases and

duration 305,742 controls

Short sleep European 106,192 cases and

duration 305,742 controls

Chronotype European 449,734

Morning person  European 252,287 cases and
150,908 controls

Daytime nap European 452,633

Snoring European 152,302 cases and 256,015

Genetic variants are not

IVs selection:
SNPs associated with 8 sleep-related traits in UK Biobank

FIGURE 1

GWAS p-value <5x10-8
—

Covariates

age, sex, 10 genetic principal components, and genotyping
array

age, sex, 10 genetic principal components, genotyping array
and genetic relatedness matrix

age, sex, 10 genetic principal components, genotyping array
and genetic relatedness matrix

age, sex, 10 genetic principal components, genotyping array
and genetic relatedness matrix

age, sex, study center and genotyping array

age, sex, study center and genotyping array

age, sex, 10 genetic principal components, genotyping array
and genetic correlation matrix

age, sex, genotyping array and the first 20 genetic principal
components

————————————— »
e

associated with confounders

10.3389/fphar.2022.900788

NSNP R2 F PMID
(%)

44 0.43 44.09 30,804,566
77 0.72 41.72 30,846,698
12 0.14 40.39 30,846,698
25 0.24 40.46 30,846,698
196 2.04 47.73 30,696,823
147 1.64 4573 30,696,823
114 1.25 50.27 33,568,662
43 0.41 39.40 32,060,260

[}

Exposure: 8 sleep-related traits in UK Biobank
(Ncase=152,302; Ncontrol=256,015 )

Discovery set: IBS from Eijsbouts C et al.
(Ncase= 53,400; Ncontrol= 433,201)
Validation set: IBS from FinnGen (finn-b-K11_IBS)
(Ncase= 4,605; Ncontrol= 182,423)

The principles and main design of this Mendelian randomization study. Notes: IV = instrumental variable; SNP = single nucleotide
polymorphism; Ncase = the number of cases; Ncontrol = the number of controls.

following four conditions (Ford et al.,, 2020): digestive health
questionnaire (DHQ) Rome III: meet Rome III symptom criteria
for IBS diagnosis without other diagnostic explanations for these

symptoms (Vasant et al., 2021); DHQ “self-report”: answered

“yes” to the question “Have you ever been diagnosed with IBS?‘

(Stern, 2021); Unprompted ‘self-report™ self-reported IBS

diagnosis in response to the question “Has a doctor ever told

you that you have any serious medical conditions?” (Song et al.,
2021); the international code of disease version 10 (ICD-10); with
hospital episode statistics indicating being admitted to a hospital
due to IBS as the main or secondary ICD-10 diagnosis. The cases
from FinnGen all met the ICD-10 standard. The former was
adjusted for sex, age, and sex*age interaction; age’, sex*age’
interaction; and the first 20 genetic principal components. The
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FinnGen GWAS was adjusted for sex, age, the first 10 genetic
principal components, genotyping batch, and genetic relatedness
matrix. Genomic control has been applied to all these GWASs.

Mendelian randomization design

The MR should be established based on three principal
assumptions (Ford et al., 2020): relevance: the IVs should be
closely associated with the exposure (Vasant et al, 2021);
independence: the IVs should not be associated with any
potential confounders that might influence the exposure or
outcome (Stern, 2021); exclusion-restriction: the IVs can only
affect the outcome via the way of exposure and there were no
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other alternative ways (Emdin et al, 2017) (Figure 1).
Other additional assumptions should also be satisfied, such as
linearity and no interaction between exposure and mediators.

The most important step in MR analysis is selecting
appropriate genetic variants as instruments. Genetic variants,
usually common single nucleotide polymorphism (SNP) with a
minor allele frequency of more than 0.01, were selected as
instrumental variables (IVs) if reaching the genome-wide
significance (GWAS p-value < 5 x 10°®%), and then they were
clumped based on linkage disequilibrium (R> = 0.01) and
distance (10,000 kb). The IBS GWAS with the largest sample
size was treated as the discovery set, and the IBS GWAS of
FinnGen was the validation set. In the discovery stage, we
estimated each exposure’s effect on the IBS using a two-
sample MR method, and the same method was applied to the
validation stage. Only the exposure significant in both discovery
and validation stages was assumed to be the causal risk factor.

Furthermore, the results from both the discovery and
validation stages were combined using a meta-analysis
method. Considering that sleep-related traits were closely
correlated, a multivariable MR in the two-sample summary
data setting was adopted to explain the independent causal
effect as well (Sanderson et al., 2019). Also, a reverse MR was
considered to estimate the reverse causation.

Statistical methods

The F statistic was calculated to assess the IV validity and
assess weak instrument bias. Also, the MR Steiger test was
performed to guarantee that each IV explained more variance
in exposure than that of outcome (Hemani et al.,, 2017). In MR
estimation, the inverse-variance weighted (IVW) method was
utilized as the primary analysis, and two complementary
methods were adopted as well, including the MR-Egger and
weighted median methods (Bowden et al, 2016; Burgess and
Thompson, 2017). It should be noted that IVW can obtain an
unbiased result only when all IVs are valid, however, MR-Egger
and weighted median methods can estimate the causal effect
assuming some IVs are invalid. Additionally, the IVW method
was also applied in the multivariable MR analysis (Sanderson et al.,
2019). In the discovery stage, the false discovery rate (FDR)
method was used to control the false-positive results (FDR <0.05).

Sensitivity analysis

Several methods have been applied to perform sensitivity
analyses, including Cochrane’s Q value for heterogeneity
assessment, MR-PRESSO for outliers, and horizontal pleiotropy
detection and leave-one-out sensitivity analyses (Verbanck et al,
2018). If there was heterogeneity, the random-effects model for
IVW was adopted. The MR-PRESSO method performed the

Frontiers in Pharmacology

46

10.3389/fphar.2022.900788

outlier and distortion tests to detect outliers that might bias the
results, and the outliers were eradicated from further analyses. The
leave-one-out analysis is another standard method for sensitivity
analysis that recalibrates the results after removing SNPs one by
one, and the SNP should be a driver for the MR estimates if the
results change significantly after removal.

Power calculation and bias assessment

The power calculation was performed using mRnd (https://
cnsgenomics.shinyapps.io/mRnd/). The bias caused by sample
overlap was assessed by the method proposed by Burgess et al.
(https://sb452.shinyapps.io/overlap/).

All statistical analyses and data visualization were performed
using R programming software 4.1.2 and the used R packages
included “TwoSampleMR”, “MRPRESSO”, “meta”, and “forestplot”.

Results
IV description and validity

The number of IVs for each exposure varied from 12 (long
sleep duration) to 196 (chronotype). The F statistic for each SNP
was greater than the empirical threshold of 10 (Chen et al., 2022)
and the overall F statistic for each exposure was larger than 10 as
well, suggesting the results were less likely to be biased by the
weak instruments. The MR Steiger test indicated that each IV
explained more variance in exposure than that of the outcome,
meaning the results might not be biased by the reverse causation.

Causal associations between sleep and IBS
in the discovery stage

In the discovery stage, three exposures were causally
associated with IBS after FDR correction (Figure 2).
Initially, we observed genetic liability to the “morning”
chronotype could lower the risk of IBS [OR = 0.81 (0.76,
0.86), p-value = 3.97 x 107", FDR = 3.18 x 10"'°] and it was
also supported by it that genetic predisposition to “morning
person” tended to reduce the risk of IBS [OR = 0.88 (0.85,
0.92), p-value = 6.66 x 10~°, FDR = 2.66 x 107%]. Besides, the
genetic liability to insomnia can increase the risk of IBS [OR =
2.86 (1.94, 4.23), p-value = 1.26 x 1077, FDR = 3.36 x 1077]
and such causation was evidenced by the fact that the short
sleep duration can suggestively increase IBS as well [OR =
2.37 (1.11, 5.07), p-value = 0.026, FDR = 0.05].

The horizontal pleiotropy test based on the MR-Egger
intercept indicated that there was no horizontal pleiotropy
(MR-Egger intercept p-value > 0.05), suggesting that there
was no need to correct the intercept in the MR analysis.
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A Discovery stage
Exposure NSNP OR 95%LCl 95%UCI
Chronotype 196 0.808 0.758 0.861 n
Morning person 146 0.884 0.848 0.922 |
Insomnia 44 2.862 1.937 4.226 u
Short sleep duration 25 2.373 1.110 5.073 ]
Long sleep duration 12 0.425 0.153 1.180 |
Daytime nap 114 1.136 0.907 1.422 ]
Sleep duration 77 0.909 0.775 1.066 n
Snoring 43 1.326 0.860 2.044 |
T T T T T T 1
0.10 040 070 1.0 1520 5.1
Odds ratio
B Validation stage
Exposure NSNP OR 95%LClI 95%UCI
Insomnia 44 2218 1.091 4.510 ]
Sleep duration 76 1.312 0.895 1.924 |
Short sleep duration 25 2.860 0.627 13.042 L |
Chronotype 193 1.076 0.908 1.274 ]
Snoring 42 0.612 0.182 2.062 |
Morning person 147 1.025 0.910 1.155 ]
Daytime nap 109 0.897 0.518 1.553 ]
Long sleep duration 8 1.5659 0.024 100.081 |
T T T T T T 1
0.10 040 07010 1520 5.1
Odds ratio
FIGURE 2

The Mendelian randomization results from both discovery and validation stages. Notes: NSNP = the number of single nucleotide
polymorphism; OR = odds ratio; 95%LCI = the lower limit of 95% confidence interval; 95%UCI = the upper limit of 95% confidence interval

However, Cochrane’s Q value suggested there existed substantial
heterogeneity in all exposure-outcome associations (Q p-value <
0.05) except the association between long sleep duration and IBS.
The causal relationship between chronotype, “morning” person,
insomnia, and IBS remained significant in the weighted median
methods (Table 2). Furthermore, the MR-PRESSO method
detected outliers in six exposure-outcome associations, and
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these exposures included chronotype, insomnia, short sleep
duration, snoring, sleep duration, and daytime nap. After
the

significant,

removal of outliers, previous observed = significant

associations were also including chronotype
(corrected p-value = 6.49 x 107"") and insomnia (corrected
p-value = 2.32 x 1077) (Table 2). Leave-one-out sensitivity

analysis did not detect any other outliers.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.900788

Bao et al.

10.3389/fphar.2022.900788

TABLE 2 Mendelian randomization results from weighted median and MR-PRESSO methods.

Exposure Stage NSNP Weighted median MR-PRESSO Pheterogencity  Ppleiotropy
OR  95%LCI 95%UCI p OR 95%LCI 95%UCI p
Chronotype Discovery 196 081  0.74 0.88 0.00 0.81 0.76 0.86 0.00 0.00 0.20
Insomnia Discovery 44 276 1.86 4.09 0.00  2.60 1.81 3.74 0.00 0.00 0.20
Long sleep duration  Discovery 12 036  0.09 1.39 014  ----m eeem e e 0.86 0.41
Morning person Discovery 146 0.89 0.84 0.94 0.00  --eeem e e s 0.02 0.43
Daytime nap Discovery 114 112 0.87 143 037 115 0.94 1.41 0.17 0.00 0.07
Short sleep duration  Discovery 25 1.95 092 4.13 0.08 196 0.98 3.93 0.06  0.00 0.28
Sleep duration Discovery 77 092 077 1.10 036 091 0.78 1.06 0.22 0.00 0.97
Snoring Discovery 43 151 094 243 0.09 1.60 1.10 2.32 0.01 0.00 0.48
Chronotype Validation 193 097 0.76 1.26 0.84  ----- ceeeem e e 0.50 0.45
Insomnia Validation 44 4.09 1.36 12.30 001 - e e e 0.45 0.25
Long sleep duration ~ Validation 8 0.37  0.00 45.03 0.69  ------ —eeeem e e 0.27 0.79
Morning person Validation 147 1.05  0.89 1.25 056  -----m e e e 0.26 0.28
Daytime nap Validation 109 0.97 045 2.10 095  ---eem e e e 0.07 0.82
Short sleep duration ~ Validation 25 346 041 29.39 [ e 0.92 0.50
Sleep duration Validation 76 111  0.63 1.95 (U 0.11 0.60
Snoring Validation 42 0.51  0.11 2.35 039 ----m e s e 0.03 0.94

NSNP, the number of single nucleotide polymorphism; OR, odds ratio; 95%LCI, the lower limit of 95% confidence interval; 95%UCI, the upper limit of 95% confidence interval; P = the

p-value of OR; Pheterogencity = the p-value of heterogeneity test; Ppiciotropy = the p-value of horizontal pleiotropy test.

Causal associations between sleep and IBS
in the validation stage

In the validation stage, only the insomnia indicated statistical
significance [OR = 2.22 (1.09, 4.51), p-value = 0.028]. Also, such a
result was supported by the weighted median method [OR = 4.09
(1.36, 12.30), p-value =
horizontal pleiotropy was detected in the analysis (Cochrane’s
Q p-value > 0.05 and MR-Egger intercept p-value > 0.05). The
MR-PRESSO method did not find outliers that might distort the
results, and the leave-one-out sensitivity analysis did not find IV
that could drive the results.

We did not observe the causal association between
chronotype and IBS [OR = 1.08 (0.91, 1.27), p-value = 0.397],
nor did the “morning” person [OR = 1.03 (0.91, 1.16), p-value =
0.682]. Also, there was no heterogeneity or horizontal pleiotropy.

0.012]. Neither heterogeneity nor

Meta-analysis of MR results from the
discovery and validation stage

The meta-analysis suggested two genetically-determined
sleep exposures can increase the risk of IBS, including
insomnia [OR = 2.70 (1.92, 3.80), p-value = 1.27 x 107*] and
short sleep duration [OR = 2.46 (1.25, 4.86), p-value = 0.009]
(Figure 3). There was no heterogeneity in these two sleep
exposures (I12 = 0% and Q p-value > 0.05). As for chronotype
and “morning” person, the fixed-effects suggested “morning”
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chronotype could decrease the risk of IBS [OR = 0.84 (0.79, 0.89),
p-value = 3.88 x 10~°] and so did the “morning” person [OR =
0.90 (0.86, 0.93), p-value = 9.32 x 10°®]. However, there was
obvious heterogeneity in the meta results of the chronotype and
“morning” people and their results were insignificant when using
the random-effects model. The other sleep-related exposures
should not affect the risk of IBS.

The multivariable MR analysis suggested insomnia is an
independent risk factor for IBS after adjusting for chronotype
[OR =2.32(1.57, 3.43), p-value = 2.67 x 10~°] in the discovery set
while not significant in the validation set. After adjusting for
short sleep duration, insomnia can elevate the risk of IBS as well
[OR = 1.45 (1.13, 1.85), p-value = 0.003] in the discovery set but
not in the validation set. The statistical powers were all greater
than 80% and the bias caused by sample overlapping in the
discovery stage was less than 5%, suggesting sufficient power and
validity of this MR study. The reverse MR design ruled out the
possibility that IBS could increase the risk of insomnia [OR = 0.87
(0.70, 1.08), p-value = 0.231].

Discussion

Briefly, our MR design was focused on the causal relationship
between eight different sleep-related exposures and IBS, and the
results indicated that insomnia and short sleep duration can
increase the risk of IBS, while there is no sufficient evidence to
support that the other sleep-related traits have a causal link with
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Meta-analysis of MR results

Bao et al.
Exposure OR 95%LCI
Insomnia 2.697 1.917
Short sleep duration 2.464 1.249
Long sleep duration 0.458 0.170
Snoring 1.215 0.808
Daytime nap 1.098 0.892
Morning person 0.942 0.815
Chronotype 0.922 0.697
Sleep duration 0.960 0.829
FIGURE 3

95%UCI P
3.796 0.000 |
4.860 0.009 |
1.234 0.122 |
1.827 0.349 n
1.352 0.379 |
1.087 0.412 |
1.220 0.569 |
1.112 0.585 |
0.10 0.401.02.0 5.1
Odds ratio

The meta-analysis of Mendelian randomization estimates. Notes: OR = odds ratio; 95%LCl = the lower limit of 95% confidence interval; 95%
UCI = the upper limit of 95% confidence interval; P = the p-value of OR.

IBS, including sleep duration (continuous variable), long sleep
duration (binary variable), chronotype, “morning” person,
daytime nap, and snoring. Since insomnia is also associated
with decreased sleep duration, our results suggest that
adequate sleep can increase the risk of developing IBS. In
addition,
conclusion that neither chronotype nor snoring affects the

the other null associations also support our
incidence of IBS with adequate sleep duration. Also, excessive
sleep duration does not alter the risk of IBS either.

Except for the common pathogenic factors such as genetics,
epigenetic changes, and infection, many other complex traits are
also risk factors for IBS, including an unhealthy lifestyle and
psychological stress (Vasant et al., 2021). In modern times,
the

development of sleep disorders, especially among middle-aged

enormous social and psychological stress drives
people (Li et al., 2020). The following relevant studies support
our findings that insomnia and short sleep duration may affect
pathogenesis and promote the development of IBS through the
following physiological mechanisms, such as brain-gut-axis,
immune disorders, and circadian rhythms.

Although IBS is a functional gastrointestinal disorder, it was
considered that dysfunction within the bidirectional gut-brain

axis was significantly associated with IBS (2). IBS is also classified
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as a disorder of gut-brain interaction since IBS patients often
have anxiety and depression, which are also risk factors for IBS in
healthy people (Vasant et al., 2021). IBS is thought to often co-
occur with mental disorders such as anxiety symptoms and
depression, and both of these diseases have a series of
biological and psychosocial mechanisms, which are mainly
reflected in the gut-brain axis disorders (Staudacher et al.,
2021). Meanwhile, sleep behavior is also important to
numerous brain functions, including neural cell growth,
synaptogenesis, and memory function (Reynolds and O'Hara,
2013; Walker and Stickgold, 2006). Freeman et al. designed a
large randomized controlled trial of a psychological intervention
for a mental health problem with insomnia, and this study
suggested that insomnia is a causal risk factor for the
occurrence of mental health problems, and alleviating sleep
disorders is particularly important to mental health (Freeman
et al., 2017). However, there was a lack of evidence on how
insomnia affects the onset of IBS. It should be probable that
insomnia might induce intestinal dysfunction via the brain-gut
axis since the brain can alter intestinal motility and fluid
secretion, intestinal epithelial permeability, and gut microbiota
composition (Enck et al., 2016). Besides, insomnia can cause
chronic and sustainable stress, which is associated with the onset
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and exacerbation of IBS (Chang, 2011). Sleep is fundamental to
mental health, furthermore, sleep interventions can prevent
mental disease and improve psychological health (Freeman
et al, 2017; Espie et al, 2019). Interestingly, the largest
GWAS study identified six genetic susceptibility loci that were
significantly associated with IBS, four of which were located in
genes associated with mood and anxiety (NCAMI1, CADM2,
PHF2/FAMI120A, DOCKY9) (Eijsbouts et al., 2021). Such results
indicated that IBS shared genetic background with insomnia-
associated traits. Further genetic analyses with an enlarged
sample size should help to identify shared a genetic loci,
which can elucidate how insomnia affects the onset of IBS.
And psychotherapy for IBS symptoms, especially cognitive
behavioral therapy and hypnosis, is helpful for many IBS
patients’ symptoms (Chilcot and Moss-Morris, 2013). The
accumulating evidence suggests that insomnia can contribute
to the increased risk of IBS via mental disorders rising from the
gut-brain axis.

To investigate the relationship between sleep restriction and
immune function, Circadian et al. recruited nine healthy males to
participate in a sleep restriction (4 h of sleep/night for five nights) and
sleep recovery protocol (8 h of sleep/night for seven nights), and the
results showed that continuous sleep restriction could significantly
increase the counts of leukocytes, monocytes, neutrophils, and
lymphocytes in peripheral blood, and sleep recovery could
partially restore these effects (Lasselin et al., 2015). Furthermore,
prolonged periods of wakefulness could increase the soluble tumor
necrosis factor-alpha (TNF-alpha) receptor one and interleukin-6
(IL-6) plasma levels in the plasma, which are the messengers
connected to the immune and nervous systems (Shearer et al,
2001). In middle-aged and young adults, plasma inflammatory
cytokine levels of C-reactive protein (CRP) and IL-6 were
significantly elevated in insomnia and short sleep duration
populations later after adjustment for confounders, suggesting that
clinical interventions targeting sleep disorders might reduce systemic
inflammation (Cho et al., 2015). These studies evidenced that sleep
insomnia and short sleep duration might play a significant role in
contributing to immuno-inflammatory conditions. However, a
previous MR study revealed no causal relationship between sleep
traits and inflammatory bowel disease (IBD) (Chen et al., 2021). We
deemed that IBD is an autoimmune disease that might be largely
affected by immune factors, while IBS is a kind of functional intestinal
disease that should be affected less. Additionally, the mechanism of
autoimmune diseases should be different from that of traditional
immune mechanisms, where the immunogen of the former is
endogenous while that of the latter is exogenous. Insomnia may
affect traditional immune mechanisms, which can affect IBS.
Therefore, it is reasonable that insomnia can increase the risk of
IBS but not IBD. Meanwhile, high-quality sleep can reduce the
incidence rate of infection in both human and animal studies (Ali
et al., 2013). In addition, a history of enteric infection is a risk factor
for IBS, and patients with a history of enteric infection were more
likely to develop IBS than people without a history of acute enteric
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infection (Marshall et al., 2010; Cremon et al., 2014). Given this close
association between sleep disorders and the immune system, we can
explain that insomnia is a risk factor for IBS through the disturbance
of immunity. However, attention should be paid to the fact that the
alteration of immunity in IBS might not be displayed in laboratory
examination.

Circadian rhythm refers to the change of life activities in a
cycle of 24 h, a regular cycle established by various physiological
functions of organisms to adapt to the diurnal variation of the
external environment (Patel et al., 2014). Many recent studies
have shown that numerous organ systems are related to circadian
oscillations, including the kidney, liver, and gut (Vollmers et al.,
2012; Firsov and Bonny, 2018; Godinho-Silva et al., 2019). In the
circadian disorganization mice model, the permeability of the
intestinal epithelial barrier was significantly increased compared
with the control group (Summa et al., 2013). Interestingly, PER2,
an important gene in regulating the fundamental molecular basis
of biological clocks, has also played an essential role in the
regulation of colonic motility (Hoogerwerf et al, 2010;
Summa et al., 2013). Above all, alterations in sleep mode are
more likely to affect the pathogenesis of digestive diseases such
as IBS.

The value of sleep quality is underappreciated in clinical
medicine. In this MR study, we found that sleep quality plays
an important role for us in preventing IBS. The design of our
study was rigorous. MR studies were conducted on IBS GWAS
data from two different sample sources successively, and a
meta-analysis was conducted on the results of the discovery
stage and validation stage to ensure the statistical power and
reliability of our results. We suggest that the prevention of
insomnia may reduce the risk of brain-gut-axis and immunity
disorders, guaranteeing a healthy circadian rhythm to prevent
and delay the morbidity and progression of IBS. However,
several limitations should be pointed out in this study (Ford
et al.,, 2020): horizontal pleiotropy is a natural flaw of MR
design though several statistical methods have been applied to
avoid it (Vasant et al., 2021); the target population in this study
is mainly of European ancestry and the generalizability of our
conclusion might not be applied to other ancestries.

Conclusion
This Mendelian randomization study found insomnia can
increase the risk of irritable bowel syndrome, suggesting that

improving sleep quality might be effective in improving irritable
bowel syndrome.
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The efforts focused on discovering potential hepatoprotective drugs are critical for
relieving the burdens caused by liver diseases. Traditional Chinese medicine (TCM) is
an important resource for discovering hepatoprotective agents. Currently, there are
hundreds of hepatoprotective products derived from TCM available in the literature,
providing crucial clues to discover novel potential hepatoprotectants from TCMs
based on predictive research. In the current study, a large-scale dataset focused on
TCM-induced hepatoprotection was established, including 676 hepatoprotective
ingredients and 205 hepatoprotective TCMs. Then, a comprehensive analysis based
on the structure—activity relationship, molecular network, and machine learning
techniques was performed at molecular and holistic TCM levels, respectively. As a
result, we developed an in silico model for predicting the hepatoprotective activity of
ingredients derived from TCMs, in which the accuracy exceeded 85%. In addition,
we originally proposed a material basis and a drug property-based approach to
identify potential hepatoprotective TCMs. Consequently, a total of 12 TCMs were
predicted to hold potential hepatoprotective activity, nine of which have been
proven to be beneficial to the liver in previous publications. The high rate of
consistency between our predictive results and the literature reports
demonstrated that our methods were technically sound and reliable. In
summary, systematical predictive research focused on the hepatoprotection of
TCM was conducted in this work, which would not only assist screening of potential
hepatoprotectants from TCMs but also provide a novel research mode for
discovering the potential activities of TCMs.

KEYWORDS

machine learning, drug discovery, traditional Chinese medicine, predictive model,
molecular network, hepatoprotection, structure—activity relationship
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1 Introduction

As the largest solid organ in the human body, the liver is
involved in the regulation of various important physiological
processes, including metabolism, drug detoxification, glycogen
storage, and bile secretion. In addition, the liver is also considered
a major organ that protects against bacterial infection and foreign
2016).
dysfunction of the liver will lead to various liver diseases,

macromolecule invasion (Bedi et al., Therefore,
including hepatitis, hepatic carcinoma, and nonalcoholic fatty
liver. It was reported that the liver disease spectrum involved
more than 103 liver diseases (Zhao et al., 2008). For hundreds of
years, continuous efforts focused on preventing liver dysfunction
have been made by scientists and hepatologists while liver
diseases are still the major health burdens around the world
(Wong et al., 2019). Moreover, recently, the spectrum of liver
injury has been constantly changing, increasing the demand for
developing novel liver-protecting agents (Huang et al., 2017). In
light of these considerations, it is urgent and necessary to expand
the spectrum of hepatoprotective drugs. Therefore, efforts
focused on discovering potential hepatoprotective drugs are

critical for relieving the burdens caused by liver diseases.

10.3389/fphar.2022.969979

As an important branch of complementary and alternative
medicine, TCM has made a non-negligible contribution to the
development and continuation of human civilization in history.
In China, TCM has been used to treat various liver diseases for
centuries. In clinical application, lots of TCM products were
discovered to have a good hepatoprotective effect. A classic
example is silibinin, a flavonolignan derived from Silybi
Fructus. Both in vivo and in vitro research practices have
shown that silibinin protects liver cells against toxins (Saxena
et al,, 2022; Song et al., 2022). In clinical trials, silibinin was also
used as a supplement to manage some chronic liver diseases
(Ferenci et al., 2008). In addition, many other TCM products also
exhibited
glycyrrhizin, saikosaponin C, curcumin, dioscin, Lycii Fructus,
Coptidis Rhizoma, and Notoginseng Radix Et Rhizome (Hong
et al., 2015; Lam et al., 2016). All the studies mentioned earlier
indicated that TCM 1is an essential resource for discovering
hepatoprotective drugs.

significant  liver-protecting  effects, including

Since it came into the 21st century, vast changes have taken
place in the area of medical research. The rapid development of
computing science and the continuous accumulation of
biomedical data promote the change of the drug research
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FIGURE 1

Schematic diagram of the systematic strategy for identifying hepatoprotective TCMs based on the structure—activity relationship, molecular
network, and machine learning techniques. RSs, representative substructures.
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TABLE 1 Predictive power of the models developed based on eight
machine learning algorithms.

Algorithm Parameter ACC SE Sp AUC
Naive Bayes Default 0.722 0.712 0.754 0.816
J48 C =045 0.825 0.898 0.596 0.712
K-star B =41 0.848 0.887 0.725 0.882
IBK K=1 0.843 0.877 0.737 0.807
Random forest Depth = 0 0.872 0.968 0.567 0.884
Bagging K=1 0.841 0879 0719  0.854
AdaBoost C=0.05 0.853 0.922 0.637 0.859
Voting — 0.865 0.913 0.713 0.890

mode from descriptive research to predictive research. Predictive
research has the advantages of saving time, saving labor, and low
cost. Furthermore, predictive research dramatically reduces the
use of experimental animals in the process of drug research,
which is in line with the basic idea of the animal welfare law to
minimize the number of animals used in experiments (Moroy
et al, 2012). Recently, predictive research has received
continuously increasing attention. A series of predictive
research studies have been carried out, which significantly
promoted the process of drug development and discovery
(Medina-Franco and Saldivar-Gonzélez, 2020; Sessions et al.,
2020). In summary, predictive research has become a vital and
effective assistant strategy to discover novel drugs.

In history, TCM was primarily used in China and some other
Asian countries. Recently, it has been started to be accepted and
consumed by many western countries due to its unique effects in
treating and preventing some intractable diseases (Martins, 2013;
Wu et al,, 2015). The widespread use of TCM products around
the world encourages researchers to screen novel drugs from
TCMs. In particular, with the successful development of
artemisinin, expectations are higher to discover novel drugs
with high efficacy and little harm from TCMs (Kong and Tan,
2015). Therefore, we believe that comprehensive predictive
research focused on TCM-induced hepatoprotection is
significant for discovering potential hepatoprotective drugs.

Generally, sufficient data accumulation is necessary for
conducting predictive research. Over the past decades,
hundreds of TCM products have been reported to be
beneficial to the liver, laying a solid foundation for
discovering novel potential hepatoprotectants from TCMs
via predictive research. Therefore, in the current study,
systematical predictive research focused on TCM-induced
based the
hepatoprotective TCMs available in the literature at both
molecular and complete singular TCM levels, through which

hepatoprotection ~ was  conducted on

we attempted to provide some valuable clues for discovering
novel hepatoprotective agents from TCMs. The detailed
experimental design is illustrated in Figure 1.
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TABLE 2 Comparison between the KSTAR model and the voting model
on the test set.

Algorithm ACC SE SP AUC
K-star 0.848 0.837 0.884 0.948
Voting 0.871 0.867 0.884 0.953
2 Results

2.1 Identification of the hepatoprotective
activity of ingredients derived from
traditional Chinese medicines based on
the structure—activity relationship and
machine learning

2.1.1 In silico model for predicting the
hepatoprotective activity of ingredients derived
from traditional Chinese medicines

As described in Section 4.1, we established a large-scale
dataset for TCM-induced hepatoprotection, including
538 171

hepatoprotective ingredients. Then, seven machine learning

hepatoprotective  ingredients  and non-
algorithms were implemented within 5-fold cross-validation to
develop hepatoprotective predictive models. As a result, a total of
seven models were attained. As presented in Table 1, ACC
(accuracy) of the models varied between 0.722 and 0.872, SE
(sensitivity) varied between 0.712 and 0.968, SP (specificity)
ranged from 0.567 to 0.754, and the AUC (the area under the
receiver-operating
0.712 to 0.884.
The most accurate model was generated by the random forest
algorithm with an ACC of 0.872. The random forest algorithm
also produced the maximum SE (0.968) and AUC (0.884) values.
Unfortunately, the SP (0.569) of the random forest model was

very poor, which significantly decreased its practical application

characteristic ~ curve) ranged from

value. The most satisfactory SP (0.754) was provided by the Naive
Bayes algorithm. However, ACC of the Naive Bayes model was
only 72.2%, which was significantly lower than that of the other
six models. The performance of the IBK model was similar to that
of the KSTAR model, whereas the latter’s AUC was higher than
the former’s by 7.5%. Therefore, in terms of comprehensive
performance, the model generated by the K-star algorithm
seems to be more satisfactory than the others.

In fact, we also attempted to integrate the advantages of the
seven algorithms mentioned earlier via voting, aiming to improve
the performance of the predictive model. Fortunately, almost all
of the indicators of the voting model were higher than those of
the KSTAR model slightly both for the training set and for the
test set (Table 1 and Table 2). To test the predictive power of the
voting model, an external validation set consisting of
135 hepatoprotective ingredients and 43 non-hepatoprotective
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TABLE 3 Hepatoprotective RSs and their occurrences.
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inf
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inf
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inf

inf

inf
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inf

inf

inf

Hepatoprotection/non-
hepatoprotection (percentage)

45/0 (100.00%)

44/0 (100.00%)

39/0 (100.00%)

30/0 (100.00%)

28/0 (100.00%)

25/0 (100.00%)

24/0 (100.00%)

16/0 (100.00%)

16/0 (100.00%)

15/0 (100.00%)

15/0 (100.00%)

14/0 (100.00%)

14/0 (100.00%)

14/0 (100.00%)

12/0 (100.00%)
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Distribution of RSs

General phenylpropanoids (phenylpropionic acids (11); chalcones (4);
lignans (3); simple coumarins (2)); phenylethanoid glycosides (9)

Lignans (34); flavanones/flavanonols (5)

Flavonoids (25); lignans (dibenzocyclooctadienes (3); tetrahydrofurans (2));
coumarins (6)

Flavanones/flavanonols (10); lignans (6); phenylpropionic acids (2);
alkaloids (4)

Flavanones/flavanonols (20); dihydrochalcones (4); xanthones (3)

Tannins (6); flavonoids (6); anthraquinones (6)

Flavones/flavonols (5); phenylpropionic acids (4); organic acids (4);
oleanane-type triterpenoids (5)

Lignans (5); quinonoids (3)

Terpenoids (6); steroidal saponins (3); oligosaccharides (3); flavonoids (3)

Terpenoids (oleanane-type triterpenoids (5); sesquiterpenes (5); others (5))

Coumarins (simple coumarins (7); pyranocoumarins (5); furanocoumarins

(2); others (1))

Flavones/flavonols (5); xanthones (2); furanocoumarins (3); simple

coumarins (2)

Terpenoids (cucurbitane triterpenoids (4); iridoids (4); others (4))

Terpenoids (oleanane-type triterpenoids (4); others (2)); simple
coumarins (3)

Terpenoids (kauran diterpenes (3); bicyclic diterpenoids (3); others (1))

(Continued on following page)
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TABLE 3 (Continued) Hepatoprotective RSs and their occurrences.

ID RS LR  Hepatoprotection/non-
hepatoprotection (percentage)
0
16 NSNS inf 1200 (100.00%)
[0}
17 < inf  10/0 (100.00%)
0.
OH
18 inf  10/0 (100.00%)
NN\ 0
19 q/ inf 10/0 (100.00%)
OH
0. o
20 g 13.08  41/1 (97.62%)
21 @\/\ 1244 39/1 (97.50%)
o
HO. 0.
22 \@@J 1228 77/2 (97.47%)
OH
23 10.53  33/1 (97.06%)
o o
OH
1037 65/2 (97.01%)

’ W@

ingredients was used. Consequently, the model’s ACC, SE, SP,
and AUC were 0.871, 0.867, 0.884, and 0.953, respectively,
indicating that our model was reasonably successful (Table 2).
the

hepatoprotective activity of ingredients derived from TCMs

In summary, an in silico model for predicting
was constructed for the first time. Both internal and external
validation indicated that the model exhibited satisfactory
predicting power. All of the predictive models generated in

this work are available in Supplementary File SI.

2.1.2 Representative substructures for the
hepatoprotective activity

To understand the structural preference of the hepatoprotective
ingredients, SARpy software was used to extract representative
substructures (RSs) for hepatoprotection. As shown in Table 3, a
total of 24 RSs were identified. Likelihood ratios (LRs) of the top
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Distribution of RSs

Quinonoids (naphthoquinones (3); p-Benzoquinones (3))

Iridoids (10)

Terpenoids (5); alkaloids (3)

Terpenoids (oleanane-type triterpenoids (4); others (2))

Coumarins (pyranocoumarins (5); furanocoumarins (11); simple coumarins
(15); others (3)); cardiac glycosides (4)

Phenylethanoid glycosides (10); flavonoids (9); coumarins
(pyranocoumarins (4); others (1))

Flavonoids (flavones/flavonols (61); others (14))

Lignans (dibenzocyclooctadienes (11); arylnaphthalenes (4); biphenylenes
(3); others (3)); bibenzyles (4)

Phenylpropanoids (phenylpropionic acids (12); others (2)); phenylethanoid
glycosides (9); flavonoids (chalcones (7); others (3)); amide alkaloids (5);
terpenoids (8)

19 RSs were infinity, indicating that these substructures were only
detected in hepatoprotectants. For the other five RSs, LRs ranged
from 10.37 to 13.08, demonstrating that the occurrence probabilities
of these substructures in hepatoprotectants were 10 times higher
than those in non-hepatoprotectants. Considering the high bias of
these substructures in hepatoprotectants, we could claim that these
RSs mentioned earlier may be highly correlated with liver protection.
Therefore, we recommend these RSs be taken into consideration in
the design and modification of hepatoprotective drugs.
Moreover, the distribution of the RSs was also explored
(Table 3). As a result, we found that a total of 10 RSs [lignans
(ID2 and ID23), flavonoids (ID3, ID5, and ID21), terpenoids
(IDY, ID13, and ID17), and coumarins (ID11 and ID20)] were
largely distributed into specific compound families. In contrast,
the other 14 RSs showed lower specificity to the structural
category by associating with multiple compound families. It
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FIGURE 2

Efficacy category analysis. (A) Efficacy category of the hepatoprotective and hepatotoxic TCMs. (B) Overlap between hepatoprotective and

hepatotoxic TCMs.

has been a consensus that compounds with similar structures
tend to hold consistent activities. Therefore, more attention
should be paid to the compound families containing frequent
hepatoprotective ingredients when screening hepatoprotective
drugs from TCMs.

2.2 Comprehensive analysis focused on
the hepatoprotective activity of traditional
Chinese medicine in the singular
traditional Chinese medicine level based
on bioinformatics

2.2.1 Efficacy category analysis

Here, a total of 205 hepatoprotective TCMs were collected
(Supplementary File S2). Despite a systematical literature
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retrieval being conducted, we must acknowledge that there
still existed some hepatoprotective TCMs that escaped from
our vision. Therefore, TCMs with the liver-protecting activity
included but not limited to those 205 TCMs mentioned earlier.
To answer the question of which efficacy categories are rich in
hepatoprotective TCMs, a systematical efficacy category analysis
was conducted. The results showed that the hepatoprotective
TCMs collected in this work were categorized into 18 types. As
illustrated in Figure 2A, the antipyretics rank first with a
frequency of 52, followed by the tonifying medicinal (35),
blood-activating stasis-removing drugs (21), diaphoretics (14),
expectorant antitussive antiasthmetics (13), and qi-regulating
drugs (11). For the other 12 types of TCMs, the frequencies
of hepatoprotective TCMs were less than 10.

In our previous study, a hepatotoxic herb list consisting of
132 members was developed, making it possible to conduct a
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FIGURE 3

Frequency distribution of hepatoprotective and non-
hepatoprotective TCMs in four properties.
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FIGURE 4
Frequency distribution of hepatoprotective and non-
hepatoprotective TCMs in five flavors.

comparative analysis between hepatoprotective and
hepatotoxic TCMs (He et al, 2019b). As shown in
Figure 2A, the TCMs with liver toxicity were divided into
21 types. The antipyretics were the leading cause of herb-
induced liver injury with a count of 30. The wind damp-
dispelling drugs (11), expectorant antitussive antiasthmetics
(11), blood-activating stasis-removing drugs (11), diuretic
dampness excreting drugs (9), and diaphoretics (9) rank
second, third, fourth, fifth, and sixth, respectively. Further
comparative analysis revealed that there existed plenty of
overlap between the hepatoprotective and hepatotoxic
TCMs 2B). To be total of
82 hepatoprotective TCMs were reported to be implicated

(Figure exact, a

by liver injury to a different extent, accounting for 40 percent

Frontiers in Pharmacology

59

10.3389/fphar.2022.969979

Large intestine
80

Small intestine

Triple energizer

—o—Non-hepatoprotection —e—Hepatoprotection

FIGURE 5
Frequency distribution of hepatoprotective and non-
hepatoprotective TCMs in channel tropism.

of the hepatoprotective TCMs collected in this work. The
that
hepatoprotective TCMs may exert an adverse effect on

phenomenon mentioned earlier indicates some
liver. Therefore, physicians and hepatologists should keep
an eye on hepatoprotectant-induced liver injury in clinical
settings.

In summary, the antipyretics, tonifying medicinal, and
blood-activating stasis-removing drugs were the three main
sources of hepatoprotective TCMs. However, both of the
antipyretics and blood-activating stasis-removing drugs were
also the most implicated agents of herb-induced liver injury
simultaneously. In contrast, as the second major efficacy category
of hepatoprotective TCMs, the tonifying medicinal was rarely
reported to induce liver toxicity. Therefore, we speculated that
tonifying medicinals may be an important and safe source for

discovering novel hepatoprotective TCMs.

2.2.2 Drug property analysis

The TCM theory considered that the drug property is
responsible for specific efficacy and toxicity of TCMs (Ung
et al.,, 2007; Chen et al., 2018). Previous studies have also
reported that there exists a certain degree of correlation
between drug properties and hepatotoxicity (Liu et al,
2016). To answer the question of whether drug properties
are related to the generation of hepatoprotection or not, drug
properties of the hepatoprotective TCMs were investigated,
including four properties, five flavors, and channel tropism.
As there was rarely any literature focusing on the topic of non-
hepatoprotection of TCMs, it was difficult to collect non-
hepatoprotective TCMs. Therefore, in this study, TCMs with
any potential defined as
hepatoprotective TCMs. Only those TCMs beneficial to the
liver and without liver adverse effects were regarded as

liver toxicity were non-
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TABLE 4 Results of association rules analysis (support 5%, confidence >65%, lift >1).

1D Rule Support (%) Confidence (%) Lift
1 {sweet, kidney} => {hepatoprotection} 10.59 69.23 1.44
2 {sweet, warm} = {hepatoprotection} 6.67 7391 1.53
3 {sour} = {hepatoprotection} 5.88 71.43 1.48
4 {sweet, liver, kidney} = {hepatoprotection} 5.49 66.67 1.38
5 {sweet, stomach}=>{hepatoprotection} 6.67 65.38 1.36
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FIGURE 6
"TCM-ingredient” network focused on hepatoprotection. The hepatoprotective TCMs and the hepatoprotective ingredients were displayed by
green and red nodes, respectively. If a TCM and an ingredient were connected by a gray line, it indicated that the TCM contained the ingredient.

hepatoprotective TCMs. As a result of this, a total of intestine channel, and spleen channel slightly (Figures 3, 4,
123 hepatoprotective TCMs and 132 non-hepatoprotective 5). In fact, pungent flavor was reported to be a risk factor for
TCMs were attained and used to conduct drug property hepatotoxicity in a previous study (Liu et al., 2016), which was
analysis (Supplementary File S3). We found that compared consistent with the phenomenon observed in the present
to non-hepatoprotective TCMs, hepatoprotective TCMs were study.

inclined to show sour or sweet flavor, whereas less likely to To further quantify the difference in drug properties between
show cold property, bitter flavor, pungent flavor, large hepatoprotective and non-hepatoprotective TCMs, the chi-
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Identification of the hepatoprotective ingredients in Chai hu (A), Ju hua (B), Sang ye (C), and Yin xing ye (D) based on the hepatoprotective

“TCM-ingredient” network.

squared test was conducted. The results indicated that drug
properties of the hepatoprotective TCMs were significantly
different from those of the non-hepatoprotective TCMs (p <
0.05). We must acknowledge that the aforementioned p-value
attained is close to 0.05 (p = 0.042). This phenomenon may be due
to those hepatoprotective TCMs implicated in herb-induced liver
injury being defined as non-hepatoprotective TCMs during the
comparative analysis, which decreased the drug property
difference  between TCMs and

hepatoprotective non-
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hepatoprotective TCMs to a certain extent. In fact, among
those 132 non-hepatoprotective TCMs, a total of 82 TCMs
showed biphasic effects on the liver, including hepatoprotection
and hepatotoxicity. Nevertheless, there indeed exists significant
difference of the drug property between hepatoprotective TCMs
and non-hepatoprotective TCMs. Therefore, we can conclude that
drug property is related to the generation of hepatoprotection.
TCMs with similar drug properties to the hepatoprotective TCMs
may exhibit a potential liver-protecting activity.
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FIGURE 8
Undetermined "TCM-ingredient” network. Green and red nodes represented the TCMs and the hepatoprotective ingredients, respectively. The
gray lines connecting the nodes indicated that the TCMs contain the ingredients.

2.2.3 Association rules analysis to explore the preliminarily. Theoretically, TCM with these drug properties
relationship between the drug property and may have a high potential to generate beneficial effects on the
hepatoprotective activity liver.

In Section 2.2.2, we found that there existed a certain degree
of correlation between the drug property and hepatoprotection. 2.2.4 “Traditional Chinese medicine-ingredient”
To further reveal the detailed association relationship, network focused on hepatoprotection
association rules analysis was conducted. Consequently, a total In Section 2.1.1 and Section 2.2.1, we collected a series of
of five association rules were attained. There was one rule with a potential hepatoprotective ingredients and TCMs. Theoretically,
single item, three rules with double items, and one rule with triple there should exist some associative relationships between these
items (Table 4). The rule with the ID of 3 demonstrated that sour ingredients and TCMs. To discover the detailed relationships, we
flavor was significantly related to hepatoprotection, which constructed a “TCM-ingredient” network (Figure 6,
consisted of the TCM theory of “sour into liver” (Wang and Supplementary File S4). The network consisted of 638 nodes
Jing, 2019). In addition, sweet flavor showed strong association and 2262 edges. A total of 205 TCMs and 433 compounds were
with hepatoprotection by incorporating with the kidney channel, involved. This network intuitively displayed the association
warm property, or stomach channel, respectively. As the only relationships between the hepatoprotective TCMs and
rule that consisted of triple items, the rule with an ID of ingredients, which may help researchers identify the
4 involved sweet flavor, liver channel, and kidney channel. hepatoprotective ingredients of specific TCMs.
The association rules attained previously revealed the Taking several commonly used TCM:s as cases, we identified
relationship between the drug property and hepatoprotection the hepatoprotective ingredients in Chai Hu (A), Ju Hua (B),
Frontiers in Pharmacology frontiersin.org
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TABLE 5 Top 26 TCMs containing rich liver-protecting ingredients.

10.3389/fphar.2022.969979

ID TCM Number of hepatoprotective Association rules Serial number
components
1 Qian Hu 25 — u19
2 Ling Xiao Hua 22 1 Ule
3 Fu Pen Zi 21 1,2,5 U5
4 Gui Zhi 21 4 U10
5 E Bu Shi Cao 20 — U3
6 Fang Feng 20 4 U4
7 Gao Ben 20 — u7
8 Jing Jie 20 — U13
9 Xiang Ru 20 — U24
10 Qiang Huo 19 — U20
11 Gao Liang Jiang 18 — U6
12 Mai Ya 17 3 u17
13 Man Shan Hong 17 — U1s8
14 Qing Guo 17 1,3 U21
15 Tian Shan Xue Lian 17 — —
16 Che Qian Zi 16 2,5 U2
17 Hua Ju Hong 16 — Ul2
18 Lian Qian Cao 16 — Uls
19 Bai Lian 15 — U1
20 Gou Gu Ye 15 — Us
21 Gu Sui Bu 15 - U9
22 Hu Lu Ba 15 — Ul1l
23 La Jiao 15 — U14
24 Wei Ling Cai 15 — U22
25 Xi He Liu 15 3 U23
26 Zhi Shi 15 1 U25
Serial number corresponds to the TCM ID in Figure 9; ID in column of association rules corresponds to ID in Table 4.
Sang Ye (C), and Yin Xing Ye (D) based on the hepatoprotective hepatoprotective ~ “TCM-ingredient” network.  Literature

“TCM-ingredient” network. As demonstrated in Figure 7, only
13 ingredients were identified to be associated with the
hepatoprotective effect of Chai Hu wvia direct literature
retrieval (Ashour and Wink, 2011; Lee et al., 2012; Qi et al,,
2013; Lin et al., 2015). Interestingly, the hepatoprotective “TCM-
ingredient” network discovered 44 hepatoprotective ingredients
for Chai Hu. In fact, systematical literature retrieval only led to 2
(Sugawara and Igarashi, 2009), 3 (Lee et al., 2017; Lee et al., 2018),
and 6 (Wei et al., 2014; Yang M. H. et al,, 2020; Yang Y. et al,,
20205 Sarkar et al., 2020) hepatoprotective ingredients for Ju Hua,
Sang Ye, and Yin Xing Ye. In contrast, the “TCM-ingredient”
network discovered 34, 35, and 34 hepatoprotective ingredients
for the corresponding TCMs, respectively. The results mentioned
earlier indicated that the hepatoprotective “TCM-ingredient”
network was able to identify the hepatoprotective ingredients
of TCMs in a more comprehensive and effective way than direct
literature retrieval.

Of note, ginkgolide C, a hepatoprotective ingredient derived
from Yin Xing Ye, was not identified successfully by the
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searches found that a total of two studies reported the
hepatoprotective activity of ginkgolide C (Huang W. C. et al.,
2018; Yang M. H. et al., 2020). However, there was no TCM-
related vocabulary that existed in the abstracts or titles of these
two studies. Therefore, ginkgolide C escaped our vision when we
collected hepatoprotective ingredients and was not included in
the hepatoprotective “TCM-ingredient” network. In the future,
with the introduction of more hepatoprotective ingredients to the
hepatoprotective “TCM-ingredient” network, the network will
produce a more satisfactory performance.

2.3 Material basis and drug
property—based approach to identify
potential hepatoprotective traditional
Chinese medicines

Theoretically, TCMs may generate a certain degree of liver-
protecting effect when they satisfy the following two conditions:
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FIGURE 9

Cluster analysis based on drug property. The samples with the prefixes of P and T indicated the hepatoprotective TCMs and the non-
hepatoprotective TCMs, respectively. U1-U25 represented the 25 samples to be tested.

they contain rich hepatoprotective ingredients and possess
similar drug properties to the hepatoprotective TCMs.
Therefore, in this section, first, we identified TCMs containing

rich hepatoprotective ingredients by constructing an
undetermined  “TCM-ingredient”  network. — Then, a
comparison  between the TCMs  containing  rich

hepatoprotective ingredients and the hepatoprotective TCMs
was conducted through cluster analysis. Finally, the TCMs
with drug properties similar to those of the hepatoprotective
TCMs were considered to be potential hepatoprotective TCMs.

2.3.1 Identification of traditional Chinese
medicines containing rich liver-protecting
ingredients

According to the method mentioned in Section 4.3.4, we
constructed an undetermined “TCM-ingredient” network by
integrating TCMs and hepatoprotective ingredients. Of note,
those 205 hepatoprotective TCMs mentioned in Section 2.2.1
were removed from this network. In other words, for any one of
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the TCMs included in this network, whether or not it holds the
hepatoprotective activity was unclear. As shown in Figure 8
(Supplementary File S5), the network consisted of 443 nodes
and 1376 edges. A total of 197 TCMs and 246 hepatoprotective
ingredients were involved. Degree analysis revealed that a total of
26 TCMs contained liver-protecting ingredients greater than 15
(Table 5). Theoretically, the more liver-protecting ingredients a
TCM contains, the more likely it is to produce a liver-protecting
effect. Therefore, these 26 TCMs were considered as candidate
hepatoprotective TCMs.

2.3.2 Identification of traditional Chinese
medicines with drug properties similar to those
of the hepatoprotective TCMs by cluster analysis
In Section 2.2.2, it has been demonstrated that the drug
properties of the hepatoprotective TCMs are significantly
different from those of the non-hepatoprotective TCMs.
Herein, taking the drug properties of the hepatoprotective
TCMs (123) and the non-hepatoprotective TCMs (132) as
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TABLE 6 Twelve potential hepatoprotective TCMs.

ID Name
1 Ling
Xiao Hua

2 Fu Pen Zi
3 Gao Ben

4 Gao Liang

Jiang
5 Mai Ya
6 Qing Guo
7 Che

Qian Zi

8 Hu Lu Ba

9 Gou Gu Ye
10 Gu Sui Bu

Origin plants

Campsis grandiflora (Thunb.) K. Schum.

and Campsis radicans (L.) Seem
Rubus chingii Hu

Ligusticum sinense Oliv. and Ligusticum
jeholense Nakai et Kitag

Alpinia officinarum Hance

Hordeum vulgare L.

Canarium album Raeusch

Plantago asiatica L., Plantago depressa
willd

Trigonella foenum-graecum L.

Ilex cornuta Lindi. ex Paxt

Drynaria fortunei (Kunze) J. Sm

Efficacy category

Blood-activating stasis-
removing drugs

Astringent medicinal

Diaphoretics

Warming interior drugs

Digestants

Antipyretics

Diuretic dampness excreting
drugs

Tonifying medicinal

Antipyretics

Tonifying medicinal

10.3389/fphar.2022.969979

Hepatoprotective activity

Ameliorates CClsa-induced liver fibrosis Wu et al. (2022)

Anti-hepatoma Zhang et al. (2012); Su et al. (2013); Abass et al. (2018);
Fang et al. (2019); anti-hepatitis Luo et al. (2015); nonhepatotoxicity Li
et al. (2018)

Alleviates alcohol-induced hepatocellular injury Park et al. (2021)

Ameliorates hepatic lipid accumulation Yeh et al. (2018); ameliorates
CCla/D-galactosamine-induced liver injury Tamai et al. (1989); Ito et al.
(1990)

Against lipopolysaccharide-induced liver injury Li et al. (2019)

Alleviates chemical and drug-induced liver injury (alcohol,
thioacetamide, cypermethrin, cadmium, bleomycin, thiamethoxam,
adriamycin, AICl;, and gasoline fumes) Kaviarasan et al. (2006);
Kaviarasan and Anuradha (2007); Kaviarasan et al. (2007); Kaviarasan
et al. (2008); Sushma and Devasena (2010); Lu et al. (2012); Sakr and
Abo-El-Yazid (2012); Shivashankara et al. (2012); Belaid-Nouira et al.
(2013); Arafa et al. (2014); Zargar (2014); Qureshi et al. (2016); Kandhare
et al. (2017); Abdrabouh (2019); Feki et al. (2019); Fatima Zaidi and
Masood (2020); induces hepatoma cell apoptosis Khalil et al. (2015);
improves non-alcoholic fatty liver Mohamed et al. (2015);
nonhepatotoxicity Serrano (2014)

Prevents high-fat diet-induced fatty liver Liu et al. (2022)

Alleviates chemical and drug-induced liver injury (acetaminophen,

11 Zhi Shi Citrus aurantium L. and Citrus sinensis ~ Qi-regulating drugs
Osbeck
12 LaJiao Capsicum annuum L External medicinal (draw out

toxin, resolve putridity)

input (Supplementary File S3), hierarchical cluster analysis
(Origin 9.0 software) based on Euclidean distance was
conducted to develop a cluster model. This model was able to
evaluate whether or not the drug properties of specific TCMs
were closer to those of the hepatoprotective TCMs. For specific
TCM, if it was clustered into the same branch with the
hepatoprotective TCMs, its drug property was considered to
be closer to the drug properties of the hepatoprotective TCMs.
Otherwise, its drug properties were considered to be closer to the
drug properties of the non-hepatoprotective TCMs.

In Section 2.3.1, a total of 26 TCMs were found to contain rich
liver-protecting ingredients. Of note, Tian Shan Xue Lian lacked
channel tropism information and could not be measured by our
cluster model. Therefore, only 25 TCMs were put into the cluster
model (Figure 9). As a result, a total of 12 TCMs, namely, Ling Xiao
Hua, Fu Pen Zi, Gao Ben, Gao Liang Jiang, Mai Ya, Qing Guo, Che
Qian Zi, Hu Lu Ba, Gou Gu Ye, Gu Sui Bu, Zhi Shi, and La Jiao, were
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methotrexate, alcohol, and CCls) Choi et al. (2015); Kim et al. (2016);
Lim et al. (2016); Hsouna et al. (2018); He et al. (2019a); Ben Hsouna
et al. (2019); Shu et al. (2020); prevents non-alcoholic fatty liver disease
Han et al. (2019)

Attenuates liver fibrosis Sheng et al. (2020); anti-hepatoma carcinoma
cell proliferation Chu et al. (2002); induces hepatoma carcinoma cell
apoptosis Huang et al. (2009); improves nonalcoholic fatty liver disease
Joo et al. (2021); alleviates alcohol-induced liver injury Koneru et al.
(2018)

discovered to hold similar drug properties to the hepatoprotective
TCMs. In summary, these 12 TCMs contained rich liver-protecting
ingredients and also held similar drug properties to the
hepatoprotective TCMs. Therefore, we speculated that these
12 TCMs may have potential hepatoprotective activity. Detailed
descriptions of these 12 TCMs are provided in Table 6.

2.3.3 Twelve potential hepatoprotective
traditional Chinese medicines

As demonstrated in Table 6, among these 12 potential
hepatoprotective TCMs, a total of six TCMs (including Ling
Xiao Hua, Gao Ben, Qing Guo, Hu Lu Ba, Gou Gu Ye, and Gu Sui
Bu) belonged to the top four efficacy categories of the
hepatoprotective. TCMs. In other words, about 50% of the
novel potential hepatoprotective TCMs were derived from the
hepatoprotective TCM-productive efficacy categories, reflecting
the reliability of our results to a certain extent.
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In Section 2.2.3, we attained five rules which were highly
the
frequencies of these five rules in those 25 TCMs were

correlated with hepatoprotection. Here, occurrence
investigated. As a result, the frequency of these rules in these
12 potential hepatoprotective TCMs was 10. However, in the
other 13 TCMs, the frequency of these rules was only 3. This
phenomenon indicated that these 12 potential hepatoprotective
TCMs were more likely to protect the liver than the other
13 TCMs in terms of drug property.

In fact, 9 out of these 12 TCMs were reported to produce
beneficial effects to the liver in animal or cell experiments
(Table 6). For Ling Xiao Hua and Gao Ben, although they
were not reported to treat liver disorders, none of them was
implicated by drug-induced liver injury. Direct evidence focused
on the liver protection of Gu Sui Bu was unavailable. However, Li
Ye Hu Jue (Drynaria quercifolia (L.) J. Sm), a form of TCM which
has the same effect with Gu Sui Bu, has been demonstrated to
exhibit protection against rat liver fibrosis induced by carbon
tetrachloride through the Nrf2/ARE and NFxB signaling
pathways (Anuja et al,, 2018). The results provided by this
work were highly consistent with the reports in previous
publications and further confirmed the effectiveness of our
methods.

3 Discussion

In this work, the first contribution is that a comprehensive
the
hepatoprotective activity of TCMs was conducted. Initially, an

structure-activity  relationship  study focused on
in silico model for predicting the liver protection of
phytoconstituents was developed based on eight machine
learning algorithms. Both the five-fold cross-validation and
the external validation produced ACC values that exceeded
85%, that the exhibited

predicting power. Of note, the imbalance of the dataset may

indicating model satisfactory
affect the model’s performance; a dataset with sufficient non-
hepatoprotective phytoconstituents may improve our model’s
predicting power. Nevertheless, we attempted to develop a model
for predicting the hepatoprotection of ingredients derived from
TCMs for the first time. This model would contribute to
narrowing the scope of candidate drugs in the discovery of
novel hepatoprotectants. Second, the structural preference of
the

Consequently, a total of 24 RSs for hepatoprotection were

hepatoprotective  phytoconstituents was investigated.
identified. Theoretically, phytoconstituents containing these
RSs are more likely to produce beneficial effects on the liver.
Therefore, these RSs would provide valuable guidance for the
design and structural modification of novel hepatoprotectants.

Except the efforts in exploring the hepatoprotection of TCMs
in the molecular level, a comprehensive analysis at the level of
holistic TCM was also conducted. A total of 205 hepatoprotective

TCMs were collected. Efficacy category analysis showed that the
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top four efficacy categories were the antipyretics, the tonifying
medicinals, the blood-activating stasis-removing drugs, and the
diaphoretics, respectively. These four efficacy categories
contained many hepatoprotective TCMs. In fact, 6 out of
those 12 novel potential hepatoprotective TCMs identified in
Section 2.3.2 belonged to the top four efficacy categories, further
indicating that these four groups were important sources of the
hepatoprotective TCMs. Then, focused on the drug property, a
chi-squared test was performed. It showed that the drug
properties of the hepatoprotective TCMs were significantly
distinguished from those of the non-hepatoprotective TCMs,
reflecting that there exists a certain degree of correlation between
the drug property and liver-protecting activity. To investigate the
detailed relationship, association rules analysis was performed.
Subsequently, a total of five association rules were identified.
These rules would help explain the liver protection of TCMs from
the perspective of the drug property. In fact, more association
rules could be attained by decreasing the thresholds of support
and confidence. In the current study, the minimum values of the
support and confidence were set as 5% and 65%, respectively,
which were higher than those in similar studies (Fu et al., 2017).

It has been a consensus that the efficacy of TCM depends on
multi-ingredients rather than a single ingredient. Therefore,
identifying the hepatoprotective ingredients of specific TCM
as complete as its

possible explain

comprehensively. ~Generally,

would  help
hepatoprotection researchers
compile the efficient ingredients of TCMs through surveying a
great deal of literature. However, it is time-consuming and labor-
intensive to conduct systematical literature retrieval. Therefore,
an efficient and effective method to identify the hepatoprotective
ingredients of specific TCM was significant to elucidate its
hepatoprotection. In the present study, a “TCM-ingredient”
network focused on hepatoprotection was constructed, making
it possible to identify the hepatoprotective ingredients of specific
TCM efficiently and comprehensively. However, we must
acknowledge that there is still some space for improvement in
the performance of our hepatoprotective “TCM-ingredient”
network. After all, ginkgolide C, one of the hepatoprotective
ingredients of Yin Xing Ye, was not successfully discovered. With
the introduction of more TCMs and ingredients into the
network, it would provide more reliable and complete results
in future research.

Another interesting contribution of this work was that a
material basis and drug property-based method were originally
proposed to discover novel potential hepatoprotective TCMs.
This method integrated information on the active ingredients
and drug properties of TCMs comprehensively. Based on the
total  of
hepatoprotective TCMs were discovered. Both the efficacy

method mentioned earlier, a 12 potential
category analysis and the association rules analysis supported
the reliability of our results. In addition, 9 out of the 12 potential
hepatoprotective TCMs were reported to relieve or treat various

types of liver disorders, indicating the effectiveness of our
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method further. The hepatoprotective activities of Ling Xiao
Hua, Gao Ben, and Gu Sui Bu were not reported. They were
expected to be novel hepatoprotective drugs. Therefore,
experimental verification focused on the hepatoprotective
activities of these three TCMs was urgent and imperative in
the next step of our research. One limitation to the method was
that the contents of the hepatoprotective ingredients were not
taken into consideration. We must acknowledge the importance
of the dose-effect relationship. However, it was very difficult to
collect the dose effect relationship information of so many
hepatoprotective ingredients. When sufficient quantitative data
are available, the quantitative methodology study would make
great progress. In the future, based on the method proposed in
the current study, we believe that more TCMs that were not
reported to protect the liver previously will be gradually
uncovered to show hepatoprotective effects.

4 Materials and methods

4.1 Construction of in silico models for
predicting the hepatoprotective activity of
phytoconstituents derived from traditional
Chinese medicines

4.1.1 Data sources

In our previous study, focusing on herbal-induced liver injury,
we developed a dataset consisting of 664 hepatoprotective
phytoconstituents and 216 hepatotoxic phytoconstituents (He
et al,, 2019b). This dataset laid the foundation for exploring the
hepatic effects induced by phytoconstituents based on a data-
driven method. Recently, we collected 13 novel hepatoprotective
phytoconstituents. They were also added to the dataset of herbal-
induced liver protection (Supplementary File S6). Here, the dataset
mentioned earlier was utilized to develop a computational
molecular model for evaluating the hepatoprotective activity of
phytoconstituents. Of note, the phytoconstituents included in the
dataset of herbal-induced liver protection were defined as positive
samples, whereas the chemical ingredients included in the dataset
of herbal-induced liver injury were regarded as negative samples.
Both the positive and negative samples were divided into training
and test sets in the ratio of 4 to 1 by implementing the
Kennard-Stone algorithm. Finally, the training and test sets
contained 709 (538 positives and 171 negatives) and 178
(135 positives and 43 negatives) diverse chemicals, respectively
(Supplementary File S7).

4.1.2 Molecular descriptor calculation and
feature selection

PaDEL-Descriptor (version 2.2.1) (Yap, 2011), a powerful
and freely available software application to calculate molecular
descriptors and fingerprints, was applied to calculate the two-
dimensional (2D) structures of the phytoconstituents. A total of
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1444 2D descriptors were taken into consideration, including
information on the physicochemical properties and topological
geometry properties of the chemicals. With the aim of
minimizing the redundancy of the feature variables, the
and Rudnicki, 2010)
implemented to identify feature variables associated with the

Boruta algorithm (Kursa was
outcome variable. Thereafter, Pearson’s correlation analysis was
conducted to eliminate the highly correlated feature variables.
The maximum threshold of the Pearson’s correlation coefficient
was set at 0.90. Finally, a total of 80 non-redundant feature
variables were retained and used as input to develop a
computational molecular model (Supplementary File S7). Of
note, there were six compounds that could not be recognized
by PaDEL-Descriptor. Therefore, the total sample size of the

training and test sets was 887 rather than 893.

4.1.3 Model construction and evaluation

In the past decades, a series of machine learning algorithms
have been proposed by mathematicians and statisticians.
However, owing to each algorithm and its own merits, it was
difficult to define which one was the best. With the aim of
attaining a relatively optimal model, a total of eight algorithms
were investigated, including Naive Bayes, J48, K-star, IBK,
random forest, Bagging-IBK, AdaBoost-J48, and voting. The
rationales of these eight algorithms mentioned earlier have
been reviewed in our previous publication (He et al., 2019). In
addition,
optimization method, was adopted to confirm the optimum
algorithm. All of the algorithms
implemented via the Waikato
Environment for Knowledge Analysis (WEKA, version 3.8.3)

CVParameterSelection, an effective parameter

parameters for each

mentioned earlier were
platform within 5-fold cross-validation (Frank et al., 2004).

Three indicators were used to evaluate the predictive ability
of the models, including ACGC, SE, and SP. These indicators stand
for the predictive accuracy of the overall, positive, and negative
samples, respectively. In addition, the AUC, an important index
for measuring the model’s comprehensive performance, was also
calculated (Linden, 2006).

4.2 ldentification of representative
substructures for the hepatoprotective
activity

SARpy (version 1.0) is a tool to associate structural fragments
with specific activity/toxicity (Ferrari et al., 2013). It has been
proven to be effective and efficient to extract RSs in many
previous studies. Here, it was utilized to identify RSs for
hepatoprotection. The minimum thresholds were set at 10 for
both the likelihood ratio (LR) and the frequency. The former and
the latter indices represent the predictive power and the
occurrence number of specific RS, respectively. For a given
RS, the greater the LR value, the stronger is its predictive power.
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4.3 Comprehensive analysis focused on
the hepatoprotective activity of traditional
Chinese medicines at a singular traditional
Chinese medicine level based on
bioinformatics

4.3.1 Data sources

To collect hepatoprotective TCMs, CNKI (China National
Knowledge Infrastructure) and PubMed databases were retrieved
according to the procedure listed as follows. First, the publications
related to TCMs were identified via key phrases of Traditional
Chinese Medicine, TCM, herbal, herb, medicinal plant, and
botanical. The time span was restricted to between 2012 and
2021. of
hepatotoxicity, liver toxicity, liver injury, liver damage, hepatitis,

Thereafter, a series search terms, including
liver fibrosis, liver failure, liver cancer, hepatoma, liver tumor, liver

neoplasms,  hepatocellular ~ carcinoma, liver  cirrhosis,
hepatomegaly, fatty liver, jaundice, cholestasis, liver protection,
hepatoprotective, and hepatoprotection, were applied to screen the
literature related to TCMs. Only those literature reports associated
with herbal-induced hepatoprotection were retained. Finally,
hepatoprotective TCMs were collected by reading the literature
systematically. Of note, only those TCMs recorded in the Chinese
Pharmacopoeia (2020 edition) were taken into consideration in the
current study. The efficacy category and the drug property
information of each TCM were extracted from TCMSP
(Traditional Chinese Medicine Systems Pharmacology Database
and Analysis Platform) (Ru et al, 2014) and the Chinese
(2020  Edition)  (Chinese

Commission, 2020), respectively.

Pharmacopoeia Pharmacopeia

4.3.2 Statistical analysis

Statistical analysis was performed by SPSS version 17.0 (SPSS
Inc., Chicago, United States). The data were presented by frequency.
A two-tailed chi-squared test was used for comparing the drug
properties (four properties, five flavors, and channel tropism) of the
hepatoprotective and non-hepatoprotective TCMs. p < 0.05 was
considered statistically significant.

4.3.3 Association rules analysis

Association rules analysis was conducted by implementing
the Apriori algorithm embedded in the WEKA platform (version
3.8.3) (Frank et al., 2004). The minimum values of support and
confidence were set at 5% and 65%, respectively.

4.3.4 Construction of the “traditional Chinese
medicine-ingredient” network

Over the past decades, many TCM databases have been
developed, providing us an opportunity to investigate the
relationships between TCMs and chemical components. Here,
a total of three typical TCM databases, including TCMSP (Ru
et al., 2014), ETCM (Xu et al., 2019), and TCMID (Huang L.
et al, 2018), were adopted. By taking the hepatoprotective
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ingredients collected in Section 2.1.1 as input, a series of
“TCM-ingredient” relationship data were attained. Then, a
comparison between the TCMs attained earlier and the
hepatoprotective TCMs collected in Section 2.2.1 was
conducted. According to whether or not the TCMs were
reported to produce beneficial effects on the liver, the “TCM-
ingredient” relationships were divided into two categories:
“TCM-ingredient”

undetermined “TCM-ingredient” relationships. Undetermined

hepatoprotective relationships ~ and
means that whether the TCMs benefit to the liver or not was
unknown. Finally, the former and the latter relationship data
“TCM-

ingredient” network and an undetermined “TCM-ingredient”

were utilized to construct the hepatoprotective

network, respectively. To realize the visualization of the network,
Gephi (version 0.9.2) software was adopted (Jacomy et al., 2014).

4.3.5 Hierarchical cluster analysis

Herein, taking drug properties of the hepatoprotective TCMs
(123) and the non-hepatoprotective TCMs (132) as input,
hierarchical cluster analysis based on the Euclidean distance
was conducted to develop a cluster model. To perform the
hierarchical cluster analysis, Origin 9.0 software was used. The
drug properties were presented by a binary variable with values of
0 or I, for example, for TCM Chuan Xiong (Chuanxiong
Rhizoma), warm properties, pungent flavor, and entering the
liver, gall bladder, and pericardium meridians. Its drug properties
were presented as cold 0, hot 0, warm 1, cool 0, neutral 0, pungent
1, bitter 0, sweet 0, sour 0, salty 0, astringent 0, tasteless 0, liver 1,
lung 0, stomach 0, spleen 0, kidney 0, heart 0, large intestine 0,
gall bladder 1, bladder 0, small intestine 0, pericardium 1, and
triple energizer 0.

5 Conclusion

In this work, a large-scale dataset of TCM-induced
hepatoprotection was constructed through investigating a great
deal of literature. Then, the dataset was analyzed based on the
structure-activity relationship, molecular network, and machine
learning techniques comprehensively. Finally, we developed
predictive models for TCM-induced hepatoprotection at the
level of molecule and singular TCM, respectively. The model at
the molecule level held a strong predictive power with an accuracy
greater than 85%. It would provide valuable clues for researchers to
screen potential hepatoprotective ingredients from TCMs. The
model at the singular TCM level innovatively integrated the
material basis and drug property information. It would aid the
discovery of novel potential hepatoprotective TCMs. Literature
searches showed that the results produced by the singular TCM
level model were highly consistent with the reports in previous
publications. In summary, we developed effective and reliable
predictive models for TCM-induced hepatoprotection at the
level of molecule and singular TCM, respectively. Such
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comprehensive predictive research would be highly desirable for
screening and discovering novel potential hepatoprotectants from
TCMs. In addition, the research approaches used in the current
study also provided a highlighted mode for discovering the novel
functions of TCMs.
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between neoadjuvant imatinib
and upfront surgery for GIST: A
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meta-analysis

Zhen Liu?, Zimu Zhang®, Juan Sun?, Jie Li*, Ziyang Zeng?,
Mingwei Ma?, Xin Ye?, Fan Feng? and Weiming Kang®*

‘Department of General Surgery, Peking Union Medical College Hospital, Chinese Academy of Medical
Sciences and Peking Union Medical College, Beijing, China, *Division of Digestive Surgery, Xijing
Hospital of Digestive Diseases, Air Force Medical University, Xi'an, China

Background: Significant survival benefit of adjuvant imatinib therapy has been
observed in gastrointestinal stromal tumor (GIST). However, the impact of
neoadjuvant imatinib on prognosis of GIST remains unclear. This meta-
analysis aimed to compare the prognostic impact between upfront surgery
and neoadjuvant imatinib plus surgery on GIST.

Methods: A comprehensive literature search was performed to identify eligible
studies up to 30 Sep 2021, through PubMed, Embase, Web of Science, and
Cochrane Library. Studies compared the impact of upfront surgery and
neoadjuvant imatinib plus surgery on disease-free (DFS) or overall survival
(OS) in patients with GIST were selected.

Results: Seven eligible studies with 17,171 patients were included. The reduction
rates of tumor size in rectal and mixed site GIST were 33% and 29.8%,
respectively. Neoadjuvant imatinib was not significantly associated with DFS
compared with no-neoadjuvant therapy in rectal GIST (HR: 0.71, 95% CI:
0.35-1.41). The OS of rectal GIST was significantly improved by neoadjuvant
imatinib compared with no-neoadjuvant therapy (HR: 0.36, 95% CI: 0.17-0.75).

Conclusion: Neoadjuvant imatinib therapy contributed to tumor shrinkage and
RO resection of rectal GIST. Neoadjuvant imatinib plus surgery significantly
improved overall survival of rectal GIST in comparison with upfront surgery.

KEYWORDS

gastrointestinal stromal tumor, neoadjuvant imatinib, upfront surgery, RO, prognosis,
meta-analysis

Abbreviations: DFS, disease-free survival; GIST, gastrointestinal stromal tumor; GRADE, the Grading of
Recommendations Assessment, Development, and Evaluation system; NCCN, National
Comprehensive Cancer Network; NOS, Newcastle-Ottawa Quality Assessment Scale; OS, overall
survival; RO, microscopically negative resection margin.
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Introduction

Gastrointestinal stromal tumor is one of the most common
mesenchymal tumors arising from the gastrointestinal tract (GI),
with an annual incidence of 10 cases per million people globally
which accounts for 1-3% of cancers in the entire GI (1, 2). GIST
is considered to develop from the gain-of-function mutations of
KIT ((Hirota et al., 1998)) and platelet-derived growth factor
receptor alpha (PDGFRA) (Heinrich et al., 2003) and can occur
anywhere of the GI. The most common site is stomach (60-70%),
followed by small intestine (20-30%) and colorectum (5%)
(Rubin et al., 2007; Joensuu et al., 2013; Liu et al., 2018).

Surgical resection remains the first choice of curative
treatment for primary GIST. Since the first report (Joensuu
et al., 2001) of the use of imatinib for metastatic GIST in
2001, various tyrosine kinase inhibitors have been growingly
developed and used in clinical treatment of GIST ((Demetri et al.,
2002; Demetri et al., 2006; Demetri et al., 2013; Blay et al., 2020;
Chen et al., 2020; Heinrich et al., 2020; Chen et al., 2021a)).
During this period, significant survival benefit has been observed
in those with high-risk GIST who received adjuvant imatinib
after surgery (Joensuu et al., 2020). These positive results brought
attention to the use of neoadjuvant imatinib for GIST with large
size or in special anatomic site. Neoadjuvant therapy has been
demonstrated to contribute to the improvement of survival of
several malignancies (Das, 2017; Cai et al., 2018; Mittendorfet al.,
2020; Chen et al,, 2021b). Till now, several retrospective and
single-arm studies have reported the feasibility and effectiveness
of neoadjuvant therapy on GIST ((Wang et al., 2012; Ling et al.,
2021a; Renberg et al., 2022; Wong et al., 2022)). Recent guidelines
recommended consideration of neoadjuvant imatinib therapy for
patients if the surgical morbidity could be reduced preoperatively
(Casali et al., 2018; von Mehren et al., 2020). However, the impact
of neoadjuvant imatinib on prognosis of GIST remains unclear
due to the absence of strong evidence from randomized
controlled trials. Thus, the current meta-analysis aimed to
review the relevant literature and provide a comprehensive
view of the survival influence of neoadjuvant imatinib on GIST.

Material and methods
Search strategy
A systematic search of literature using keywords as

“GIST”
“preoperative treatment” and “preoperative therapy,” was

“gastrointestinal ~ stromal tumor,” “neoadjuvant,”
carried out by two investigators (ZL and ZZ) through
PubMed, Embase, Web of Science and Cochrane Library to
identify studies that compared the treatment effect between
neoadjuvant therapy and upfront surgery for GIST. The
search was updated to 30 Sep 2021. Attempts have been made

to get additional eligible studies through searching the references
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of relevant studies. This study was in compliance with the
Preferred Reporting Items for Systematic Reviews and Meta-
analyses (PRISMA) guideline (Liberati et al., 2009).

Selection criteria

Eligible studies were identified by two investigators (ZL and
JS) according to the following criteria: (Miettinen et al., 2003)
Participants (P): Patients were diagnosed pathologically and
immunohistochemistrically as primary GISTs; (Connolly et al.,
2003); Interventions (I) and comparisons (C): Patients received
neoadjuvant imatinib followed by surgery and/or adjuvant
therapy in research group and upfront surgery and/or
adjuvant therapy in control group. The outcomes were
compared between research and control groups; (Heinrich
et al.,, 2003); Outcomes (O): Disease-free survival (DFS) and/
or overall survival (OS) were/was available or able to be
calculated by sufficient data in the studies. When duplicate
studies from same center were identified, only the newest or
largest study was included. Any discrepancies were resolved by
discussion with a third investigator (ZYZ).

Data extraction

The first author, publication year, country, sample size,
tumor site, information of neoadjuvant imatinib, surgery,
resection margin, adjuvant therapy, follow-up, DFS and OS
were extracted independently by two investigators (SWOY
and JL). If the hazard ratio (HR) and 95% confidence interval
(CI) were not provided in the studies, we either emailed the
corresponding author for original results or calculated these data
from the Kaplan-Meier survival curves using the methods
reported by Tierney et al. (Tierney et al, 2007). A third
observer (MWM) engaged in discussions to resolve any
controversial issues.

Quality assessment

Two authors (ZL and ZZ) independently assessed the quality
of all included studies using the Newcastle-Ottawa Quality
Assessment Scale (NOS) (Stang, 2010) with the highest score
of nine, and any discrepancies in the scores were resolved by
discussion with a third reviewer (JS).

Statistical analysis
The pooled survival data were measured using the HR and

95% CIL. Some HRs and 95% ClIs were extracted from Kaplan-
Meier curves using Engauge Digitizer (version 4.1). Statistical
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PubMed Embase Cochrane Library Web of Science Additional records
n=209 n=167 n=18 n=100 n=0
Records after duplicates removed
n=300
-

253 records were excluded after screening titles
or abstracts for the following reasons: Review,

meta-analysis, conference poster, case report,
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FIGURE 1
Flow chart of the search strategy.

heterogeneity was evaluated using the chi-square test and I°
statistics. Subgroup analysis was conducted to identify the
source of heterogeneity. The random-effects model was used by
default because of the nature of these retrospective studies. The
estimated results of the fixed-effects model are also provided for
reference. Sensitivity analysis was performed to validate the
stability of the model by sequentially omitting each study. The
publication bias was not performed as fewer than ten studies were
included. Statistical analyses were performed using R software
3.6.1 (R Project for Statistical Computing) with the meta package
(4.13-0) (Balduzzi et al, 2019). A two-sided p < 0.05 was
considered significant. The GRADE profiler software (version
3.6) was used to estimate the level of evidence (Guyatt et al., 2008).

Results
Eligible studies in the meta-analysis

As shown in Figure 1, 494 relevant publications were
identified through the literature search. After screening and
assessment, seven eligible studies (Hawkins et al,, 2017; Yan
et al,, 2018; NS et al.,, 2020; Yang et al., 2020; Ling et al., 2021b;
Marqueen et al,, 2021; Yang et al., 2021) with 17,171 patients
were included in this meta-analysis (Table 1 and Supplementary
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Table S1). There were 1178 patients who received neoadjuvant
therapy, and 15,993 patients who received upfront surgery. None
of these patients experienced preoperative metastasis. Patients in
both groups received adjuvant therapy accordingly. Two studies
reported their median reduction rate of tumor size were 29.8%
(mixed sites) and 33% (rectum) (Supplementary Table S1),
respectively. And in study of Yang 2021 (38), the median
tumor size of rectal GIST reduced from 5.8 to 3.8 cm after the
use of neoadjuvant imatinib. The NOS scores of the studies
ranged from seven to eight, indicating their relatively high quality
of methodology. The GRADE evidence profiles of three
indicators (resection margin, DFS and OS) were presented in
Supplementary Table S2.

Resection margin

Four studies provided the information of margin resection.
Among them, three studies analyzed rectal GIST and one analyzed
mixed site GIST (stomach, intestine and enterocoelia). Figure 2A
revealed that the RO resection rate had no significant difference
between neoadjuvant imatinib and no-neoadjuvant therapy (HR:
0.54, 95% CL 0.26-1.10; p = 0.99, I’ = 0%; reference: no-
neoadjuvant therapy). In the subgroup analysis of rectal GIST,
a trend of higher RO resection rate ranging from 85.3% to 98.8%
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TABLE 1 Summarization of the seven included studies.

Study Country Site Metastasis Sample
size

Hawkins 2016

Rectum- USA Rectum No 74

NCDB

Yan 2018 China Mixed® No 191

Ijzerman 2020 Netherlands Rectum No 109

Yang 2020 China Rectum No 64

Ling 2021 China Rectum No 85

Marqueen

2021

Total-NCDB USA Mixed" No 16,308

Stomach- Stomach No 10,635

NCDB

Yang 2021 China Rectum 340

NCDB, National Cancer Database; NOS, Newcastle-Ottawa Quality Assessment Scale.
“Mixted: stomach, intestine and enterocoelia.
"Mixed: stomach, esophagus, small bowel and colorectum.

was observed in neoadjuvant imatinib group compared with the
rate ranging from 74.4% to 92.0% in no-neoadjuvant therapy
group (Supplementary Table S1). But the difference was not
statistically significant (HR: 0.49, 95% CIL: 0.17-1.46; p = 0.99,
I* = 0%; reference: no-neoadjuvant therapy; Figure 2A). Sensitivity
analysis was performed by omitting each study sequentially, and
the estimated results did not differ significantly, indicating the
stability of the model (Figure 2B).

Disease-free survival

As shown in Figure 3A, DFS data were available in four
studies of which the included cases were all rectal GIST.
Neoadjuvant imatinib was not significantly associated with
DFS compared with no-neoadjuvant therapy (HR: 0.71, 95%
CI: 0.35-1.41; reference: no-neoadjuvant therapy), which was
consistent with the estimated results of the fixed-effects model
(HR: 0.78, 95% CI: 0.46-1.31; reference: no-neoadjuvant
therapy), indicating the absence of heterogeneity among
studies (p = 021, I* =
performed by omitting each study sequentially, and the

35%). Sensitivity analysis was
estimated results did not differ significantly, indicating the
stability of the model (Figure 3B).
Overall survival

Six studies providing OS data were included (Figure 4A). For

the total cases, patients who received neoadjuvant imatinib had
similar OS compared with those who received no-neoadjuvant
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Neoadjuvant Upfront Follow-up NOS
imatinib surgery (medain,
mo)

7
21 53 NA
47 144 NA 8
78 31 28 (0-115) 8
29 35 41 (1-122) 8
52 33 36.8 (12.7-152.7) 8

8
865 15,443 445 (IQR
583 10,052 22.1-725)
86 254 49 (6-215) 8

therapy (HR: 0.52, 95% CI: 0.24-1.14; reference: no-neoadjuvant
therapy). However, a moderate heterogeneity was observed (p =
0.01, I* = 65%). To identify the potential source of heterogeneity,
subgroup analysis was performed according to tumor site. A
significant decrease of heterogeneity was observed in the
subgroup of rectal GIST (p = 032, I = 15%). In this
subgroup, neoadjuvant imatinib was significantly associated
with better OS compared with no-neoadjuvant therapy (HR:
0.43,95% CI: 0.19-1.02), which was consistent with the estimated
results of the fixed-effects model (HR: 0.43, 95% CI: 0.21-0.87).
Neoadjuvant imatinib significantly improved OS in mixed site
GIST (HR: 0.20, 95% CI: 0.05-0.84) but not in gastric GIST (HR:
1.02, 95% CI: 0.94-1.11).

Sensitivity analysis was performed by omitting each study
sequentially in rectal GIST subgroup. The result after omitting
Yang 2020 was significantly different from that after omitting other
three studies which might weaken the credibility of the model
(Figure 4B). This might due to the different including criteria in
Yang et al’s study (Yang et al, 2020). Their study mainly
compared the transanal and nontransanal surgery for rectal
GIST. The prognostic value of neoadjuvant therapy was only
analyzed in the multivariate cox model. After omitting the
study of Yang 2020 (Figure 4C), the effected result was stable
(HR: 0.36, 95% CI: 0.17-0.75) and the heterogeneity additionally
decreased (p = 0.79, I> = 0%) indicating the credibility of the result.

Discussion

The present study compared the clinical effect of neoadjuvant
imatinib and upfront surgery on GIST. The benefits of tumor
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FIGURE 2

Forest plots illustrating resection margin between neoadjuvant and no-neoadjuvant imatinib (A) and sensitivity analysis (B).

shrinkage as well as improvement of RO resection rate in rectal
GIST were observed after the use of neoadjuvant imatinib
therapy. Neoadjuvant imatinib was not significantly associated
with DFS compared with no-neoadjuvant therapy in rectal GIST.
However, neoadjuvant imatinib significantly improved OS of
rectal GIST compared with no-neoadjuvant therapy.

The use of neoadjuvant imatinib has been reported to yield
benefits in downstaging to avoid extensive resection in cases of
bulky tumors or tumors in particular site, such as rectum
(Andtbacka et al, 2007; Fiore et al, 2009; Nishida et al.,
2019). A previous observational study (Wilkinson et al., 2015)
reported that tumor size and mitotic index significantly reduced
after receipt of neoadjuvant imatinib in rectal GIST which allows
for less extensive sphincter-preserving surgery. Several studies
reported that the sphincter-preserving rate in rectal GIST was
33.3-100% after treatment of neoadjuvant therapy (Kaneko et al.,
2019). In the phase I APOLLON trial (Hohenberger et al., 2012),
64% of patients received a less radical surgery after 6 months
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treatment of neoadjuvant imatinib. In current meta-analysis, two
studies reported their median reduction rate of tumor size were
29.8% (mixed sites) and 33% (rectum) (Supplementary Table S1),
respectively. And in study of Yang 2021 (38), the median tumor
size of rectal GIST reduced from 5.8 to 3.8 cm after neoadjuvant
imatinib. The shrinkage of tumor size is considered to contribute
to the achievement of RO resection.

Complete resection is one of the primary concerns in the
treatment of GIST ((Schmieder et al., 2016)). The RO resection
rate was previously reported to be 77.3-100% after treatment of
neoadjuvant therapy (Kaneko et al., 2019). In the phase II RTOG
0132 study (Wang et al,, 2012) including 31 cases of primary
GISTs, a 68% rate of RO resection (21 cases) was reported within
the median neoadjuvant therapy duration of 9.9 weeks.
Kurokawa et al. (Kurokawa et al., 2017) reported another
phase II study with an achievement of 90% RO resection rate
in large gastric GIST treated with neoadjuvant therapy. This high
rate of RO resection was attributed to the long neoadjuvant
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Yang 2021 0.039 0.3704 51.8% 40.2%
Total (fixed effect, 95% CI) 100.0% -
Total (random effects, 95% Cl) - 100.0%
Heterogeneity: Tau? = 0.17; Chi® = 4.58, df = 3 (P =0.21); 12 = 35%
Test for overall effect (fixed effect): Z = -0.94 (P = 0.35)
Test for overall effect (random effects): Z = -0.98 (P = 0.33)

B

Sensitivity analysis
Hazard Ratio

10.3389/fphar.2022.966486

Hazard Ratio
IV, Fixed + Random, 95% CI
0.640 [0.201, 2.034]
1.018 [0.299, 3.466]
0.150 [0.028, 0.808]
1.040 [0.503, 2.150]

Hazard Ratio
IV, Fixed + Random, 95% Cl

0.779 [0.462, 1.313]
0.707 [0.354, 1.413]

0.1
Favour Neoadjuvant Favour No—-neoadjuvant

051 2 10

Hazard Ratio

Study 1V, Random, 95% CI 1V, Random, 95% CI
Omitting lizerman 2020  0.67 [0.25; 1.82] —
Omitting Yang 2020 0.59 [0.22; 1.54] ——
Omitting Ling 2021 0.93[0.54; 1.61] —E—
Omitting Yang 2021 0.53[0.20;1.43] —@&—1—
Total (95% CI) 0.71 [0.35; 1.41] ———
I T T 1
0.2 05 1 2 5

Favour Neoadjuvant Favour No-neoadjuvant

FIGURE 3

Forest plots illustrating disease-free survival between neoadjuvant and no-neoadjuvant imatinib (A) and sensitivity analysis (B).

therapy duration of 6 months. Several studies suggested the best
duration of neoadjuvant therapy for maximal tumor response is
6-12 months (Bonvalot et al., 2006; Haller et al., 2007; Kurokawa
etal., 2017). Which is in line with the 6 months duration or more
recommended by NCCN guidelines (von Mehren et al., 2020).

In current meta-analysis, four studies reported the duration
of neoadjuvant imatinib which ranged from 6.3 to 10 months
(median) indicating a relatively optimal window for tumor
response (Supplementary Table S1). The partial response rate
in rectal GIST was reported to be 65.9% and 75% by Ling 2021
(36) and Yang 2021 (38), respectively. What is more, the disease
control rate achieved 100% in Ling’s study (Ling et al., 2021b).
Yang et al. (Yang et al., 2021) further reported that the effect of
neoadjuvant imatinib is dependent on the genetic type and KIT
exon 11 mutation responds better than other types which
suggested the importance of genetic sequencing. In the rectal
GIST subgroup of current study, a trend of higher RO resection
rate ranging from 85.3% to 98.8% was observed in neoadjuvant
imatinib group compared with that ranging from 74.4% to 92.0%
in no-neoadjuvant therapy group, though the difference was not
significant.

Prognosis is another main indication in the evaluation of
efficacy of neoadjuvant therapy which has not been sufficiently
reported previously. Hawkins et al. (Hawkins et al, 2017)
analyzed 333 cases of rectal GIST enrolled in NCDB, and the
multivariate analysis showed that neoadjuvant therapy was not
related with OS. But in the subgroup of tumors that were larger
than 5 cm and received radical resection, neoadjuvant therapy
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had a significantly higher 5-year OS than no-neoadjuvant
therapy (79.2% vs. 51.2%). Ling et al. (Ling et al., 2021b) also
demonstrated that neoadjuvant therapy not only reduced tumor
size of rectal GIST, but also improved 5-year distant recurrence-
free survival and disease-specific survival. But the information of
resection margin was not available in their study. In the contrary,
a recent multicenter research (Yang et al, 2021) including
340 cases of rectal GISTs from 11 centers in China reported
that, the 3-year rates of DFS and OS of those who received
neoadjuvant therapy were 95% and 100%, respectively, which
were similar in comparison with those of patients who received
no-neoadjuvant therapy. Future updated follow-up is warranted
for this multicenter study.

In current meta-analysis, DFS was available in four studies
which were all focusing on rectal GIST. The pooled results
showed that DFS was not significantly associated with
neoadjuvant imatinib in rectal GIST. It is reported that
positive margin is possibly associated with the recurrence of
GIST but this negative impact disappeared in the era of imatinib
due to the use of adjuvant imatinib (Liu et al., 2022). This
comparable DFS between neoadjuvant imatinib group and no-
neoadjuvant therapy group in current meta-analysis might partly
due to the balanced rate of RO resection between the two groups
and the proper use of adjuvant imatinib in both groups. However,
the OS was significantly improved after receipt of neoadjuvant
imatinib in patients with rectal GIST in present study.

Limitations existed in current study. Firstly, due to the
retrospective nature of these eligible studies, some inherent
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Forest plots illustrating overall survival between neoadjuvant and no-neoadjuvant imatinib (A) and sensitivity analyses (B,C).

bias in the study design and process cannot be avoided. Secondly,

tumor size and mitotic index as well as their reduction rate after

neoadjuvant imatinib were not provided in all eligible studies that
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an overview of prognostic factors in GIST other than

neoadjuvant imatinib was not available. Thirdly, detailed

information of tumor rupture and adjuvant therapy were not
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able to be analyzed which were key factors impacting the
prognosis of GIST. Fourthly, five out of the seven studies
analyzed rectal GIST so further studies focusing on GISTs in
other sites are warranted. Fifthly, a multicenter study including
340 cases of rectal GIST from 11 centers in China were included
in this meta-analysis which provided relatively firm results for
decision-making of neoadjuvant imatinib therapy. However,
randomized controlled trials are still lacking and warranted to
clarify the role of neoadjuvant imatinib in treatment of GIST.

Conclusion

Rectal GIST benefits from neoadjuvant imatinib regarding to
the achievements of tumor shrinkage and RO resection. Although
neoadjuvant imatinib had no significant advantage on the
disease-free survival, patients with rectal GIST who received
neoadjuvant imatinib plus surgery had better overall survival
than those who received upfront surgery.
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Background: Ursodeoxycholic acid (UDCA) is currently used for the treatment
of primary biliary cholangitis (PBC), but some people do not respond well to
UDCA. It reported that the combination of fenofibrate and UDCA can improve
the clinical indices in these patients. However, more high-quality evidence is
needed to improve guideline recommendations.

Methods: Through an updated meta-analysis, studies included were valued by
the Cochrane Evaluation Manual and Robins-I. Biochemical and clinical
indicator changes in UDCA-refractory PBC patients receiving combination
therapy were analyzed by Revman 5.42. Then, we explored the influence of
fenofibrate dose and the effectiveness and safety of long-term application by
retrospective cohort study.

Results: Our meta-analysis included nine publications with a total of
389 patients, including 216 treated with UDCA alone and 173 who received
combination therapy. The meta-analysis showed that combination therapy was
more effective than UDCA monotherapy in decreasing biochemical
parameters, such as ALP, GGT, IgM, and TG. However, the occurrence of
pruritus and adverse events was slightly higher with combination therapy
than with UDCA monotherapy. A total of 156 patients were included in our
cohort study: 68 patients underwent UDCA monotherapy, and 88 patients
underwent combination therapy. Among UDCA-refractory patients, fenofibrate
add-on therapy significantly improved the ALP normalization rate.

Abbreviations: ALP, alkaline phosphatase; UDCA, ursodeoxycholic acid; FF, fenofibrate; COM,
combination therapy; SD, standard deviation; |V, inverse-variance; CI, confidence interval; df,
degrees of freedom; GGT, gamma-glutamyl transferase.
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Conclusion: The combination of fenofibrate and UDCA can decrease
biochemical parameters, of UDCA-refractory PBC patient. Furthermore, the
efficacy and safety of long-term combination therapy were also confirmed in

our cohort study.

KEYWORDS

primary biliary cholangitis, monotherapy, meta-analysis, clinical trial, fenofibrate

Introduction

Primary biliary cholangitis (PBC), also known as primary biliary
cirrhosis, is a chronic autoimmune intrahepatic cholestatic disease
(Lleo et al., 2020). Its pathogenesis is not fully understood, but it may
be related to abnormal autoimmune responses caused by the
interaction of genetic background (Olafsson et al, 2004) and
environmental factors (Matsumoto et al., 2022). PBC is mainly
observed in middle-aged and elderly women, and the most common
presenting symptoms are fatigue and skin pruritus. Serum
antimitochondrial antibody (AMA) positivity, especially the
positive AMA-M2 subtype, has high sensitivity and specificity for
the diagnosis of PBC (Zandanell et al, 2021). At present,
ursodeoxycholic acid (UDCA) is still the only drug that has been
proven safe and effective in the treatment of PBC by randomized
controlled clinical trials (RCT). UDCA can improve biochemical
parameters in PBC patients. Several randomized controlled studies
and meta-analyses have shown that UDCA can effectively reduce
serum total bilirubin (TBIL), alkaline phosphatase (ALP), gamma-
glutamyltransferase (GGT), alanine aminotransferase (ALT),
aspartate aminotransferase (AST) and cholesterol (CHO) levels
(Dat et al., 2021). There are several international criteria for
UDCA treatment
(Lammers et al, 2014). Among those criteria, the Paris I and

evaluating biochemical response after
Paris II criteria are frequently used to evaluate biochemical
responses to UDCA in patients with advanced PBC (stage III-
IV) and early PBC (stage I-II), respectively (Corpechot et al., 2008).
Patients with adequate biochemical response to UDCA have a
greatly improved survival rate (Harms et al, 2019). However,
approximately 40% of patients with PBC have inadequate
biochemical response to UDCA monotherapy, so we define them
as UDCA-refractory PBC patients. And there is a significant
reduction in long-term survival for this group of patients, which
is a problem for clinical treatment at present.

There is currently no unified treatment for UDCA-refractory
PBC patients (Hirschfield et al., 2021). Scholars from Japan, the
United States, Europe and China have successively reported the
application of fenofibrate in UDCA-refractory PBC patients
(Dohmen et al., 2004; Han et al, 2012; Liberopoulos et al.,
2010; Levy et al,, 2011; Ohira et al., 2002). A meta-analysis
published in 2015 showed that the combination of fenofibrate
and UDCA decreased the levels of ALP, GGT, immunoglobulin
M (IgM) and triglyceride (TG) compared with UDCA
monotherapy, but there was no significant difference in the
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improvement of skin pruritus or ALT. In addition, there was
no significant difference in the occurrence of adverse events
between combination therapy and monotherapy. Whether
fenofibrate can improve the long-term outcomes of patients
with PBC is unclear (Zhang et al.,, 2015).

Although fenofibrate has been recommended, the guidelines
of various countries and regions do not explicitly recommend the
dosage of fenofibrate, and there is no relevant research report on
the dosage of fenofibrate (Chinese Society of Hepatology and
Chinese Medical Association, 2022; European Association for the
Study of the Liver, 2017; Lindor et al., 2018), the meta-analysis is
still needed to provide medical evidence. A recent related meta-
analysis was the work of Zhang et al., in 2015 (Zhang et al., 2015).
Their work was based on the fact that the quality of clinical
studies included in their paper needs to be improved.
Furthermore, some relevant clinical studies (Cheung et al,
2016; Duan et al, 2018; Hegade et al, 2016) and new
evaluation criteria including Robins-I (Sterne et al., 2016)
have emerged since 2015. To this end, we try to include
higher quality studies, and attempt to carry out subgroup
analysis on fenofibrate dose and integrate retrospective cohort
study of our center to give more specific opinions for clinical
practice.

Methods

Identification of studies for inclusion in the
meta-analysis

This meta-analysis was registered in INPLASY (registration no.
INPLASY202230116). The included studies were identified in
English databases, including PubMed, Embase, and The Cochrane
Library (updated to December 2021), by a manual search for relevant
literature using the search terms “ursodeoxycholic acid”, “UDCA”,
primary biliary
cirrhosis” and “randomized controlled trial”. Further literature was

» o«

“fenofibrate”, “PBC”, “primary biliary cholangitis”,

searched to prevent omission.

Inclusion and exclusion criteria

Studies included in this study met the following five criteria. 1)
Randomized controlled trial or clinical controlled trial comparing
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combination therapy and UDCA monotherapy. 2) PBC was
diagnosed when any two of the following three criteria are met:
1) biochemical evidence of cholestasis (ALP and GGT) is present, and
imaging excludes extrahepatic or intrahepatic bold duct obstruction;
AMPA/AMA-M2 other PBC-specific
autoantibodies (anti-gp210 antibodies and anti-sp100 antibodies);

2) positive for or
and 3) histological evidence of nonsuppurative destructive cholangitis
and small bile duct disruption. 3) Complete biochemical response to
treatment is defined as a decrease in ALP level of more than 40% of
the baseline value or ALP level in the normal range after 1 year of
UDCA treatment. 4) All patients were not treated with other liver
disease medications. 5) For a study produced by the same team, the
results with the largest number of cases and most complete data were
taken. The studies excluded in this study met the following two
criteria. 1) Duplicate documents. 2) Literature with no data to extract.

Data extraction and assessment of risk of
bias

The following data were extracted from each included article:
name of the first author, date of publication, sex, age, number of
patients, treatment dose and duration, biochemical indices, clinical
symptoms, adverse effects, survival rate, etc. Data were independently
collected from each study by two researchers (Guoyun Xuan and
Ning Liu) to confirm the accuracy of the data. The included studies
were evaluated by the researchers according to the Cochrane
Evaluation Manual based on the following six aspects: 1. Random
assignment method. 2. Concealment of the assignment scheme. 3.
Use of blinding. 4. Completeness of the outcome data. 5. Selective
reporting of outcomes. 6. Other sources of bias. The risk of bias was
also checked independently by the researchers, with answers “Yes”
indicating low risk of bias, “No” indicating high risk of bias, and
“Unclear” indicating either a lack of information or uncertainty over
the potential for bias. Cochrane Reviews often include RCT.
Therefore, risk of bias should be assessed for each included study
by Robins-I (Lindor et al., 2018). In the current study, the researchers
evaluated the included studies based on the following seven
dimensions: 1. Bias due to confounding; 2. Bias in selection of
into the study. 3.

4. Bias due
interventions. 5. Bias due to missing data. 6. Bias in measurement

participants Bias in classification of

interventions. to deviations from intended
of the outcome. 7. Bias in selection of the reported result. The risk of
bias in evaluating non-randomized controlled trials was all examined
independently by the investigators, and the evaluation results were
classified as: “+” indicating low risk of bias, “?” indicating moderate

« »

risk of bias, “-” indicating serious risk of bias.

Clinical study design

A retrospective cohort study was conducted. Patients were
divided into “the UDCA group” and “the UDCA + FF group”
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depending on whether they received treatment with UDCA
monotherapy or combination therapy of fenofibrate and
UDCA. We explored the efficacy and safety of fenofibrate
add-on therapy by comparing the clinical characteristics of
the We
information at presentation and each follow-up. Data included

two  groups. systematically collected clinical
general characteristics, clinical symptoms and serology results.
Biochemical response was determined by achieving normal
serum ALP levels during follow-up. To evaluate the efficacy of
fenofibrate, the primary outcome was the percentage of cases
with biochemical responses. Hepatic deterioration was
determined by the presence of a decompensatory event (such
as hepatic encephalopathy, ascites, or variceal bleeding) and/or
progression of the Child-Pugh grade by at least one level (Arroyo
et al,, 1996). The safety of fenofibrate was assessed primarily in
terms of fenofibrate-related symptoms (Levy et al, 2011),
hepatotoxicity and nephrotoxicity (detailed characteristics can
be seen in Supplementary Table S1). The Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation was used to
calculate eGFR values. The study design was approved by the
ethics committee of the Xijing Hospital of the Air Force Military

Medical University (KY20151230-5).

Study population

We analyzed 156 consecutive subjects with PBC who were
refractory to prior UDCA monotherapy for 6 months diagnosed
and treated in Xijing Hospital of Digestive Diseases (Xi’an,
Shaanxi, China) from February 2010 to November 2020.
with of
(autoimmune hepatitis, alcoholic hepatitis, drug-induced liver

Patients evidence concomitant liver disease
injury, viral hepatitis, hemochromatosis, and hepatocellular
carcinoma) were excluded from our design. A diagnosis of
PBC was made if the case met two of the three standards
mentioned above. The definition of refractory to UDCA was
failure to meet the ALP cutoff value (serum ALP >1.67x ULN)
utilized in the Toronto criteria (Corpechot et al., 2011) after
6 months of prior UDCA monotherapy. UDCA and fenofibrate
were administered orally at doses of 13-15 mg/kg/d and 200 mg/

d, respectively.

Statistical analysis

In the meta-analysis, the extracted data were processed using
the Cochrane systematic evaluation software Revman 5.42 (The
Nordic Cochrane Centre, Copenhagen, Denmark; The Cochrane
Collaboration, 2012). For dichotomous outcomes, the odds ratio
(OR) value and 95% confidence interval (95% CI) were
calculated. For continuous variable outcomes, the mean
difference (MD) and 95% confidence intervals (CIs) were
used. We mainly used the x2 test and the I’ test to test
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96 identified studies from the
databases

22 excluded for duplication

74 potentially relevant studies

51 excluded for Title and
summary

23 articles reviewed

14 excluded for full text

9 articles included in the
meta-analysis

FIGURE 1
Flow diagram of the studies included in the meta-analysis.

heterogeneity (p value <0.10 or I’ value >50% was considered
significant heterogeneity), and then random effect model analysis
Fixed-effects used (p
value >0.10 and I* value <50%). Subgroup and sensitivity

was performed. models  were
analyses were performed. In our clinical study, SPSS version
26.0 (SPSS Inc., Chicago, IL, United States) was used for all
statistical analyses. Continuous variables were described as mean
and standard deviation (SD), whereas categorical variables were
expressed as median and interquartile range. Categorical data
were compared using X2 or Fisher’s exact test where appropriate,
whereas the Mann-Whitney U test was used to analyze
continuous non-normally distributed variables. Comparisons
between biochemical variables at baseline and after treatments
were performed using the Wilcoxon signed-rank test for paired

date. A two-sided p < 0.05 was considered statistically significant.

Results

Description and qualitative assessments of
meta-analysis

This meta-analysis included nine publications (Cheung et al.,
2016; Dohmen et al., 2004; Duan et al., 2018; Han et al., 2012;
Hegade et al., 2016; Liberopoulos et al., 2010; Levy et al.,, 2011;
Ohira et al., 2002; Walker et al., 2009) published from 2002 to
2021, including a total of 389 patients (Figure 1) aged 51-61 years
and a follow-up period of 3-24 months. The daily dose of UDCA
ranged from 13 to 15 mg/kg day, and the daily dose of fenofibrate
was 100-200 mg/day. (Table 1).

Data for the nine studies are shown in Table 2. The nine
studies included were also evaluated for quality. Figure 2 shows
the evaluation of all included literature relative to each bias risk
item. Figure 3 shows the risk of bias summary plot, which is an
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assessment of the percentage of risk of bias items arising from all
included literature. Those studies include non-randomized
studies of interventions (NRSI) as shown in Figure 3.
Therefore, risk of bias was assessed for each included study by
Robins-I in Figure 4 (Lindor et al.,, 2018).

Meta-analysis of biochemical response
and adverse events

The results (Table 2) showed that the effect of the
combination group in decreasing ALP (MD: 98.08 IU/L, 95%
CI: 110.11 to - 86.06, p < 0.00001) (Supplementary Figure S1),
GGT (MD: 78.57 TU/L, 95% CI: 135.42 to - 21.72, p = 0.007)
(Supplementary Figure S2), IgM (MD: 80.24 mg/dl, 95% CI:
93.46 to - 67.02, p < 0.00001) (Supplementary Figure S5), TG
(MD: 0.38mg/dl, 95% CI: 0.55 to - 0.21, p < 0.0001)
S6)
significantly better than those of the UDCA monotherapy

(Supplementary  Figure and other indices were
group, but there was no statistical significance in the
improvement in ALT (MD: 5.40 IU/L, 95% CI: 14.56 to 3.76,
P: 0.25) (Supplementary Figure S3), AST (MD: 4.89 TU/L, 95%
CI: 11.65 to 1.87, P: 0.16) (Supplementary Figure S4) or TBIL
(MD: 0.44 TU/L, 95% CI: 3.12 to 2.24, P: 0.75) (Supplementary
Figure S7) level. The incidence of pruritus and adverse events in
the combined group were higher than those of the single drug
treatment group, but the differences were not obvious [pruritus
(MD: 4.08, 95% CI: 1.10 to 15.16, P: 0.04) (Supplementary Figure
S9); adverse events (MD: 13.44, 95% CI: 1.70 to 105.98, P: 0.01)
(Supplementary Figure S10)]. The effect of the combined
treatment on creatinine (CRE) level was not statistically
significant (MD: 9.77 TU/L, 95% CI: 4.05 to 15.49, p = 0.0008)
(Supplementary Figure S8).

We further grouped the studies according to the dosage of
fenofibrate: less than 200 mg/day and 200 mg/day. The subgroup
analysis based on identified prognostic indicators was showed in
Figure 5 and Figure 6. Although not statistically significant, the
results showed that 200 mg per day fenofibrate might achieve stable

therapeutic effect in reducing ALP and GGT (Figure 5 and Figure 6).

Clinical features of patients in the UDCA +
FF group and the UDCA group

Figure 7 is the cohort study flowchart. Of the 156 patients
with PBC refractory to UDCA, 88 (56%) were treated with
combination therapy of fenofibrate and UDCA (UDCA + FF
group), and 68 (44%) continued with UDCA monotherapy (the
UDCA group). Fenofibrate was administered on average 18 +
12 months after the start of UDCA. The mean time of exposure to
fenofibrate was 42 + 29 months. No significant differences except
for serum GGT, IgG, and TG levels were identified for either
group at baseline (p < 0.001, all) (Table 3). Liver histology data on
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TABLE 1 Baseline characteristics of the trials included in the meta-analysis.

10.3389/fphar.2022.948362

References Publication Mean UDCA Fenofibrate UDCA UDCA + FF
date age dose dose
(years)  (mg/day) (mg/day) Course of Patiens(n) Course of Patiens(n)
treatment treatment
Ohira, H. Ohira et al. (2002) 2002 61 600-900 150-200 8 years 7 6 months 7
Dohmen, K. Dohmen et al. 2004 53 600 100-150 6 months 9 3 months 9
(2004)
Walker, L. J. Walker et al. 2009 55 600-900 134-200 23 months 16 23 months 16
(2009)
Liberopoulos, E. N. 2010 57 600 200 8 months 6 2 months 4
Liberopoulos et al. (2010)
Levy, C. Levy et al. (2011) 2011 56 600-900 160 12 months 20 24 months 20
Han, X. F. Han et al. (2012) 2012 51 13-15 mg/kg/ 200 18 months 22 3 months 22
day
Cheung A C Cheung et al. 2016 53 600-900 145 12 months 74 11 months 46
(2016)
Hegade, V. S. Hegade et al. 2016 56 600-900 200 12 months 23 12 months 23
(2016)
Duan Weijia Duan et al. 2018 54 600-900 200 12 months 39 24 months 26
(2018)
Abbreviations: UDCA, ursodeoxycholic acid; COM, the combination therapy of fenofibrate and UDCA.
TABLE 2 Meta-analysis of clinical events and biochemical parameter changes in the included studies.
Outcome title Number of Number of Statistical method Effect size p-value 12 (%)
studies participants
Alkaline phosphatase level 9 389 Mean difference (IV, Fixed, 95% CI) -106.29 [-132.56, -80.02] p < 0.00001 48
Gamma-glutamyl transferase 4 86 Mean difference (IV, Fixed, 95% CI) -78.57 [-135.42, -21.72] p = 0.007 6
Alanine aminotransferase 5 232 Mean difference (IV, Fixed, 95% CI) -5.40 [-14.56, 3.76] p=025 42
Aspartate aminotransferase 5 232 Mean difference (IV, Fixed, 95% CI) -4.89 [-11.65, 1.87] p=0.16 48
Immunoglobulin M 5 114 Mean difference (IV, Fixed, 95% CI) -80.24 [-93.46, -67.02] p < 0.00001 0
Triglycerides 4 112 Mean difference (IV, Fixed, 95% CI) -0.38 [-0.55, -0.21] p < 0.0001 40
Total bilirubin 4 112 Mean difference (IV, Fixed, 95% CI) -0.44 [-3.12, 2.24] p=075 0
Creatinine 4 241 Mean difference (IV, Fixed, 95% CI) 9.77 [4.05, 15.49] p = 0.0008 34
Pruritus 5 228 Odds ratio (M-H, Fixed, 95% CI) 4.08 [1.10, 15.16] p =004 0
Adverse events 6 246 QOdds ratio (M-H, Fixed, 96% CI) 13.44 [1.70, 105.98] p =001 0

Abbreviations: IV, inverse-variance; CI, confidence interval; M-H, Mantel-Haenszel methods; fixed, fixed effects model.

the stage of fibrosis (results of the last liver biopsy at the time of
enrollment) were available in 145 (93%) patients. Depending on
the histological findings, a total of 25% of the patients were in
advanced stages of disease (Ludwig stage 3 or 4).

Primary and secondary outcomes

The primary outcome was obtained in 57% of additional
fenofibrate-treated cases versus only 10% of UDCA-treated cases
(p < 0.001) (Figure 8). Univariate analysis of factors related to the
biochemical response to fenofibrate showed that six parameters were
significantly linked to biochemical response, namely, ALP (p = 0.031),
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albumin (ALB) (p = 0.045), TBIL (p < 0.001), CRE (p = 0.003), e GFR
(p =0.003), and cirrhosis (p = 0.020) at baseline (Table 4). As shown
in Table 4, multivariate analysis incorporating all variables meeting p
values < 0.05 revealed that the only independent parameter
associated with biochemical response to fenofibrate was baseline
serum TBIL levels (OR: 0.429; CL: 0.216-0.850; p = 0.015).
Compared to UDCA-treated cases, fenofibrate-treated cases
reported a significantly lower prevalence of hepatic deterioration
by study end (35% vs. 18%; p = 0.024). Thirty-three patients treated
with fenofibrate and twenty patients treated with UDCA underwent
at least two liver biopsies at average intervals of 34 (range, 12-84)
months and 37 (range, 12-84) months, respectively. Histological
progression rates were lower in fenofibrate-treated cases than in
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UDCA-treated cases, however this difference was not statistically
significant (9% vs. 30%; p = 0.112) (Figure 8). W\We also provide
images of liver biopsy of one patient before and after combination
therapy. (Supplementary Figure S11).

Biochemical measures

Figure 9 shows the dynamic changes in ALP, GGT, ALT,
AST, IgM, CHO, TG and TBIL. Biochemical characteristics of
patients with UDCA-refractory PBC between “the FF group” and
“the UDCA group” after 1year of treatment were shown in
Supplementary Table S2. At 60 months, the level of ALP
decreased 73% from baseline in “the UDCA group” and 34%
in “the UDCA + FF group” (p < 0.001, both) (Supplementary
Table S3). Similar reductions were found in TG and CHO in “the
UDCA + FF group” (p < 0.050, all) (Supplementary Table S3).
The median serum TBIL level in “the UDCA + FF group” was
observed to be 32% lower than baseline at 60 months (p = 0.047)
(Supplementary Table S3). ALT and AST decreased progressively
in both groups during follow-up (p < 0.05, all) (Supplementary
Table S3). Compared to “the UDCA group”, significantly lower
ALP level was observed in “the UDCA + FF group” during
follow-up. No significant differences in TBIL, ALT, AST, TG,
CHO were found between the groups (Supplementary Table S3).
Elevated ALP levels were observed in five patients after stopping
fenofibrate but not UDCA for 0.25-3 months, and four patients
reached normal values after resuming fenofibrate therapy.

Safety of additional fenofibrate

Figure 10 shows that BU, CRE, and eGFR remained stable
within the normal range in two groups. Adverse events were
reported in Supplementary Table S4. Three patients discontinued
use of fenofibrate within 1 month: two patients experienced

0% 25% 50% 75%  100%

| B Low risk of bias

[Junclear risk of bias Bl Hioh risk of bias

FIGURE 3

Risk of bias graph: review of the authors’ judgements regrading each risk of bias item presented as percentages across all included studies.
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Risk of bias in the included studies based on Robins-I.
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FIGURE 5

UDCA+FF UDCA

Subgroup analysis of ALP levels in PBC patients treated with monotherapy versus COM.

allergic reactions, and one patient suffered from increased
fatigue. Both effects stopping
fenofibrate. Eight patients experienced self-limiting nausea,
abdominal pain and bloating in the first 3 months of
Five patients were found to have elevated
transaminase (ALT AST, 5-7x ULN)
12-24 months of treatment with fenofibrate add-on therapy,
but ALT levels gradually decreased with continued fenofibrate

adverse resolved  after

treatment.

levels or at

therapy under monthly monitoring. Four of cirrhotic cases
treated with fenofibrate add-on therapy and four of cirrhotic
cases treated with UDCA monotherapy experienced severe
progression of TBIL levels (>100 mmol/L) (13% vs. 15%; p =
1.000). One patient with Child-Pugh B cirrhosis at baseline, who
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progressed to Child-Pugh C cirrhosis at 96 months of follow-up,
developed renal deterioration with an eGFR of 28 ml/min/
1.73m’ No severe adverse events were identified in other
patients treated with fenofibrate for more than 12 months.

Discussion

PBC chronic intrahepatic cholestatic ~disease
characterized by a progressive nonsuppurative inflammatory
reaction of the intrahepatic bile ducts (Kumagi et al, 2010).
UDCA is currently the first-line agent for the treatment of PBC.

However, some patients could not benefit from UDCA

is a
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FIGURE 6
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Subgroup analysis of GGT levels in PBC patients treated with monotherapy versus COM.

N 189 Patients on UDCA for at least 6 months
Serum ALP levels >1.67 X ULN

N 16 Patients concurrent with other liver diseases
> N 11 Patients with lacking data
N 6 Patients with medication irregularities

| N 156 Patients with analyzable data

|
| }

‘ N 88 Patients treated with | N 68 Patients treated with ‘

UDCA + fenofibrate UDCA monotherapy

FIGURE 7
Study flowchart. Abbreviations: ALP, alkaline phosphatase;
UDCA, ursodeoxycholic acid; FF, fenofibrate.

treatment. There is a significant reduction in long-term survival
for UDCA-refractory PBC patients, which is a problem for
clinical ~treatment. Our meta-analysis included nine
publications with a total of 395 patients, showing that
than UDCA
monotherapy in decreasing biochemical parameters, including

ALP, GGT, IgM, and TG. However, the occurrence of pruritus

combination therapy was more effective

and adverse events was slightly higher with combination therapy
than with UDCA monotherapy. Besides, a total of 156 patients
were included in our clinical study, finding that fenofibrate add-
on therapy significantly improved the ALP normalization rate
among UDCA-refractory PBC patients.

Recently, it has been reported that fibrates can be clinically
useful in the treatment of hypertriglyceridemia and mixed
hyperlipidemia and have anti-inflammatory, antifibrotic, and
cholestasis-lowering effects. Fibrates can also ameliorate the
biochemical characteristics of patients with PBC (Cancado et al,
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TABLE 3 Baseline characteristics of patients with UDCA-refractory
primary biliary cholangitis treated with “"UDCA + FF” or "UDCA
monotherapy”.

Characteristic COM group UDCA group p value
N =88 N =68
Age (mean + SD) 50 + 10 52+8 p=0424
Female (n, %) 71 (81) 61 (90) p=0.121
Follow-up Time (months) 42 + 26 43 + 26 p =0.829
ALPxULN 2.5 (2.0-3.3) 2.4 (2.0-3.3) p=0.677
GGTxULN 7.9 (4.6-13.0) 5.3 (3.2-8.0) p < 0.001
ALTXULN 1.7 (1.2-2.3) 1.5 (1.0-2.3) p=0271
ASTXULN 1.9 (1.4-2.5) 2.0 (1.4-2.7) p =0.694
ALBXLLN 1.1 (1.0-1.1) 1.0 (1.0-1.1) p =0.203
ThilxULN 1.0 (0.8-1.6) 1.0 (0.7-1.5) p =079
IgGXULN 0.8 (0.7-0.9) 0.9 (0.8-1.1) p < 0.001
IgMxULN 1.2 (0.8-1.8) 1.4 (0.8-1.9) p=10432
TGXLLN 1.0 (0.7-1.5) 0.8 (0.6-1.0) p < 0.001
BUXULN 0.6 (0.5-0.7) 0.6 (0.5-0.7) p=0.109
ScrxULN 1.0 (0.9-1.1) 1.0 (0.9-1.1) p = 0.656
eGFR (ml/min/1.73m2) 97 (91-102) 95 (89-102) p=0216
Fibrosis stage (0-2)/(3-4)  62/21 45/18 p = 0.690

Abbreviations: ALP, alkaline phosphatase; GGT, gamma-glutamyl transferase; ALT,
alanine-aminotransferase; AST, aspartate-aminotransferase; ALB, albumin; Tbil, total
bilirubin; IgG, immunoglobulin G; IgM, immunoglobulin M; TG, triglyceride; BU,
blood urea; Scr, serum creatinine; eGFR, estimated glomerular filtration rate; ULN,
upper limit of normal; LLN, lower limit of normal; FF, fenofibrate; UDCA,
ursodeoxycholic acid.

2021); Rosenson et al., 2007, but the change in pruritus symptoms
was not obvious. Although many observational studies have been
published (Cheung et al., 2016; Corpechot et al.,, 2018; Duan et al,,
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FIGURE 8

The incidence of primary and secondary outcomes in UDCA-refractory PBC patients treated with UDCA + FF (the FF group) or UDCA
monotherapy (the UDCA group). (A) ALP normalization rate (B) Hepatic deterioration rate (C) Histological progression rate. Data was analyzed by the
chi-squared test. Abbreviations: UDCA, ursodeoxycholic acid; FF, fenofibrate.

TABLE 4 Baseline characteristics of patients with UDCA-refractory primary biliary cholangitis treated with "UDCA + FF” between “ALP normalization

group” and "ALP non-normalization group”.

Characteristic ALP normalization ALP non-normalization *p value p value Or
(95%CI)
N =50 N =138

Age (mean) 52 + 10 48 +9 p =0.073

Female (n, %) 38 (78) 33 (85) p=0404

ALPxULN 23 (2.0-3.0) 2.7 (2.2-3.8) p=0031

GGTXULN 6.6 (3.7-12.8) 8.4 (6.5-14.6) p=10.128

ALTXULN 1.5 (1.1-2.1) 1.8 (1.3-2.5) p=0226

ASTXULN 1.6 (1.3-2.5) 2.2 (1.5-2.8) p =0.085

ALBXLLN 1.1 (1.0-1.1) 1.0 (0.9-1.1) p =0.045

TbilxULN 0.9 (0.6-1.3) 1.3 (0.9-2.7) p < 0.001 p=0.015 0.429 (0.216-0.850)
IgGXULN 0.80 (0.69-0.96) 0.75 (0.72-0.86) p=0.788

IgMxULN 1.15 (0.75-1.78) 1.3 (0.8-1.8) p=0255

TGxLLN 1.0 (0.7-1.4) 1.1 (0.8-1.8) p=0.074

BUXULN 0.6 (0.5-0.7) 0.6 (0.5-0.6) p=0225

ScrxULN 1.0 (0.9-1.1) 0.9 (0.7-1.0) p =0.003

eGFR (ml/min/1.73m?) 94 (89-101) 100 (95-106) p =0.003

Cirrhosis (n, %) 13 (26) 19 (50) p =0.020

Fibrosis stage (0-2)/(3-4) 33/14 29/7 p =0424

Abbreviations: ALP, alkaline phosphatase; GGT, gamma-glutamyl transferase; ALT, alanine-aminotransferase; AST, aspartate-aminotransferase; ALB, albumin; Tbil, total bilirubin; IgG,
immunoglobulin G; IgM, immunoglobulin M; TG, triglyceride; BU, blood urea; Scr, serum creatinine; eGFR, estimated glomerular filtration rate; ULN, upper limit of normal; LLN, lower
limit of normal; UDCA, ursodeoxycholic acid; FF, fenofibrate; OR, odds ratio; CI, confidence interval.

*Univariate analysis.
"Multivariate analysis: Logistic regression analysis.

2018; Ghonem et al., 2020), the mechanism by which fibrates reduce
the biochemical markers of cholestasis and whether the application
of fibrates can improve the survival rate of patients with these
diseases remain unclear. In addition, the sample sizes of relevant
reports are small, and the follow-up times are different. Thus, the
results do not clearly reflect the efficacy and safety of the
combination of UDCA and fibrates.

Frontiers in Pharmacology

Fenofibrate, a peroxisome proliferator-activated receptor
(PPAR)-a-selective agonist, is commonly used for the
treatment of hypercholesterolemia and hypertriglyceridemia
(Huang et al, 2008). Some studies have shown that
fenofibrate can improve biochemical and immunological
parameters in UDCA-refractory PBC patients by inhibiting
bile acid production (Ghonem et al, 2020) without an
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Dynamic changes of parameters with follow-up time (A) Serum Creatinine (B) Blood Urea (C) Estimated Glomerular Filtration Rate. Group,
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ranges at each follow-up visit. Data was compared with the Mann—Whitney U test. Abbreviations: UDCA, ursodeoxycholic acid; FF, fenofibrate; ULN,
upper limit of the normal range; LLN, lower limit of the normal range.

increase in adverse events. It was suggested that PPAR-MDR3-
PL may be the main anti-cholestatic mechanism of fenofibrate
(Ghonem et al.,, 2014; Kok et al.,, 2003). Multidrug resistance
protein 3 (MDR3) from the bile duct membrane side of
hepatocytes is the main determinant of phospholipid secretion
(Ros et al.,, 2003). PPAR agonists can promote the excretion of
phosphatidylcholine in bile by upregulating MDR3, reducing the
cytotoxicity of bile salt cells, and inhibiting the formation of bile
acids. Studies suggest that PPARa may exert anti-inflammatory

effects by counter-regulating interference with proinflammatory
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transcription factors, such as nuclear factor-kB (NF-kB) (Roglans

etal., 2007), signal transduction and activation factors, and other
transcription factor pathways to inhibit mRNA and protein
expression, thereby reducing p65-mediated gene activation of

proinflammatory cytokines

(Chen et al., 2014). However, the

mechanism of action of UDCA is different. The main function of

UDCA is to improve the balance between toxic and nontoxic

hydrophobic bile acids and

activate the secretion of bile acids,

phospholipids, and cholesterol (Poupon, 2012). Therefore, its
mechanism of action does not overlap with that of fenofibrate,
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and the combination of fenofibrate and UDCA may be more
effective than UDCA monotherapy.

There is a lack of multicenter RCTs of fenofibrate combined
with UDCA in the treatment of refractory PBC. Therefore, the
conclusion of a meta-analysis is still needed to provide medical
evidence. At present, fenofibrate is recommended for PBC
(Supplementary Table S5). However, there are no guideline
giving recommendations on the specific dosage or treatment
duration. Clinical practitioners generally refer to the clinical
scheme for the treatment of hyperlipidemia, i.e., 200 mg/day.

Thus, we used a meta-analysis to evaluate the efficacy of the
combination therapy versus UDCA monotherapy by comparing
the changes of parameters in UDCA-refractory PBC patients.
Meanwhile, we systematically studied the efficacy and safety of
long-term combination therapy in UDCA-refractory PBC
patients through our retrospective cohort study. By combining
these two aspects of work, our integrated analysis supported the
effect of combination therapy on improving the biochemical
characteristics of UDCA-refractory PBC and suggested the
possible role of dose selection of fenofibrate.

However, there are still deficiencies in this study. Although we
first proposed that the dose effect of fenofibrate should be
considered, there was no relevant clinical grouping in the clinical
trial at our center. Second, although the quality of clinical studies
included in the meta-analysis was improved compared with that in
2015, RCT studies still accounted for only a small portion of the
included studies. Finally, we mainly evaluated the differences in
between
monotherapy. Due to the lack of histological evaluation over

biochemical  indices combination therapy and
longer periods, we were unable to confirm whether fenofibrate
add-on therapy can delay the histological progression of PBC
patient. The safety of combined therapy still needs the support of
long-term follow-up data, especially the evaluation of liver histology.

Therefore, we expect that high-quality, well-designed and multi-
center RCTs with larger sample sizes will be conducted to
comprehensively evaluate the long-term efficacy and safety of
UDCA-refractory PBC patients using UDCA in combination
with fenofibrate. The results of such studies could help guide the

clinical use of fenofibrate in the treatment of UDCA-refractory PBC.

Conclusion

In summary, combination therapy of fenofibrate and UDCA
can improve the main serological indices of UDCA-refractory
PBC patients. Moreover, the effectiveness and safety of long-term
application of combination therapy were shown in our
retrospective cohort study. Finally, a larger sample size and
longer follow-up are needed to assess the efficacy and safety
of the combination of fenofibrate and UDCA and to observe
whether liver histology can be improved with this treatment in
longer follow-up.
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2Department of Anesthesiology, Shunde Hospital of Southern Medical University, Foshan, China

Objective: This study aimed to determine the optimal dose of propofol combined
with esketamine to inhibit the response to gastroscope insertion in elderly patients.

Methods: This is a prospective, non-controlled, non-randomized, single-center
study. Elderly patients aged 65-80 years were enrolled in the study with the
American society of anesthesiologists (ASA) physical status | or Il undergoing
elective gastroscopy. All patients were administered propofol after an
intravenous esketamine at the dosage of 0.3 mg/kg 30 s, the subsequent dose
of propofol was determined by the response of the previous patient to gastroscope
insertion (choking, body movement, etc.) using Dixon's up-and-down method. The
initial dose of propofol administered to the first elderly patient was 3.0 mg/kg, and
the standard ratio of propofol dose in adjacent patients was 0.9. At least six
crossover points were obtained before the conclusion of the study. By using
Probit analysis the median effective dose (EDsg), 95% effective dose (EDgs), and the
corresponding 95% confidence interval (Cl) for propofol were determined.

Results: The study continued until we obtained seven crossover points and
32 elderly patients (17 males and 15 females) were collected. The EDsq of propofol
combined with esketamine inhibiting response to gastroscope insertion in elderly
patients were found to be 1.479 mg/kg (95% CI 1.331-1.592 mg/kg), and EDgs was
found to be 1.738 mg/kg (95% CI 1.614-2.487 mg/kg).

Conclusion: According to the present study, propofol combined with 0.3 mg/kg
esketamine is safe and effective for elderly patients undergoing gastroscopy. The
EDso and EDgs doses of propofol inhibiting response to gastroscope insertion in
elderly patients when combined with 0.3 mg/kg esketamine were 1.479 and
1738 mg/kg, respectively, without apparent adverse effects.
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1 Introduction

During upper gastrointestinal endoscopy, the endoscope probe
stimulates the pharynx when it enters the esophagus. As the pharynx
is highly sensitive, patients tend to have nausea, vomiting, choking
cough, and even laryngospasm, which can be considerably reduced
with an adequate painless procedure. Appropriate sedation enables
patients to pass the examination process without difficulty and
improves the completion rate and accuracy of endoscopic
examination with an enhanced patient and endoscopist
satisfaction (Padmanabhan et al, 2017; Nishizawa and Suzuki,
2018). Propofol is a short-acting sedative-hypnotic drug with the
characteristics of rapid onset of action, quick recovery, and fewer
adverse effects that have been widely used in painless digestive
endoscopy (Padmanabhan et al., 2017). Nevertheless, propofol has
been reported to possess dose-dependent adverse effects, where
overdose increases the risk of respiratory and circulatory
depression, while underdose causes airway irritation, pain, limb
twitching, and even gastroscopy interruption (Vaessen and Knape,
2016; Delgado et al,, 2019), mostly in older patients. In many cases,
adjuvants are required because co-administration could not only
decrease the required dose of propofol but also reduces the incidence
of adverse drug reactions (Nam et al., 2022).

Esketamine is the s-enantiomer of ketamine, and its anesthetic
effect is approximately threefold that of R (-) -ketamine (Zanos et al.,
2018). Due to the dose-dependent adverse effects of ketamine, low-
dose esketamine can decrease the incidence of anesthesia-related
adverse events (Bowdle et al., 1998; Zhan et al., 2022). Due to its
sympathomimetic properties and less respiratory and circulatory
depression, esketamine could better maintain the hemodynamic
stability of elderly patients during induction of anesthesia (Yang
et al,, 2022b; Li et al., 2022). Therefore, it is an ideal candidate to be
used in combination with propofol for gastroscopic examination
(Wang et al, 2019). However, there is no clear evidence on the
effective dose of propofol in combination with esketamine for
elderly patients undergoing gastroscopy. Therefore, we conducted
this prospective study intending to assess the EDs, and EDgs of
propofol combined with 0.3 mg/kg esketamine for a gastroscopy to
inhibit the gastroscope insertion (from the pharynx into the
esophagus) reaction in elderly patients, thereby providing clinical
advice and medication guidance.

2 Materials and methods
2.1 Study design and patients

This is a prospective, non-controlled, non-randomized,
single-center study. The study was registered at the Chinese
Clinical Trial Registry (www.chictr.org.cn; registration number:
ChiCTR2000038242) on 15/09/2020. The registration of clinical
trial includes different age groups (pediatric group, young-
middle-aged group and elderly group) and the present study
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enrolled only elderly patients (age range from 65 to 80). The
study was approved by the Medical Ethics Committee of the
Shunde Hospital of Southern Medical University (Number:
20200903). All patients undergoing elective gastroscopy from
March to May 2021 were enrolled in the study.

2.2 Criteria for inclusion and exclusion

Patients were included if they met the following criteria: age
between 65 and 80 years, body mass index (BMI) between 18 and
27 kg/m?®, perform elective gastroscopy, diagnostic gastroscopy,
and ASA physical status I or II.

The following exclusion criteria were implemented in this
study: refuse to participate; known allergy to either propofol or
esketamine; evident difficult airway; chronic pain; mental-related
diseases; symptomatic cardiovascular or pulmonary diseases;
severe hepatic and kidney function problems; alcohol abuse;
those with increased intracranial pressure or intraocular
pressure; history of hyperthyroidism; hemostasis, polypectomy
or other require any treatments before/during the examination;
chronic use of sedative or analgesic drugs.

2.3 Anesthesia protocol and endoscopic
procedure

Before the painless gastroscopy, all patients were kept fasted
for at least 6 h and were then transferred to the examination
room and put on oxygen at the rate of 4 L/min through a nasal
straw. The Anesthesiologist also measured the mean arterial
pressure (MAP), heart rate (HR), and blood oxygen saturation
(SpO,) of all patients. After opening the patient’s peripheral
venous access, 500 ml of lactated ringer’s solution was infused at
a rate of 250 ml/h.

All Anesthesia operations were performed by the same
anesthesiologist. Patients were administered intravenous 0.3 mg/kg
esketamine (2ml: 50 mg, Jiangsu Hengrui Medicine China, lot
number: 200403BL) and propofol for sedation (20ml: 02 g,
Propofol 1% MCT Fresenius Kabi St. Wendel Germany, lot
number: 2003085). The dose of propofol administered to elderly
patients after 30 s of intravenous esketamine was determined by the
response of the previous patient to gastroscope insertion (choking
cough, body movement, etc.) using Dixon’s up-and-down method.
The dose of propofol was increased in the subsequent patient due to
an increase in choking cough, body movement, and effect on
operations by endoscopists when the gastroscope inserted into the
esophagus was deemed “responsive.” The dose of propofol was
decreased in the subsequent patient if there was no choking cough
and no body movement. The initial dose of propofol administered to
the first elderly patient was 3.0 mg/kg, and the average ratio of
propofol dose in adjacent patients was 0.9. At least six crossover
points were obtained before the conclusion of the study.
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Following the administration of propofol, an endoscope
(OLYMPUS Lucera LCV-260SL) was inserted. All gastroscopic
examinations were performed by endoscopists with at least five
years of experience. If the patient was “responsive”, a single dose
of 20-50 mg of propofol was administered intravenously and
repeated to complete the gastroscopy.

Following gastroscopy, the patients were transferred to the post-
anesthesia care unit (PACU), where the anesthetist awakened the
elderly patient. Similarly, the HR, MAP, and SpO, levels were also
monitored. The recovery time was recorded. The patient spent at
least 30 min in PACU. The criteria for discharge or transfer from
PACU to the inpatient unit were typical vital signs, the ability to
walk without assistance, and the absence of evident side effects.

The adverse medical events were handled as follows: hypotension
(MAP decreased by 30% over the baseline value) was treated with a
bolus of 5-10 mg ephedrine; bradycardia (HR < 50 beats/min) was
treated with an intravenous injection of 0.25-0.5mg atropine;
respiratory depression (SpO,<90%) was treated with a mask
pressurized or laryngeal mask to maintain ventilation; and in event
of nausea and vomiting, a bolus of 2 mg tropisetron was administered.

2.4 Outcome assessments

The primary outcome of the current study was the dose of
propofol determined for each elderly patient using Dixon’s up-
and-down method.

The secondary outcome: HR, MAP, and SpO, were measured at
the following time points: 5 min after entering the gastroscopy room
(T1), immediately after intravenous injection of ketamine (T2),
immediately after intravenous injection of propofol (T3), and
immediately after the Endoscope was passed into the esophagus
(T4), and 1min after the patient’s recovery (T5). Hypotension,
bradycardia, injection pain, post-operative nausea and vomiting
(PONV), respiratory depression (SpO,<90%), emergence agitation,
and psychiatric symptoms 24 h following anesthesia were also
recorded. Additionally, each dose of propofol used, the duration of
the gastroscope insertion and gastroscopy, and the recovery time were
recorded. If the patient frowned or complained of arm pain or
ipsilateral limb escape response, this was defined as injection pain.
Gastroscope insertion time was defined as the duration from the
pharynx into the esophagus. Recovery time was defined as the
duration between propofol cessation and eye-opening on command.

2.5 Statistical analysis

The sample size calculation: The total number of participants
depends on Dixon’s up-and-down method (Dixon, 1991). This
method requires at least six crossover points (non-responsive to
responsive) for statistical analysis.

All the statistical analysis were performed using SPSS
(version 17.0, SPSS Inc. Chicago, Illinois, United States). Data
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were checked for normality using Shapiro-Wilk test, and the
appropriate test was next applied as indicated. Data were
expressed as mean + standard deviation (SD), median [range]
or n. Using repeated measures analysis of variance, the data
collected at various time points within the group were analyzed.
p < 0.05 indicates a statistically significant difference. The EDs
and EDy; of propofol and their corresponding CI were analyzed
using the Probit test. Microsoft excel software was used to draw a
sequential graph and dose-response curve.

3 Results
3.1 Patients information

A total of 35 elderly patients were enrolled from March to
May 2021. Three elderly patients were excluded, and a total of
32 elderly patients successfully completed the study
(Figure 1). Table 1 depicts the demographic data of all the
elderly enrolled patients. Gastroscopy time was (5.9 + 1.2)
min, recovery time was (11.2 + 4.3) min, and propofol dose
was (119.4 + 18.3) mg.

3.2 Response of gastroscope insertion

Our study was conducted until data of seven crossover points
were collected. Figure 2 shows the sequential response of
32 elderly patients to the up-and-down method of gastroscope
insertion. There were 12 elderly patients who were responsive
and given propofol as a remedy.

3.3 EDs5p and EDgs of propofol combined
with esketamine

The EDs, of propofol combined with esketamine inhibiting
response to gastroscope insertion in elderly patients was found to
be 1.479 mg/kg (95% CI: 1.331-1.592 mg/kg), while the EDy5 was
found to be 1.738 mg/kg (95% CI: 1.614-2.487 mg/kg) (Figure 3).

3.4 Hemodynamic changes of patients at
different time points

According to repeated measures analysis of variance, MAP
and HR fluctuated significantly (p < 0.05) over time. MAP
significantly increased immediately after intravenous injection
of ketamine (T2) time point and dropped significantly
immediately after intravenous injection of propofol (T3) time
point in comparison to 5min after entering the gastroscopy
room (T1) time point without a significant change in HR and
SpO, (Table 2).
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Assessed for eligibility (n = 35)
Excluded (n=1)
5| ¢ Not meeting inclusion criteria
(n =1, esophageal cancer surgery)
Consecutively in order (n = 34)
\4
Received allocated intervention
Allocation
(n=34)
v
Lost to follow-up -
(n=2 endoscopic polypectomy) oflow-up
FIGURE 1

Study flowchart.

3.5 Anesthesia-related adverse events

The overall incidence of anesthesia-related adverse events
was recorded to be 23.3% (Table 3).

4 Discussion

The primary objective of this study was to evaluate the effect
of low-dose esketamine on the dose of propofol required to
achieve the desired degree of sedation without body movement
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for gastroscopy in elderly patients and its safety and efficacy. Our
research revealed that the EDs, and EDys values for propofol
inhibiting the response to gastroscope insertion in patients when
combined with 0.3 mg/kg esketamine were found to be 1.479 and
1.738 mg/kg, respectively. The incidence of anesthesia-related
complications was recorded to be 23.3% among all patients. All
adverse reactions returned rapidly to normal following
treatment, and there was no severe cardiovascular incident
during gastroscopy. No significant psychiatric symptoms
occurred during the telephone follow-up 24h after the
gastroscopy. Thus, the combinational use of propofol and
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TABLE 1 Patients’ characteristics.

Index

Age (years) 66.5 + 4.0
Gender (F/M) 14/18
BMI (kg/m?) 239 £23
ASA status (I/II) 20/12
Smoking (Y/N) 13/19
Drinking (Y/N) 10/22
Hypertension (Y/N) 26/6
Diabetes (Y/N) 14/18
Gastroscope insertion time (s) 6 [5-22]
Gastroscopy time (min) 54+ 12
Recovery time (min) 112 £ 4.3
Dose of Propofol (mg) 1194 + 18.3

Values are expressed as mean + SD, median (range) or number of patients.

0.3 mg/kg esketamine is regarded as safe and effective for elderly
patients undergoing gastroscopy.

Similar research evaluated the median effective concentration
(ECso) of propofol and ketamine in elderly gastrointestinal
endoscopy patients (Yang et al., 2022b). To determine the ECs
in their study, propofol was administered using a computer-
controlled target-controlled infusion (TCI) pump. We believe that
the use of TCI has certain advantages for painless gastrointestinal
endoscopy. Still, because gastroscopy requires less time than
gastrointestinal endoscopy in the present study, direct injection is
simple, convenient, and quick, saving anesthesia time and equipment
requirements compared to TCIL Thus, direct injection of propofol is
appropriate for gastroscopy. The effective dose of propofol obtained
using Dixon’s up-and-down method can be utilized to be a better
immediate clinically applied medication for gastroscopy.

28
26
24 |
22

18
1.6 r
14
12

Dose of propofol (mg/kg)

08 L v v

!

10.3389/fphar.2022.956392

Like Ketamine, esketamine is an N-methyl-D-aspartate receptor
antagonist with analgesic, anesthetic, and sympathomimetic
properties and can reduce the incidence of cardiopulmonary
depression; however, there is a correlation between effect and
dosage, and a small dose of esketamine has greater sedative and
analgesic effects than a larger dose (Perez-Ruixo et al, 2021; Yang
et al,, 2022b; Zheng et al,, 2022). Esketamine can be used safely and
effectively in elderly patients due to its stable hemodynamics and low
incidence of adverse events properties (Yang et al., 2022b). Impaired
physical function, the type of surgical procedure, and old age are risk
factors for propofol-induced circulatory and respiratory depression
(Quine et al,, 1995; Eckardt et al, 1999; Bhananker et al., 2006).
Therefore, advanced age is also a significant risk factor for adverse
events associated with propofol sedation during gastroscopy. Because
propofol reduces cardiac output (CO) and systemic vascular
resistance (SVR) and causes respiratory depression, it should be
administered with caution to elderly patients (Han et al, 2017).
After injection of low-dose esketamine, our study revealed that MAP
was significantly higher than the baseline blood pressure but had
almost no effect on HR and SpO,. This transient blood pressure
increase could be eliminated by the injection of propofol. Our results
were consistent with results reported by Eberl et al, (2020). We
believed that it might be due to the sympathomimetic effect of
esketamine, which makes it an optimal analgesic and sedative
drug for anesthesia in hemodynamically compromised patients.
Furthermore, it has been regarded as the drug of choice for
elderly patients, in the event of a pre-hospital emergency, burn,
and cardiogenic shock patients, as an adjunct to propofol use for
sedation (Trimmel et al., 2018; Eberl et al., 2020).

Due to the potential for apnea with propofol, propofol-
related respiratory depression occurs frequently reported
adverse effects. Ketamine has the unique characteristics of
maintaining stable oxygen saturation owing to its ability to
exert direct smooth muscle relaxation, bronchodilation effect,

@ Responsive

O Non-responsive

FIGURE 2

12345678 91011121314151617181920212223242526272829303132

Patients

The sequential response of 32 elderly patients to gastroscope insertion with the up-and-down method. The black dot represents “responsive,”

and the white dot represents "non-responsive”.
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ED,=1.738

95%CI:1.614~2.487

Probability of success(%)

ED,=1.479
95%CI:1.331~1.592

FIGURE 3

1.5 1.6 1.7 1.8 1.9

Dose of propofol (mg/kg)

Dose-response curve for propofol plotted using probit analysis.

TABLE 2 Hemodynamic changes of patients at different time points.

Items Timepoint
T1

MAP (mmHg) 108.7 + 14.2

HR (beats/min) 77.6 £ 13.5

SpO, (%) 99.8 + 0.4

T2 T3

118.3 + 16.7* 90.3 + 17.9*
79.6 + 12.8 74.6 + 12.4
99.6 + 0.3 98.1 + 1.5

F p
T4 T5
949 + 14.7 99.1 £ 13.6 36.95 <0.001
75.1 £ 10.9 723 £ 114 6.46 <0.05
99.7 + 0.5 99.8 + 0.4 1.59 0.216

Compared with T1, *p < 0.05. Values are expressed as mean + SD. T1 = 5 min after entering the Gastroscopy room, T2 = immediately after intravenous injection of Ketamine, T3 =
immediately after intravenous injection of propofol, T4 = immediately after endoscope passed through the mouth and into the esophagus, and T5 = 1 min after the patient’s recovery (T5).

TABLE 3 Anesthesia-related adverse events.

adverse events

Hypotension

Bradycardia

PONV

SpO, < 90 %

Injection pain

Emergence agitation

Psychiatric symptoms after 24 h
Total

Values are expressed as the number of patients.
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0
0
7 (23.3%)

929

and preserve the laryngeal reflex (Cortinez and Anderson, 2018;
Igbal et al., 2022). However, it should be noted that ketamine-
induced sedation can also result in the adverse airway and
respiratory events, with an incidence of 1.4%-6.6% (Green
et al., 2009). In our study, the incidence and severity of
hemodynamic and respiratory adverse events were lower than
in other reported studies (Akhondzadeh et al., 2016; Bahrami
Gorji et al., 2016). Ketamine is a psychoactive drug that can cause
neurological and psychiatric complications, including delirium,
hallucinations, and dissociative symptoms. None of patients in
our study developed psychiatric symptoms during the follow-up
by telephone after 24 h. Propofol may inhibit ketamine-induced
expression of c-fos in the posterior cingulate cortex, and that
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overexpression of c-fos leads to psychotomimetic side effects of
ketamine (Nagata et al., 1998).

With increasing age, the effective dose range of propofol
gradually decreases (Yang et al, 2022a). Researchers estimated
that the mean induction dose of propofol for elderly patients was
1.7 mg/kg (Schonberger et al., 2021), which was comparable to the
outcomes of our study. Opioids such as remifentanil, sufentanil, or
fentanyl combined with propofol were the most frequently used
agents in painless gastroenteroscopy, which can reduce the
administered dose of propofol (Zhao et al., 2015; Doganay et al.,
2017). Compared to propofol alone or in combination with opioids,
propofol combined with ketamine provides sedation and analgesia
in addition to the reduction in the risk of cardiovascular and
respiratory adverse events (Shah et al, 2011; Nazemroaya et al,
2018). It was observed that propofol used in combination with
esketamine reduced the therapeutic dose of propofol in comparison
to its lone use for producing similar results during gastrointestinal
endoscopy in elderly patients. With the increase in esketamine dose
(0-0.5 mg/kg), there was no obvious hypotension, and the recovery
time was shortened (Yang et al., 2022b). We, therefore, believed that
the low incidence of adverse events in this study was associated with
a lower propofol induction dose.

The limitations encountered during the study were: First,
considering the safety of the drugs in exploratory trials in elderly
patients, we only included patients with ASA I or IT and excluded
high-risk patients with ASA III and IV. Therefore, the results and
conclusions of this study may not apply to other high-risk
patients. Second, gastroscopies were performed by 3 different
operators (with>5 years of experience), and skills and
manipulations of gastroscope insertion may affect the results;
therefore, these results may have limited applicability. Thirdly,
considering that esketamine may have a greater impact on the
effect of general anesthesia and hemodynamics in elderly
patients, the anesthesiologists were not blinded to the dose of
esketamine used, which may have impacted our findings.
Consequently, the current findings require further investigation.

5 Conclusion

that
1.738 mg/kg of propofol with 0.3 mg/kg of esketamine

In conclusion, it was discovered combining
inhibits the response to gastroscope insertion in 95% of
elderly patients without noticeable adverse reactions. In the
future, we aim to further investigate the optimal dose of
propofol for elderly patients in combination with other doses

of esketamine for gastroscopy.
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Intestinal mucositis is a clinically related adverse reaction of antitumor
treatment. Majority of patients receiving high-dose chemical therapy,
radiotherapy, and bone-marrow transplant suffer from intestinal mucositis.
Clinical manifestations of intestinal mucositis mainly include pain, body-
weight reduction, inflammatory symptom, diarrhea, hemoproctia, and
infection, which all affect regular nutritional input and enteric function.
Intestinal mucositis often influences adherence to antitumor treatment
because it frequently restricts the sufferer's capacity to tolerate treatment,
thus resulting in schedule delay, interruption, or premature suspension. In
certain circumstances, partial and general secondary infections are found,
increasing the expenditures on medical care and hospitalization. Current
methods of treating intestinal mucositis are provided, which do not always
counteract this disorder. Against this background, novel therapeutical measures
are extremely required to prevent and treat intestinal mucositis. Plant-derived
natural compounds have lately become potential candidates against enteric
injury ascribed to the capacity to facilitate mucosal healing and anti-
inflammatory effects. These roles are associated with the improvement of
intestinal mucosal barrier, suppression of inflammatory response and oxidant
stress, and modulation of gut microflora and immune system. The present
article aims at systematically discussing the recent progress of plant-derived
natural compounds as promising treatments for intestinal mucositis.
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Introduction

Intestinal mucositis, a clinically significant adverse reaction
of antitumor treatment, is characterized by ulcerative lesions
along the gastroenteric mucosa (Dahlgren et al., 2021). It appears
in nearly 40% of sufferers adopting standard-dose chemotherapy,
and over 60% of sufferers receiving high-dose chemotherapy,
radiotherapy, and bone-marrow transplantation (Sougiannis
et al., 2021). Intestinal mucositis is not only related to a series
of remarkable adverse symptoms, including serious diarrhea in
5%-44% of sufferers, obvious body-weight reduction, and
decreased nutrient uptake but also associated with the
restricted ability of sufferers to tolerate therapy, thus resulting
in the delay of succeeding cycles or premature drug withdrawal
(Miknevicius et al., 2021).

The clinical signs of intestinal mucositis result from epithelial
damage, which is followed by a range of complicated biological
events that occur in the diverse cellular and tissular chambers of
the mucosa (Batista et al., 2020). Localized and general secondary
infections, which increase the expenditures of medical treatment
and hospitalization, are found under certain circumstances
(Tooley et al., 2009). Therefore, intestinal mucositis poses a
significant negative effect on sufferer’s clinical outcome, and
its complications can even cause death in serious sufferers
(van Vliet et al., 2010). There are still no prevention strategies
or appropriate therapies for intestinal mucositis. Current
treatments primarily focus on relieving the symptoms of
intestinal mucositis. To assist the clinical governance of
intestinal mucositis, the MASCC/ISOO formulated a guideline
including updated information on alternative treatments for this
disease (Prisciandaro et al., 2011). These consist of mucosal
coating agents, opiates and painkillers, growth factors and
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cytokines, antimicrobial agents, cryotherapy, and natural
drugs (Kissow, 2015).

Under the circumstances, natural products have attracted
much attention and recognition as their prominent bioactivities,
including anti-inflammation, antioxidation, immune regulation,
and metabolic functions, in the prevention and treatment of
intestinal mucositis, cancers, angiocardiopathies, and metabolic
and respiratory disorders (Cheah et al.,, 2014a; da Silva et al,
2021; Wright et al., 2009). A range of preclinical research works
have proven that various natural compounds from plants
(Figure 1) exerted preventive and therapeutical actions on
intestinal mucositis through diversified mechanisms including
relieving oxidative injury, decreasing inflammatory reaction,
maintaining gut barrier function, and modulating the
structure of intestinal microbiome, manifesting that natural
compounds possess the potential to stop the progress of
intestinal mucositis and delay the clinical course of this
disorder (Ribeiro et al., 2016). Thus, in this article, we
the

compounds, such as berberine, quercetin, curcumin, baicalein,

generalize pharmacological mechanisms of natural
and luteolin, in preventing and treating intestinal mucositis.
These were envisaged to contribute to offering novel ideas for

the development of new drugs against intestinal mucositis.

Methods

For recognizing the studies associated with the effect and
mechanism of natural compounds against intestinal mucositis,
our team consulted the articles in the following scientific
databases from inception until July 2022: Web of Science,
PubMed, Google Scholar, and CNKI. The keyword “intestinal

Various plants of natural compounds for treating intestinal mucositis in the past few decades.
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TABLE 1 List of compounds extracted from natural sources.

No. Compound Molecular Molecular
formula weight
(g/mol)
Terpenoids
1 Costunolide C5H,00, 232.32
2 Dehydrocostus Cy5H,50, 230.3
3 Carvacrol C1oH1,0 150.22
4 Thymol CioH,4,0 150.22
5 Andrographolide Cy0H3005 350.45
6 Saikosaponin A Cy4oHegO13 780.98
7 Patchouli alcohol Cy5H,60 222.366
8 B-patchoulene Ci5Hay 204.351
9 Glycyrrhizic acid C42Hg,046 822.93
Flavonoids
10 Rutin CyyH30016 610.52
11 Quercetin C,5H,005 302.24
12 Luteolin C15H1006 286.24
13 Baicalein Ci5H,005 270.24
14 Diadzein Ci5H,004 254.24
15 Puerarin C51H009 416.38
Quinones
16 Dihydrotanshinone C,gH 1405 278.30
1
17 Cryptotanshinone C19H5003 296.36
Phenylethanoid glycosides
18 Forsythiaside A Cy9H36015 624.59
19 Acteoside Cy9H36015 624.59
Polyphenols
20 Casuarinin C41H3056 936.65
21 Curcumin C51H,006 368.38
Alkylamide
22 Spilanthol CgHgO3 152.15
Alkaloid
23 Berberine CyoH,5CINO, 371.81

10.3389/fphar.2022.969550

Main source

Roots of Aucklandia lappa
Roots of Aucklandia lappa
Whole-plant of Thymus mongolicus and Origanum vulgare

Whole-plant of Thymus vulgaris, Origanum vulgare, and
Ocimum gratissimum

Aerial part of Andrographis paniculata

Roots of Bupleurum chinense and Bupleurum scorzonerifolium
Aerial part of Pogostemon cablin
Aerial part of Pogostemon cablin

Roots and rhizomes of Glycyrrhiza uralensis, Glycyrrhiza inflata,
and Glycyrrhiza glabra

Flowers and fruits of Sophora japonica; the whole-plant of Ruta
graveolenslens

Flowers of Sophora japonica; the leaves of Platycladus orientalis;
and the rhizomes of Alpinia officinarum

Flowers of Lonicera japonica and Chrysanthemum morifolium
and the aerial part of Schizonepeta tenuifolia

Roots of Scutellaria baicalensis
Roots of Pueraria lobata; the seeds of Glycine max

Roots of Pueraria lobata and Pueraria thomsonii

Roots and rhizomes of Salvia miltiorrhiza

Roots and rhizomes of Salvia miltiorrhiza

Fruits of Forsythia suspensa

Roots of Rehmannia glutinosa and the stems of Cistanche
deserticola

Roots of Melastoma malabathricum

Rhizomes of Curcuma lnnga, Curcuma aromatica, Curcuma
zedoaria, and Acorus calamus

Flowers of Acmella oleracea

Rhizomes of Coptis chinensis, the barks of Phellodendron
chinense, and the roots of Berberis soulieana
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Boeing et al. (2020)

Wang et al. (2020c)
Atiq et al. (2019)
Wang et al. (2021b)

Wang et al. (2020a)

Wang et al. (2020b)

Lang et al. (2022)
Reinke et al. (2015)

Chen et al. (2022)
Wang et al. (2021b)

de Freitas-Blanco et al.
(2019)

Chen et al. (2020a); Yue et al.
(2021)

mucositis” was adopted for the literature retrieval. All articles
with abstracts were taken into account.

After retrieval, the gained articles were strictly filtered. The first
screening was conducted in line with the titles and abstracts. The second
screening was performed on the basis of the full-text. Finally, all the
studies fitting the theme were gathered as the supportive resource of the
present review. The exclusion criteria were as follows: crude extracts or
oils, not plant-derived natural compounds, and combined therapies.
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Natural compounds against intestinal
mucositis

As is well-known, plants are the most significant natural
resources for human survival due to their large variety,
quantity, and convenient access. The original sources of
human food and drugs were mostly derived from plants. To
date, the studies on active constituents have primarily
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FIGURE 2

Chemical structures of natural compounds in the treatment of intestinal mucositis.

concentrated upon edible and medicinal plants. It is noteworthy
that there are plentiful research works on plant-derived natural
compounds against intestinal mucositis. In the present
research, natural compounds against intestinal mucositis are
divided into seven classes, namely, terpenoids, flavonoids,
quinones, phenylethanoid  glycosides,
alkaloids. The

pharmacological information of natural compounds used in

polyphenols,

alkylamides, and basic, chemical, and
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the therapy of intestinal mucositis is exhibited in Table 1 and
Figure 2 and Table 2, respectively.

Terpenoids

Costunolide and dehydrocostus belong to natural

sesquiterpene lactones, which are the main active constituents
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TABLE 2 Summary of the mechanisms of natural compounds against intestinal mucositis.

Name

Terpenoids

Costunolide

Dehydrocostus

Carvacrol

Thymol

Andrographolide

Saikosaponin A

Patchouli alcohol

B-Patchoulene

Glycyrrhizic acid

Flavonoids

Rutin

Quercetin

Luteolin

Model

5-FU-induced intestinal mucositis in
Kunming mice

5-FU-induced intestinal mucositis in
Kunming mice

Irinotecan-induced intestinal
mucositis in Swiss mice

5-FU-induced intestinal mucositis in
Wistar rats

5-FU-induced intestinal mucositis in
BALB/c mice or NCM460 cells

Irinotecan-induced intestinal
mucositis in BALB/c mice or HCT116,
HT29, and CT26 cells

5-FU-induced intestinal mucositis in
BALB/c mice

5-FU-induced intestinal mucositis in
SD mice

5-FU-induced intestinal mucositis in
IEC-6 cells and SD rats

5-FU-induced intestinal mucositis in
BALB/c mice

5-FU-induced intestinal mucositis in
Swiss mice

Methotrexate-induced intestinal
mucositis in SD rats

5-FU-induced intestinal mucositis in
albino mice

Irinotecan-induced intestinal
mucositis in Swiss mice

Frontiers in Pharmacology

Effective
dosage

5 and 20 mg/kg

5 and 20 mg/kg

25, 75, and
150 mg/kg

60, 120 mg/kg

12.5, 25, 50, and
100 mg/kg in vivo

03,1, 3, 5,10, and
20 uM in vitro

1, 5, and 10 mg/kg

10, 20, and
40 mg/kg

10, 20, and
40 mg/kg in vivo

20 uM in vitro

10 mg/kg

50, 100, and
200 mg/kg

5 and 100 mg/kg

3, 10, and
30 mg/kg

Molecular mechanism

Upregulation: SOD, IL-10, and occludin

Down-regulation: NF-kB, NO, MDA, TNF-a, COX-2, iNOS,
and PCNA

Upregulation: occludin

Downregulation: NF-kB, NO, TNF-a, COX-2, iNOS, and
PCNA

Upregulation: total leukocytes and NPSH

Downregulation: MPO, TNF-q, IL-1B, KC, NF-kB, COX-2,
MDA, and Nox

Upregulation: GSH, GPx, SOD, and IL-10

Downregulation: TBARS, NF-xB, TNF-a, COX-2, IL-6,
PGE,, p38, p38 MAPK, JNK, p-JNK, and TGF-p

Upregulation: Bcl-2 and ZO-1

Downregulation: apoptosis, p-p38/p38, p-p53/p53, Bax,
C-Casp8/Casp8, C-Casp3/Casp3, TNF-a, IL—IB, IL-6,
p-IRF3, p-TBK1, CD-11b, CD-4, CD-8, Cxcl10, Ccl5, IL-18,
IFN-B, dsDNA, yH2AX, and RAD51

Upregulation: WBC, RBC, lymphocyte, hemoglobin, GSH,
GST, CAT, SOD, Nrf2, HO-1, and Lactobacillus spp.

Downregulation: granulocyte, hematocrit, MDA, IL-1, IL-
6, TNF-a, NO, p-JNK, COX-2, Casp3, and Escherichia coli

Upregulation: IL-10, ZO-1, occludin, claudin-1, mucin-2,
Firmicutes, $24, Allobaculum, Erysipelotrichaceae, and
Peptostreptococcaceae

Downregulation: TNF-q, IL-1p, IL-6, MPO, TLR2, MyD88,
p-IkBa/IkBa, NF-kB p65, MLCK, p-MLC/MLC,
Proteobacteria, Bacteroidia, e-Proteobacteria, y-
Proteobacteria, Phascolarctobacterium, Aggregatibacter,
Helicobacter, Pasteurellaceae, and Verrucomicrobiaceae

Upregulation: mucin-2, goblet cells, claudin-1, and occludin

Downregulation: AQP3, PKA, p-MEK1/2/MEK1/2,
p-MSK1/MSK1, p-CREB/CREB, VIP, VIPR2, cAMP, PKA,
p-MEK1/2/MEK1/2, p-ERK/ERK, p-p38/p38, p-MSK1/
MSK1, p-CREB/CREB, P300/CBP, TNF-a, IL-1p, IL-6, IL-
10, and p-p65/p65

Upregulation: goblet cells, GSH, GST, and CAT

Downregulation: TNF-a, IL-1f, and IL-6

Upregulation: GSH and goblet cells

Downregulation: MPO, MDA, mast cells, and COX-2

Upregulation: BrdU-labeled cells, p-ERK, and CAT

Downregulation: Casp3, MDA, NF-kB, and HIF-1a

Upregulation: GSH, SOD, CAT, IL-4, IL-10, ZO-1, and
occludin

Reference

Chen et al. (2016)

Chen et al. (2016)

Alvarenga et al. (2016)

Al-Khrashi et al.

(2021)

Xiang et al. (2020);
Wang et al. (2022)

Ali et al. (2019)

Wu et al. (2020)

Wu et al. (2021)

Zeeshan et al. (2021)

Fideles et al. (2020)

Sukhotnik et al.
(2018); Lotfi et al.
(2021)

Boeing et al. (2020)
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TABLE 2 (Continued) Summary of the mechanisms of natural compounds against intestinal mucositis.

Name

Baicalein

Diadzein

Puerarin

Quinones

Dihydrotanshinone
I

Cryptotanshinone

Model

5-FU- and irinotecan-induced
intestinal mucositis in BALB/c mice

5-FU-induced intestinal mucositis in
BALB/c mice

5-FU-induced intestinal mucositis in
C57BL/6 mice or IEC-6 and Caco-2
cells

5-FU- and irinotecan-induced
intestinal mucositis in C57BL/6 mice

5-FU- and irinotecan-induced
intestinal mucositis in BALB/c mice

Phenylethanoid glycosides

Forsythiaside A

Acteoside Methotrexate-induced intestinal 600 ug Downregulation: MPO and MT Reinke et al. (2015)
mucositis in C57BL/6 mice
Polyphenols
Casuarinin 5-FU-induced intestinal mucositis in 50 and 100 mg/kg ~ Upregulation: PCNA" cells, GSH, ZO-1, occludin, Chen et al. (2022)
C57BL/6 mice in vivo Actinobacteria, Lactobacillus murinus, and
Lachnospiraceae_NK4A136_group
5-FU-stimulated IEC-6 cells 10, 20, and 30 uM  Downregulation: MDA, MPO, NE, Pr3, CG, IL-1f, TNF-a,
in vitro Firmicutes/Bacteroidetes, and Candidatus Arthromitus
Curcumin 5-FU-induced intestinal mucositis in 5, 10, and 20 uyM  Upregulation: E-cadherin Wang et al. (2021b)
IEC-6 cells
Downregulation: apoptosis, TNF-a, IL-1f, IL-6, vimentin,
n-cadherin, and p-STAT3
Alkylamide
Spilanthol 5-FU-induced intestinal mucositis in 10, 20, and Downregulation: MPO de Freitas-Blanco et al.
Swiss mice 30 mg/kg (2019)
Alkaloid
Berberine

Methotrexate-induced intestinal
mucositis in SD rats

Effective
dosage

100 mg/kg

1, 5, and 10 mg/kg

50 and 100 mg/kg
in vivo

120 uM in vitro

10 mg/kg

20 mg/kg

40 and 80 mg/kg

Molecular mechanism

Downregulation: ROS, LOOH, MPO, TNF-q, IL-1, IL-6,
PGE,, nitrite, and leukocyte

Upregulation: Muribaculaceae

Downregulation: IL-6, TNF-a, Bacteroides,
Escherichia_Shigella, Parabacteroides, Enterococcus,
Clostridium_sensu_stricto_1, and Lactococcus

Upregulation: mitotic cells, goblet cells, GSH, GST, CAT,
WBC, RBC, lymphocytes, platelets, and Lactobacillus spp.

Downregulation: TNF-a, IL-6, IL-1f, p-JNK, MDA, nitrite,
granulocytes, and Escherichia coli

Upregulation: SOD and GSH

Downregulation: TNF-a, IL-1p, IL-6, COX-2, iNOS, MDA,
MLCK, apoptosis, Bax/Bcl-2, p-STAT3/STAT3, SOCS3,
p-JAKI/JAKI, p-JAK2/JAK2, p-JAK3/JAK3, and p-TYK2/
TYK2

Upregulation: TG, diacylglycerol, Bacteriodetes,
Actinobacteria, Akkermansia, Muribaculaceae,
Alloprevotella, prevotellaceae_UCG_001, glutamate synthase
(NADPH/NADH) small chain, glutamate synthase
(ferredoxin), NADH-quinone oxidoreductase subunit F,
NADH-quinone oxidoreductase subunit G, and
hydroxylamine reductase

Downregulation: IL-6, TNF-a, Firmicutes, Proteobacteria,
Lactobacillus, Bacteroidetes, glutathinone metabolism, ABC
transporters, purine metabolism, and bacterial invasion of
epithelial

Upregulation: TG, TG/TC, Muribaculaceae, and
Ruminococcaceae_ UCG-014

Downregulation: IL-6, IL-11, MPO, DAO, TC, and lipase

Upregulation: goblet cells

Downregulation: TNF-a, IL-1f, IL-18, leukocytes,
neutrophils, lymphocytes, CD68 positive cells, NLRP3,
C-Caspl, and cleaved IL-1f

Reference

Wang et al. (2020c)

Atiq et al. (2019)

Wang et al. (2021b)

Wang et al. (2020a)

Wang et al. (2020b)

Lang et al. (2022)

(Continued on following page)
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TABLE 2 (Continued) Summary of the mechanisms of natural compounds against intestinal mucositis.

Model Effective

dosage

Name

5-FU-induced intestinal mucositis in
SD rats

50 and 100 mg/kg

in vivo

Irinotecan-induced intestinal
mucositis in C57BL/6 mice

SN38 stimulated NCM460 or Caco-2
cells

50 uM in vitro

of Aucklandia lappa. Researches have shown that they have anti-
inflammatory, antitumor, and antimicrobial activities (Liu et al.,
2021). Chen et al. (2016)have investigated the protective actions
and possible mechanisms of costunolide and dehydrocostus in 5-
fluorouracil-induced gut mucositis. Male Kunming murines were
intraperitonelly administered with 5-fluorouracil (60 mg/kg/day)
for five days, and intestinal mucositis was assessed based on the
histochemical indexes. Costunolide and dehydrocostus were
taken orally once a day for eight days. Continuous 5-
fluorouracil therapy resulted in serious intestinal mucositis,
which was characterized by morphological injury, decreased
ingestion, weight loss, and diarrhea. Experimental results
showed that the daily gavage of costunolide or dehydrocostus
exerted better protective action than that of the positive drug
loperamide and prominently alleviated the seriousness of
intestinal mucositis via accelerating enteric mucosa recovery,
reducing ROS level, and restraining the inflammatory reactions.
Therefore, costunolide and dehydrocostus are deemed to be
promising therapeutical candidates, which are clinically
employed to suppress intestinal mucositis in the course of
chemical therapy.

Carvacrol is a phenolic monoterpene originating from
various essential plants, such as Thymus mongolicus and
Origanum vulgare. In vitro and in vivo research works have
shown that carvacrol has antioxidative, antibacterial, anti-
inflammatory, anticancerous, and hepatoprotective effects
(Sharifi-Rad et al, 2018). TRPAI receptor presents high
expression in the enteric mucosa and can recognize cell
injury, which manifests the potential relation with gut
mucositis. Carvacrol is an activator of TRPAI1 receptor and
possesses anti-inflammatory activity. Therefore, Alvarenga
et al. (2016)have conducted studies to prove the assumed
anti-inflammatory and protective effects of carvacrol through
TRPAI activization against gut mucositis treated by CPT-11 in
murines. In brief, murines were administered with DMSO, CPT-
11, or carvacrol prior to CPT-11. In another group, the mice were
treated with HC-030031 (TRPA1 antagonist) for thirty minutes
prior to carvacrol exposure. On the seventh day, murine survival
and microbemia were evaluated, and the jejunal tissues were

Frontiers in Pharmacology

Molecular mechanism Reference

Chen et al. (2020a);
Yue et al. (2021)

Upregulation: occludin, ZO-1, claudin-1, claudin-7, acetate,
propionate, butyrate, glutamine, Firmicutes,
Porphyromonadaceae, Lachnospiraceae, Lactobacillus,
Clostridiales, Ruminococcus, Prevotella, and Clostridium IV

Downregulation: TNF-a, IL—lﬁ, IL-6, IL-8, COX-2, iNOS,
LPS, DAO, GUS, Proteobacteria, and Escherichia_Shigella

acquired for morphological analysis and determination of
oxidative and inflammatory status after mercy killing. Results
indicated that carvacrol exerted an anti-inflammatory effect on
CPT-11-treated gut mucositis via powerful interplays with
TRPALI receptors, causing the reduction of the levels of pro-
inflammatory factors (TNF-a, IL-1, and KC), other
inflammatory mediators (MPO, NF-«kB, and COX-2), and
(GSH, MDA, and NOx).
facilitated the recovery of the structure of villus and recess in

oxidant stress Carvacrol also
the small intestine and improved clinical indexes, including
livability, weight changes, leukocyte, and blood bacteria count.
Therefore, carvacrol is a prospective candidate drug for treating
gut mucositis, and TRPA1 may be a significant therapeutical
target for intestinal mucositis.

Thymol, a natural monoterpenoid phenol, is found in many
plants, including Thymus vulgaris, Origanum vulgare, and Ocimum
gratissimum. Owing to its various bioactivities, thymol is widely
employed in healthcare, animal medicine, food industry, and
agriculture. Modern studies have indicated that thymol possesses
remarkable beneficial actions, including antimicrobial, antioxidative,
anti-inflammatory, anticancer, and immunoregulatory properties
(Escobar et al., 2020). Al-Khrashi et al. (2021)have explored the
possible protective action and mechanism of thymol on 5-
fluorouracil-induced gut mucositis. Murines were injected with 5-
fluorouracil (150 mg/kg) and administered with thymol (60 or

120 mg/kg).  Pathologic ~ variations, oxidant stress, and
inflammatory indicators were evaluated. Results revealed that
thymol administration remarkably restrained 5-fluorouracil-

induced oxidant stress through decreasing lipid peroxidatic

reaction and elevating the intestinal levels of antioxidative
systems.
COX-2,
suppressed the 5-fluorouracil-induced expression of NF-«kB, TNF-
a, TGF-PB1, p38, p-JNK, and MAPK proteins. Collectively, thymol

could alleviate intestinal mucositis via the antioxidative and anti-

Inflammatory indicators, including IL-6, PGE,, and
were also improved. Furthermore, thymol notably

inflammatory roles, which are associated with the inhibition of the
TGE-B/p38/p-JNK pathway.
Andrographolide is the main active constituent of

Andrographis paniculata and possesses a diterpenoid lactone
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ring. Diversified pharmacological actions of andrographolide

have been demonstrated, such as antibacterial, anti-
inflammatory, immunoregulatory, antiviral, and anticolitis
properties (Kishore et al., 2017). Xiang et al. (2020) probed
the protective action and mechanism of andrographolide on
5-fluorouracil-treated gut mucositis. Injection of 5-fluorouracil
was conducted for inducing gut mucositis in BALB/c mice. 5-
fluorouracil-stimulated NCM460 cells were adopted to probe the
potential mechanism of andrographolide in vitro. The results
indicated that andrographolide markedly relieved 5-fluorouracil-
induced weight reduction, diarrhea, and lesions of intestinal
crypts and villi. Pro-inflammatory cytokines, including TNF-a,
IL-1P, and IL-6, were reduced by andrographolide in colonic and
ileal tissues. Moreover, andrographolide significantly inhibited
enteral cell apoptosis in vivo and in vitro through decreasing the
expressions of p-p38, p-p53, cleaved caspase-3, cleaved caspase-
8, and Bax, and increasing Bcl-2 level. Furthermore, asiatic acid
(activator of p38 MAPK) recovered the antiapoptotic effect of
andrographolide in NCM460 cells. In addition, Wang et al.
(2022)further validated that
beneficial role on intestinal mucositis in irinotecan-induced
mice and HCT116, CT26, and HT29 cells.

mechanistic studies demonstrated that the andrographolide

andrographolide exerted a

Molecular

restrained irinotecan-induced cGAS-STING signaling pathway
via decreasing the proteic expressions of p-TBK1 and p-IRF3,
suppressing the mRNA levels of inflammatory factors (IL-18,
TNF-a, and IL-1f), IFN-pB, Cxcl10, and Ccl5, and inhibiting the
infiltration of immunocytes, including CD11b, CD4, and CD8.
The double-stranded DNA release and DNA damage triggered
by irinotecan were also mitigated by andrographolide. In
conclusion, andrographolide may be beneficial to the sufferers
receiving 5-fluorouracil-based chemical therapy.
Saikosaponin-A is a main triterpenoid saponin existed in
Bupleurum falcatum and Bupleurum scorzonerifolium, which
manifests anti-inflammatory, antidepressive, antitumor, and
immunoregulatory activities (Fu et al., 2015). Ali et al. (2019)
demonstrated the protective role of saikosaponin-A on 5-
fluorouracil-treated gut mucositis in the murine model.
established
through injecting 5-fluorouracil for three days, and mucositis

Intestinal mucositis was in BALB/c murine
was evaluated according to behavior and histochemical analysis.
Saikosaponin-A was given one hour prior to 5-fluorouracil
The displayed that

saikosaponin-A exhibited similar effect to the positive drug

treatment for seven days. results
mesalazine. Compared with the model group, saikosaponin-A
administration notably relieved the severity of intestinal
mucositis, including food intake, weight reduction, diarrhea,
and death The
histopathological results also supported the protective action
of

abnormalities, such as villi shrink, crypt stem-cell injury,

rate in a dosage-dependent manner.

saikosaponin-A  on  5-fluorouracil-induced ~ gut

inflammatory cell infiltration, vacuolation, and edema.

Moreover, saikosaponin-A treatment observably suppressed
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the pro-inflammatory factors (TNF-a, COX-2, IL-1B, and IL-
6) and apoptosis indicators (p-JNK and caspase-3). In addition,
saikosaponin-A markedly decreased the level of nitric oxide in
enteric tissues, restrained acetic acid-treated Evans blue
vasopermeability. In addition, siaikosaponin-A administration
significantly increased the expressions of antioxidases (Nrf2,
HO-1, SOD, GSH, GST, and CAT) and reduced the level of
oxidant stress indicator MDA. In brief, the results indicated that
saikosaponin-A is a promising drug for treating chemotherapy-
induced intestinal mucositis.

Patchouli alcohol, a tricyclic sesquiterpene, is an important
active constituent of Pogostemon cablin. Up to now, many
beneficial effects of patchouli alcohol have been demonstrated,
such as anti-inflammatory, antibacterial, anticancer, and
anticolitis effects (Lee et al., 2020). Wu et al. (2020) built the
murine model of gut mucositis by 5-fluorouracil and
administered patchouli alcohol to assess its role on intestinal
The results indicated that patchouli
manifested similar effect with the positive drug CBL. The

mucositis. alcohol
general examination (weight, food ingestion, and diarrhea) in
animals was adopted to determine the effect of patchouli alcohol
on gut mucositis. Inflammatory factors, mucosal barrier proteins,
and enteric microbiome were measured to illustrate the potential
mechanism of patchouli alcohol against gut mucositis in animals.
Experimental results indicated that patchouli alcohol effectually
improved weight, food ingestion, and diarrhea in the murine
mucositis model, which preliminarily certified the effect of
patchouli alcohol. Further tests displayed that patchouli
alcohol dramatically reduced the expressions of TNF-a, IL-1p,
IL-6, and MPO and elevated the expression of IL-10.
Furthermore, the levels of intestinal barrier proteins (e.g., ZO-
1, occludin, claudin-1, and mucin-1) and microflora structure
were also improved after patchouli alcohol administration in
mucositis murines. Therefore, patchouli alcohol may treat
intestinal mucositis  through decreasing inflammation,
sustaining intestinal barrier function, and adjusting gut
microbiome.

B-patchoulene, a natural sesquiterpene, is one of the active
ingredients in Pogostemon cablin (Swamy and Sinniah, 2015).
Studies have shown that f3-patchoulene possesses anti-
inflammatory, anticolitis, and hepatoprotective effects. Wu
et al. (2021) probed the effect and potential mechanism of {3-
patchoulene in ameliorating 5-fluorouracil-treated intestinal
mucositis in IEC-6 cells and murines. Results indicated that
B-patchoulene had similar effect with the positive drug
loperamide, prominently restoring cell activity, increasing
body weight and food ingestion, and relieving the pathologic
diarrhea symptoms in the gut mucositis rats. Aquaporin is
significant for maintaining water fluid homeostasis, and its
unusual expression is related to pathological diarrhea in
intestinal mucositis. §3-patchoulene exerted a critical role in
restraining AQP3 by the cAMP/PKA/CREB

pathway. Moreover, inflammation-caused mucus

signaling
barrier
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damage destroyed water transport and exacerbated diarrhea in
intestinal mucositis animals. The function of §3-patchoulene on
restraining inflammation and restoring the mucus barrier
reinforced its adjustment of water transport and therefore
relieved diarrhea in gut mucositis murines. In conclusion, f3-
patchoulene alleviated intestinal mucositis in murines primarily
through improving water transport and the mucus barrier, and
these activities were related to its role on restraining the cAMP/
PKA/CREB signaling pathway.

Glycyrrhizic acid, a triterpene glycoside, is the most
significant active constituent of Glycyrrhiza uralensis,
Glycyrrhiza inflata, and Glycyrrhiza glabra. Research works
have shown that glycyrrhizic acid has anti-inflammatory,
antiviral, antioxidative, anticancerous, and immunoregulatory
properties (Chen K. et al., 2020). In consideration of the poor
pharmacokinetics of glycyrrhizic acid and the prominent
therapeutical effect of glycyrrhizic acid-loaded polymeric
nanocarriers in intestinal diseases, Zeeshan et al. (2021)
investigated their protective role on 5-fluorouracil-induced gut
mucositis in murines. Polymeric nanocarrier has been testified to
be an effective drug delivery vehicle for the long-range therapy of
inflammatory ailments; however, its effect on 5-fluorouracil-
induced mucositis has not yet been investigated. Thus,
glycyrrhizic  acid-loaded polylactic-co-glycolic acid (GA-
PLGA) nanoparticle was prepared to assess its preventive and
therapeutical effect in 5-fluorouracil-induced mucositis animals.
GA-PLGA nanoparticle was produced with an improved double
emulsion method, physically and chemically characterized, and
tested for in vitro drug release. Then, induction of mucositis was
conducted by giving 5-fluorouracil to the murines for the first
three days, and GA-PLGA nanoparticles were administered to
the animals for seven days. GA-PLGA nanoparticle observably
decreased the mucositis seriousness concerning body weight,
diarrhea scoring, pain, and asitia. Furthermore, 5-fluorouracil
caused intestinal histopathologic injury, increased villus-crypt
length, decreased goblet-cell

quantity, increased pro-

inflammatory factors, and restrained antioxidases.
Nevertheless, all the deteriorations were restored by GA-
PLGA nanoparticle. The results of morphology, behavior,
that GA-PLGA

nanoparticle was effective, biocompatible, targeted and slow-

histology, and biochemistry indicated
release nanovehicle drug delivery for enhancing mucoprotective,
antiphlogistic, and antioxidative actions in 5-fluorouracil-

induced intestinal mucositis.

Flavonoids

Rutin, also known as vitamin P, is a glycoside of the flavonoid
quercetin, derived from many edible and officinal plants, such as

Saussurea  involucrata, — Hippophae  rhamnoides,  Ruta
graveolenslens, and Sophora japonica. Extensive research works
have shown that rutin possesses antimicrobial, anti-
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inflammatory, anticancerous, and antidiabetic  effects
(Ganeshpurkar and Saluja, 2017). Fideles (2020)

investigated the function of rutin on 5-fluorouracil-induced

et al

experimental gut mucositis. The Swiss murines were randomly
separated into seven groups: saline, 5-fluorouracil, rutin-50,
rutin-100, rutin-200, celecoxib, and celecoxib + rutin-200
groups. The animals were weighed every day. After therapy,
the mice were executed and fragments of the small intestine were
gathered to assess the histopathologic changes, the levels of
MDA, MPO and GSH, mastocyte and goblet cell amount, and
COX-2 vitality. Moreover, the immunohistochemical analysis
was also conducted in the study. Rutin administration suppressed
5-fluorouracil-induced histopathologic variations and decreased
the oxidant stress through decreasing MDA level and elevating
GSH level. Moreover, rutin alleviated the inflammatory reaction
via reducing MPO vitality, enteric mastocytosis, and COX-2
activity. The result indicated that the COX-2 pathway might
be one of the potential protective targets of rutin in treating 5-
fluorouracil-induced intestinal mucositis.

Quercetin, a natural flavonoid, isolated from many medicinal
and edible plants, such as Sophora japonica, Platycladus
orientalis, and Alpinia officinarum. Modern studies have
shown that quercetin has antioxidative, anti-inflammatory,
antibacterial, and antineoplastic activities (Li et al., 2016).
Sukhotnik et al. (2018)assessed the protective effect of
quercetin on methotrexate-treated gut injury in SD rats.
Results indicated that quercetin notably decreased the enteric
damage scores, increased the enteral and mucosal weight of the
jejunum and ileum, the protein level in ileum, the length of villi in
the ileum, and the depth of crypts in the jejunum and ileum.
Moreover, quercetin treatment cell

markedly improved

proliferation in both the jejunum and ileum through
upregulating p-ERK protein expression and downregulating
caspase-3. These results indicated that quercetin could restrain
gut injury and promote gut restoration after methotrexate-
induced gut mucositis. In addition, Lotfi et al. (2021)further
found that quercetin and its nanoemulsion formulations
exhibited protective effects on 5-fluorouracil-treated gut

mucositis in mice. The oxidant-antioxidant balance was

regulated by quercetin via increasing CAT level and
decreasing MDA concentration, and HIF-la and NF-kB
expression.

Luteolin is a usual flavone derived from many kinds of plants,
including fruits, vegetables, and Chinese herbal medicines. A
great deal of research has shown that luteolin possesses
antioxidative, anticancerous, antiallergic, and  anti-
inflammatory activities (Aziz et al., 2018). Boeing et al. (2020)
investigated the role and mechanism of luteolin against
Clinical

symptoms, histologic, oxidized, and inflammatory indicators

irinotecan-treated gut mucositis in murines.
were examined, along with the potential effect of luteolin on
the antineoplastic role of irinotecan. The results indicated that

luteolin improved irinotecan-induced gut injury through
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decreasing weight loss and diarrhea scores and suppressing the
shortening of the dodecadactylon and colon. Histologic
examination proved that luteolin restrained villi shortening,

vacuolation, and cell apoptosis and maintained the
mucoprotein level in the dodecadactylon and colon.
Furthermore, luteolin administration alleviated irinotecan-

induced oxidant stress through decreasing the expressions of
ROS and LOOH and increasing endogenic antioxygens and
suppressed inflammatory symptoms through reducing MPO
vitality, TNF-a, IL-1B, IL-6 productions, and elevating IL-4
and IL-10 productions. Disruption of the tight junctions ZO-1
and occludin could also be reversed by luteolin administration. It
is noteworthy that luteolin had no effect on the anticancer role of
irinotecan. In brief, luteolin may be a promising candidate to
inhibit intestinal mucositis caused by irinotecan.

Baicalein, a natural flavone, is predominantly found in the roots
of Scutellaria baicalensis. It has been proven that baicalein possesses
antioxidative, antiviral, antibacterial, anti-inflammatory,
antiallergenic, and antitumor effects (Dinda et al, 2017). Wang
et al. (2020c) estimated the therapeutical effect of baicalein against
chemotherapy-induced gut mucositis in murines. Simultaneously,
the role of enteric microflora modulation in the therapeutical action
of baicalein was explored. Male BALB/c murines were randomly
separated into three groups, namely, the normal control, model, and
experimental groups. Apart from normal control group, murines
were treated with 5-fluorouracil and irinotecan to establish the
intestinal mucositis model. Baicalein notably decreased the DAI
of intestinal mucositis animals and the levels of IL-6 and TNF-a in
serum. There were remarkable discrepancies in the constitution of
the intestinal microflora among groups based on the analyses of
a-diversity, 3-diversity and the species discrepancies. In comparison
with the normal group, the Ruminococcaceae_UCG_014 and
Lachnospiraceae in murines of the model group were markedly
reduced, while Bacteroides, Escherichia_Shigella, Enterococcus,
Parabacteroides, Clostridium_  sensu_stricto_1, and Lactococcus
were observably elevated. After baicalein treatment, the levels of
Bacteroides, Escherichia_Shigella, Parabacteroides, Enterococcus,
Clostridium_sensu_stricto_1, and Lactococcus were notably
reduced and Muribaculaceae was elevated. The levels of IL-6 and
TNF-a in the serum of the three groups were positively related to the
levels of Clostridium_sensu_stricto_1, Lactococcus, Bacteroides. and
Enterococcus based on the association analysis. The present research
indicated the promising efficacy of baicalein on intestinal mucositis
murines. Modulation of intestinal microflora possibly exerted a
crucial role in the therapeutic effect of baicalein.

Diadzein is a natural isoflavone mainly extracted from
lobata and

actions of diadzein were proven, including anticancer, anti-

Pueraria soybeans. Extensive pharmacologic
inflammatory, and antidiabetic activities (Feng et al,, 2015).
Atiq et al. (2019)investigated the effect of diadzein on gut
mucositis treated with 5-fluorouracil and payed close attention
to oxidant stress and inflammatory indicators in murines.

Animals were given 5-fluorouracil to induce mucositis once
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daily for three days, and diadzein was given once daily for
seven days. The results showed that diadzein exerted a
effect with the
Administration of diadzein decreased the seriousness of

comparable positive drug mesalazine.
mucosa damage in a dosage-dependent manner. Diadzein
prominently suppressed weight reduction, alleviated diarrhea,
and improved histopathologic deformity related to inflammatory
symptoms. Furthermore, diadzein observably improved the
enteric wall histopathology through decreasing infiltration and
arrested restraint of antioxygen via 5-fluorouracil treatment.
Nitrite levels in enteral tissues were decreased by diadzein,
which the of

mediators. In addition, diadzein also improved the microbial

accorded  with regulation inflammatory
profile through decreasing the count of pathogens and increasing
the level of probiotic bacteria. Collectively, this research indicated
that diadzein possessed prominent protective effect against
mucositis in 5-fluorouracil-treated mucositis model, and the
therapeutical effect of diadzein may be associated with the
restraint of oxidant stress and inflammatory response.
Puerarin, a natural isoflavone, is the major constituent
derived from the roots of Pueraria lobata. Research works
that has
antioxidative, and anti-inflammatory effects (Zhang, 2019).

have shown puerarin antitumor, antiviral,
Wang L. et al. (2021) built a murine model of gut mucositis
through intraperitoneally injecting 5-fluorouracil and then
administrating puerarin for seven days. Regular indices
including weight, food intake, and diarrhea were measured to
assess the effect of puerarin on gut mucositis in murines. The
function of gut barrier was also assessed through determining the
serum recovery of fluorescein isothiocyanate-4kD dextran. The
expressions of inflammatory factors, oxidative reactions, and
apoptosis marker proteins were examined to illuminate the
potential mechanism of puerarin against gut mucositis.
Results suggested that the appeared

representative symptoms and histopathologic variations of 5-

model murines

fluorouracil-induced gut mucositis. Drastic inflammatory
symptoms, oxidation reactions, cell apoptosis, and JAK were
significantly stimulated. Puerarin reduced the expressions of
reactions and

inflammation-related  proteins, oxidation

apoptosis in  5-fluorouracil-induced mucositis  through
blocking JAK activation. In conclusion, puerarin reduced
inflammatory symptoms, oxidation reactions and apoptosis,
and protected enteric barrier function to alleviate 5-

fluorouracil-treated gut mucositis via suppressing JAK
activation. This work suggested that puerarin might be a
promising natural JAK depressor for the treatment of 5-

fluorouracil-induced intestinal mucositis.

Quinones

Dihydrotanshinone I is an important active constituent in
Salvia miltiorrhiza, which has been reported to exert antitumor,
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anti-inflammatory, and cardioprotective roles (Chen et al., 2019).
Wang et al. (2020a) probed the action of dihydrotanshinone I
against intestinal mucositis induced by 5-fluorouracil and
irinotecan in murines. They determined the level of enteric
mucosa injury and inflammatory reaction in gut mucositis
animals with or without dihydrotanshinone I treatment. Body
weight and DAI of murines were daily examined. H&E staining
was adopted to assess the pathologic injury. The levels of IL-6,
TNF-a, TG, and diacylglycerol in serums were measured using
commercial kits. The variations of fecal microbiome were also
probed via 16S rRNA high throughput sequencing. Spearman
association analyses were employed to assess the relevance
between fecal microbiome and inflammatory cytokines.
Tax4Fun was used to explore the possible role of gut
microflora. The result indicated that dihydrotanshinone I
markedly decreased the DAI score, enteric mucosa injury, and
inflammatory reaction in gut mucositis murines by reducing the
serum IL-6 and TNF-a levels. Moreover, there was close
relationship between fecal microbiome and inflammatory
cytokines. the

maladjusted faecal microbiome and increased the level of

Dihydrotanshinone I effectively restored
Akkermansia. Dihydrotanshinone I also improved bacteria
species, which facilitated butyric acid metabolism or were
negatively related to inflammatory cytokines. In addition,
faecal

species in

microbiome were possibly associated with the glutamine level

improved by dihydrotanshinone I

and ammonia oxidization. In brief, this research indicated that
dihydrotanshinone I effectually alleviated gut mucositis caused
by 5-fluorouracil and irinotecan in murines. Adjustment of the
composition and function of fecal microbiome possibly exerted

an important effect in the therapeutical action of
dihydrotanshinone I in intestinal mucositis animals.
Cryptotanshinone is a natural quinone compound

predominantly existed in Salvia miltiorrhiza. Studies have
that has
anticancerous, antibacterial, neuroprotective,
cardioprotective effects (Li et al., 2021). Wang et al. (2020b)
explored the therapeutical action of cryptotanshinone on

indicated cryptotanshinone anti-inflammatory,

and

chemotherapy-induced ~ gut  mucositis  in  murines.
Chemotherapy-caused gut mucositis was induced through
intraperitoneally injecting 5-fluorouracil and irinotecan for
four days. A pseudo-sterile murine model was established
through intragastrically administering mixed antibiotics
(metronidazole, vancomycin, and penicillin). Weight, DAI,
and fasces of murines were daily examined and the levels of
inflammatory cytokines, TC, TG, and lipase vitality in serums or
colon mucosa of intestinal mucositis animals were measured.
They also probed the constitution and relative abundance of fecal
microflora. The relation of the relative abundance of fecal
microflora and environmental aspects was further analyzed.
Cryptotanshinone  observably reduced DAI, and the
expressions of IL-6, IL-11, MPO, and DAO in the serums of

intestinal mucositis murines. Cryptotanshinone effectually
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elevated the level of TG while decreased TC and lipase vitality
indicated that the
chemotherapy-induced mucositis in the pseudoaseptic model

in the serums. It was incidence of
group was prominently decreased. In the meantime, there was
no remarkable discrepancy in the levels of inflammatory
cytokines and TG/TC ratio between the pseudoaseptic model
and normal control groups. There was a prominent discrepancy

in the diversity and constitution of fecal microbiome among

groups. Furthermore, cryptotanshinone recovered the
constitution of fecal microbiome close to normal and
observably elevated the levels of Muribaculaceae and

Ruminococcaceae_UCG-014. Specially, Ruminiclostridium and
Muribaculaceae showed a remarkable positive relation to TG
but a negative relation to DAO, MPO, IL-6, lipase, and TC. In
brief, cryptotanshinone effectually relieved gut mucositis in
murines induced by 5-fluorouracil and irinotecan through
modulating the fecal microbiome, inflammatory cytokines,
and serum lipids.

Phenylethanoid glycosides

Forsythiaside A is the major active constituent derived from
Forsythia suspensa and has excellent biological activities.
Pharmacological research works have proven that forsythiaside
A has remarkable activities in treating multiple diseases, including
inflammation, virus and bacterial infection, oxidative stress, and
hepatic damage (Gong et al.,, 2021). Lang et al. (2022) explored the
effect and mechanism of forsythiaside A on chemotherapy-
induced gut mucositis in murines. In brief, for three days, male
SD murines were treated with 7 mg/kg methotrexate to induce
intestinal mucositis and simultaneously administered with 40 or
80 mg/kg forsythiaside A for seven days. The result indicated that
the final body weight and daily food uptake were elevated, and the
DALI score was decreased by forsythiaside A administration. The
methotrexate-treated rats exhibited pathologic changes including
inflammatory infiltration, mucosa layer destruction, gland
expansion, enteric villus structure disorder, and goblet cell
reduction, whereas administration with 80 mg/kg forsythiaside
A showed obvious beneficial roles. ELISA assay further
indicated that the serum levels of TNF-qa, IL-1pB, and IL-18 in
methotrexate-induced animals were decreased after forsythiaside
A administration. Furthermore, forsythiaside A reduced the
amounts of leukocytes, neutrophils, and lymphocytes in
peripheral blood. Western blotting and immunofluorescence
results showed that the expressions of NLRP3, cleaved caspase
1 and cleaved IL-1p and CD68 positive rate were reduced in
methotrexate-induced murines after forsythiaside A treatment. In
conclusion, forsythiaside A effectively restrained methotrexate-
induced intestinal mucositis through alleviating the activation of
NLRP3 inflammasome.

Acteoside is an important active component, which mainly
exists in medicinal plants like Rehmannia glutinosa and
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Cistanche deserticola. At present, acteoside has been found to
exert anti-inflammatory, antioxidative, and anticancer effects
(Zhou et al,, 2020). Reinke et al. (2015) explored the effect of
acteoside in the treatment of intestinal mucositis. C57BL/
6 murine was administered daily with 600 ug acteoside for
five days before inducing intestinal mucositis and throughout
the experiment. Induction of intestinal mucositis was conducted
by methotrexate, and mice were executed on the fifth and
The
jejunum, and ileum were collected to examine MPO vitality,

eleventh days after methotrexate. dodecadactylon,
MT expression, and histological features. Acteoside decreased
histological severity scores by 75, 78, and 88% in the
dodecadactylon, jejunum and ileum in comparison with the
methotrexate controls on the fifth day, respectively. Acteoside
also decreased crypt depth by 49, 51, and 33% and elevated villus
height by 19, 38, and 10% in the dodecadactylon, jejunum, and
ileum in comparison with the methotrexate controls on the fifth
day, respectively. Moreover, acteoside reduced the MT level by
50% in comparison with the methotrexate control murine on the
fifth day. Moreover, acteoside reduced the MPO level by 60 and
30% in the dodecadactylon and jejunum in comparison with the
methotrexate controls on the fifth day, respectively. The results
indicated that acteoside relieved methotrexate-induced intestinal

mucositis probably through suppressing inflammation.

Polyphenols

Melastoma malabathricum is a common herb and mainly
adopted to treat multiple gastrointestinal diseases in China
(Al-Sayed et al., 2020). Chen et al. (2022) isolated an active
the
malabathricum and explored the therapeutic effect and

compound casuarinin from root of Melastoma
mechanism of casuarinin in 5-fluorouracil-treated gut
Results that

notably improved 5-fluorouracil-induced body weight loss

mucositis murines. indicated casuarinin
and ingestive reduction, and also prominently reversed
villus atrophy, restored the proliferative activity of the
enteric crypts, and restrained inflammatory symptoms and
enteric barrier dysfunction in the murine model of 5-
fluorouracil-treated gut mucositis. Moreover, casuarinin
also reversed 5-fluorouracil-induced intestinal microflora
dysbiosis, especially the level of Actinobacteria, Candidatus
Arthromitus, Lactobacillus murinus, and the Firmicutes-to-
Bacteroidetes ratio. In conclusion, casuarinin could improve
5-fluorouracil-treated gut mucositis by favorably regulating
inflammation, gut barrier dysfunction, and intestinal
microflora imbalance. Therefore, casuarinin might be a
prospective candidate for the treatment of intestinal
mucositis.

Curcumin, a natural diketone, mainly exists in Curcuma
longa, Curcuma aromatica, Curcuma zedoaria, and Acorus

calamus. For a long time, curcumin has been widely used in
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the food industry as a common natural pigment, and also exhibits
and anti-
2017).
Considering the anticancer effect of curcumin and its

antioxidative, antibacterial, antiviral, antitumor,

inflammatory activities (Hewlings and Kalman,
protective effect in intestinal diseases, Wang et al. (2021)
explored the role of curcumin in inflammation and enteric
epithelial cell injury in gut mucositis animals. 5-fluorouracil
was adopted to induce intestinal mucositis in gut epithelia
cells, and diverse levels of curcumin were given. Experimental
data indicated that curcumin effectively alleviated 5-fluorouracil-
induced injury to IEC-6 cells, restrained the expressions of
inflammatory factors, increased cell vitality, and exerted
antiapoptotic role on IEC-6 cells. RNA sequencing analyses
and experimental verification demonstrated that curcumin
effect

mucositis in enteral epithelia cells through inhibiting the IL-6/

exerted protective on 5-fluorouracil-induced — gut

STATS3 signaling pathway. In conclusion, the results manifested
that curcumin may be a potential therapeutical candidate in

preventing and treating chemotherapy-induced intestinal
mucositis.
Alkylamide

Spilanthol, a major alkylamide from Acmella oleracea,
possesses narcose, analgesic, and anti-inflammatory actions
(Silveira et al., 2018). de Freitas-Blanco et al. (2019)assessed
the effect of spilanthol on gut mucositis in Swiss murine elicited
by 5-fluorouracil. Continuous dose of 5-fluorouracil led to gut
mucositis and consequently decreased food ingestion and
weight data that
spilanthol (30 mg/kg) prominently reduced the seriousness of
gut mucositis, restrained histopathologic deterioration, and

reduction.  Experimental

suggested

increased the villi length in mice administered with

spilanthol compared with the 5-fluorouracil treatment
group. Though a few pro-inflammatory factors were not
quantifiable in any group, reduction of MPO vitality was
obvious in mice administered with spilanthol. In brief, the
results indicated that spilanthol efficiently decreased the
inflammatory symptoms in gut mucositis mice treated with
5-fluorouracil, and this natural compound may be a potential

therapeutical candidate for gut mucositis.

Alkaloid

Berberine is a natural isoquinoline alkaloid existed in a lot of
medicinal plants including Coptis chinensis, Phellodendron
chinense, and Berberis soulieana. Modern pharmacological
studies have shown that berberine possesses hypoglycemic,
hypolipidemic, antibacterial, and anti-inflammatory activities
(Kumar et al, 2015). Chen H. T. et al. (2020)explored the
function and mechanism of berberine on gut mucositis rats
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treated by 5-fluorouracil. Results indicated that berberine
treatment exhibited decreased weight loss, reduced diarrhea
score, and increased colon length in 5-fluorouracil-induced
gut mucositis rats. Meanwhile, berberine dramatically
increased the occludin level in ileum and lowered the p-lactic
acid content in serum. In addition, berberine prominently
restrained inflammatory response through inhibiting the
production of intestinal inflammatory cytokines TNF-a, IL-6,
and IL-1B. Moreover, berberine reversed the changes of fecal
metabolites and regulated metabolic pathways via increasing the
levels of acetate, butyrate, propionate, and glutamine.
the

microbiota structure. The relative abundance of Firmicutes,

Importantly, berberine effectively modulated gut

Porphyromonadaceae, Lachnospiraceae, Lactobacillus,
Clostridiales, Ruminococcus, Prevotella, and Clostridium IV
was upregulated, while Proteobacteria and Escherichia_Shigella
were decreased by berberine treatment. Significantly, fecal
transplantation from berberine-treated rats could relieve
intestinal mucosal injury. Yue et al. (2021)also found that
berberine conspicuously ameliorated gut mucositis in
irinotecan-treated mucositis murines and SN38-stimulated
NCM460 or Caco-2 cells. The underlying mechanism might
be closely associated with the suppression of pro-
inflammatory mediators (including COX-2, iNOS, TNF-a, IL-
8, and IL-1p), bacterial GUS activity and the improvement of
mucosal barrier integrality by elevating the protein expression of
Z0-1, occludin, and claudin-1 and decreasing the levels of LPS,
DAO, and FITC-dextran fluorescence. In summary, these results
offered novel clues into the potential usage of berberine in

preventing and treating intestinal mucositis.

Discussion

Chemotherapy for malignant tumors can cause changes in
the structure and function of the gastrointestinal tract. 5-
fluorouracil, an important chemotherapeutic drug, is widely
used to treat advanced colorectal carcinoma and malignant
tumors in head and neck (Cheah et al.,, 2014b; Huang et al,,
2022). Consecutive oral administration of 5-fluorouracil leads
to serious toxic reactions, especially gut mucositis, which is
mainly ascribed to the destruction of intestinal structure and
integrity. Moreover, epithelial cell apoptosis, oxidative stress,
inflammatory response, and intestinal microflora disorder are
closely associated with the deterioration of intestinal
mucositis.

Intestinal barrier is composed of epithelia barrier and
mucosal layer. The intact mucosal layer is a barrier to stop
water runoff and eliminate inspiratory foreign matters,
including microorganisms, inflammatory cells, and pollutants
(Bajka et al., 2015; Zhao and Maynard, 2022). When intestinal
mucositis appeared, slime layer is exhausted with reduced level of
mucins (mucin-1 and mucin-2) and goblet cell dysregulation
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(Kawashima et al., 2015; Thorpe et al., 2020). Malfunction of the
mucus layer, in turn, exacerbated inflammatory symptoms and
impaired the water-holding capability of the gastrointestinal
tract, caused aquaporins over expression, and ultimately
resulted in serious diarrhea in intestinal mucositis murines
(Tkarashi et al., 2016). In the current review, patchouli alcohol,
B-patchoulene, glycyrrhizic acid, rutin, and forsythiaside A could
effectively improve the content of goblet cells or mucins. Of note,
B-patchoulene enhanced the mucus layer function and decreased
aquaporin 3 level, thus recovering the murine’s water-holding
capability. The association analysis also showed that aquaporin
3 and diarrhea symptoms were strongly associated with mucus
layer function.

Intestinal epithelia establish the maximal and most
significant barrier between inner and outer surroundings.
Research works have indicated that enteric epithelium
barrier is destroyed in gastrointestinal disorders, such as
ulcerative colitis and gut mucositis (Xiong et al, 2019; Jin
et al., 2022). TJs are the apical adhesive junction complexes
in epithelial cells of mammals. Deficiency of TJs results in an
enhancement in enteric penetrability and promotes the
development of enteric inflammation (Panwar et al., 2021).
T] membrane-spanning proteins, such as ZO-1, ZO-2,
occludin, and claudins, exert a synergic action in controlling
the entry and exit of ionic solute and maintaining enteric
penetrability. ZO is a kind of cytoplasmic scaffolding
protein, which anchors TJ] membrane protein to the
cytoskeleton through interaction (Skamrahl et al, 2021).
Claudins are the critical constituents of intercellular TJs and
take charge of paracytic solute flux (Tanaka et al., 2015). As a
necessary membrane-spanning protein, occludin is significant
for T7J integrity. In addition, MLCK exerts a key effect in TNF-
a-induced enteric penetrability. MLCK restraint stops MLC
phosphorylation and maintains enteric TJ barrier, leading to
the inhibition of enteric inflammation (Wang J. et al., 2021).
Current research works have found a destruction of the enteric
intercellular structure, with an increase in enteric penetrability,
reduced TJs levels, and abnormal high expressions of MLC,
MLCK and p-MLC proteins in mucositis murines. However,
patchouli alcohol, {-patchoulene, luteolin, casuarinin, and
berberine exhibited beneficial action on enteric penetrability
by elevating the levels of TJs (ZO-1, claudin-1, or occludin),
thus resulting in further maintaining enteric epithelia barrier.
Moreover, the increased level of MLCK and p-MLC were
significantly inhibited by puerarin and patchouli alcohol
treatments.

Inflammatory infiltration is a typical feature of mucositis.
MPO vitality and pro-inflammatory factors have been found to
increase under inflammatory conditions (Li et al, 2020).
Excessive production of ROS and uncontrolled inflammatory
symptoms could disturb enteric homeostasis, change the normal
microflora and stimulate a sequence of acute reactions to injure
cells and tissues, resulting in mucosa damage and mucositis
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(Boeing et al.,, 2020). The content of antioxidases decreases or
cannot remove superfluous ROS, resulting in elevated oxidative
stress and cell injury (Yoneda et al., 2021). Moreover, convincing
evidence have demonstrated that elevated expressions of
inflammatory factors were strongly related to the destruction
of enteric mucosa barrier (Tappenden, 2008). Research works
have indicated that 5-fluorouracil treatment could elevate the
expressions of pro-inflammatory cytokines (COX-2, iNOS, IL-6,
IL-1p, and TNF-a), reduce antioxidant enzymes (SOD, GST, and
CAT), and induce mucosa injury (Aghabozorgi et al., 2020).
However, costunolide, thymol, saikosaponin A, rutin, luteolin,
and casuarinin have been proven to possess anti-inflammatory

Frontiers in Pharmacology

action and relieve oxidative stress by reducing the generation of
pro-inflammatory factors and elevating the expressions of
antioxidants.

TLRs possess critical effects in adjusting the enteric epithelia
barrier and congenital immunization. TLR2 induce NF-«B
activation to regulate the gene levels of inflammatory
mediators by Toll/IL-1 receptor domain with adapter protein
MyD88 (Takeuchi and Akira, 2002; Zhang et al., 2021). Proper
expression of TLR2 insures antiapoptotic action, resulting in the
adjustment of TJs in enteric epithelia cells (Lin et al., 2013). NF-
kB is a significant coordinator of congenital and adaptive
immunoreactions, in the of

taking part regulation

frontiersin.org

115


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.969550

Li et al.

inflammatory symptoms and cell cycle. NF-kB activation induces
the abnormal expression of its downstream genes, including
iNOS, COX-2, chemokines, adhesion molecules, and pro-
inflammatory factors (Lugman and Pezzuto, 2010). In
addition, STAT3 is a cellular signal transcription factor, which
plays a key role in hyperplasia, differentiation, transference, and
survival. Enduring STAT3 activation is deemed to accelerate
chronic inflammation, which elevates susceptibility of healthy
cells to carcinogenesis (Lei et al., 2021). When the enteric mucosa
is activated, increased IL-6 can stimulate the phosphorylation of
STAT3 and feedback to NF-«B (Ke et al., 2015). In the present
review, patchouli alcohol, thymol, puerarin, and forsythiaside A
remarkably restrained intestinal mucositis in animal or cell
models, which was intimately associated with the suppression
of TLR2/MyD88/NF-kB, IL-6/STAT3, TGF-B/MAPK, and
NLRP3 signaling pathways.

Intestinal microbiota homeostasis is a significant element
for gastrointestinal health. Numerous research works have
shown that gut microflora disorder exhibits a crucial effect
in gastrointestinal diseases, including colitis, bacterial
dysentery, and chemotherapy-induced mucositis
(Varankovich et al., 2015). Microbial diversity analysis has
shown that compared with the normal group, the intestinal
microbial structure of mucositis animals changed significantly.
Moreover, microflora takes part in the change of inflammatory
cell factors (Li et al, 2017). Bacteroides, Bifidobacterial,
Lactobacilli, Escherichia, Helicobacter, and Parabacteroides
are strongly associated with the progression and seriousness
of mucositis. Bifidobacterial and Lactobacilli are indicated to be
capable of restraining NF-kB activation, increasing TJs protein
level, and reducing enteric penetrability (Khokhlova et al., 2012;
Wu et al., 2016). Bacteroides, Escherichia, Helicobacter, and
Parabacteroides are often deemed to be the pathogenic bacteria
or conditioned pathogens (Zhang et al., 2018). For instance,
rises in Parabacteroides and Bacteroides amounts contribute to
colitis in murines, Helicobacter pylori infection contributes to
peptic ulcer disorder and stomach tumors, and Escherichia is
profitable for gut inflammation in vivo. Bifidobacterium infantis
alleviates Thl cell reaction through adjusting cell factors and
differentiation-related factors in chemotherapy-induced gut
mucositis murines (Mi et al, 2017). In terms of
Lactobacillus, it contributes to reducing the colonic pH and
the development of pathogens (Yeung et al, 2020). In this
review article, 5-fluorouracil induced structure disorder of
intestinal microflora characterized by elevated Bacteroides,
Escherichia coli, Proteobacteria, Bacteroidia, Proteobacteria,
Helicobacter, Pasteurellaceae, Verrucomicrobiaceae, and
reduced relative abundances of Bacteriodetes, Lactobacillus
spp., Actinobacteria, and Lactobacillus murinus, which were
reversed by saikosaponin A, patchouli alcohol, baicalein,
daidzein, dihydrotanshinone, casuarinin, and berberine
treatment.
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Conclusion

The present review generalizes the significant and beneficial
roles of plant-derived natural compounds in attenuating
intestinal mucositis in pioneering endeavor. Their protective
mechanisms against intestinal mucositis might involve
improving intestinal barrier function, decreasing enterocyte
apoptosis, regulating gut microbiota, and inhibiting
inflammatory reaction and oxidant stress predominantly
through blocking TLR2/MyD88/NF-xB, TGF-p/MAPK, JAK2/
STAT3, Nrf2/HO-1, and NLRP3 inflammasome pathways
(Figures 3, 4). Taken together, these findings provide
experimental and scientific evidence for utilizing plant-derived
natural compounds as drug candidates to treat intestinal
mucositis. However, further in-depth preclinical and clinical
trials are warranted to clarify the molecular mechanism to
facilitate the potential clinical transformation of natural
compounds like costunolide, andrographolide, patchouli

alcohol, and berberine in the treatment of intestinal mucositis.
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Glossary

AQP3 aquaporin 3

CAT catalase

CBL live combined bifidobacterium
C-Casp cleaved caspase

CG cathepsin G

COX-2 cyclooxygenase-2

CPT-11 irinotecan hydrochloride
CREB eclement-binding protein
DAI disease activity index

DAO diamine oxidase

DMSO dimethylsulfoxide

5-FU 5-fluorouracil

GPx glutathione peroxidase

GSH glutathione

GST glutathione S-transferase

GUS B3-glucuronidase

HIF-1a hypoxia-inducing factor la
HO-1 hemoxygenase-1

IFN interferon

iNOS inducible nitric oxide synthase
IL interleukin

JAK janus kinase

KC keratinocyte chemoattractant
LOOH lipid hydroperoxides

LPS lipopolysaccharide

MAPK mitogen-activated protein kinase

MASCC/ISO mucositis study group of the multinational
association of supportive care in cancer/international society of
oral oncology

MDA malondialdehyde
MLC myosin light chain
MLCK myosin light chain kinase
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MPO myeloperoxidase

MT metallothionein

NF-kB nuclear factor kappa-B

NE neutrophil elastase

NOx nitrogen oxide

NPSH non-protein sulthydryl

Nrf2 nuclear factor erythroid 2-related factor 2
PCNA proliferating cell nuclear antigen

p-ERK phosphorylated extracellular signal-related kinase
p-IRF3 phosphorylated interferon regulatory factor 3
PGE2 prostaglandin E2

p-JNK phosphorylated c-Jun N terminal kinase
PKA protein kinase A

Pr3 proteinase 3

p-STAT3 phosphorylated signal transducer and activator of
transcription

p-TBK1 phosphorylated TANK-binding kinase 1
p-TYK phosphorylated TYK

ROS reactive oxygen species

SD Sprague-Dawley

SOCS3 suppressor of cytokine signaling 3

SOD superoxide dismutase

STAT3 signal transducers and activators of transcription 3
TBARS thiobarbituric acid reactive substances
TC total cholesterol

TG triglyceride

TJ tight junction

TNF tumor necrosis factor

TRPAL1 transient receptor potential cation channel, subfamily A,
member 1

TYK tyrosine kinase
Tyr tyrosinase

Z0-1 zonula occludens
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The efficacy of mesalazine on
nonspecific terminal ileal ulcers:
A randomized controlled trial

Junrong Li, Fangmei Ling*!, Di Guo?, Jinfang Zhao?,

Ling Cheng?, Yidong Chen?, Mingyang Xu® and Liangru Zhu'*
Division of Gastroenterology, Union Hospital, Tongji Medical College, Huazhong University of Science
and Technology, Wuhan, China, ?Department of Geriatrics, Wuhan Central Hospital, Wuhan, China,

SCenter for Life Sciences, Tsinghua University, Beijing, China, “Department of Gastroenterology, The
First Peoples Hospital of Nanyang City, Henan, China

Background: Nonspecific terminal ileal ulcers are one of the common
ulcerative diseases in terminal ileum. However, the studies about treatment
efficacy are scarce. We aimed to investigate the efficacy of mesalazine in the
treatment of this disease.

Methods: Eighty-two patients with nonspecific terminal ileal ulcers who sought
outpatient medical treatment in the Division of Gastroenterology, Wuhan Union
Hospital, from April 2016 to January 2019 were enrolled and randomly divided
into two groups. The experimental group took mesalazine orally, 4.0 g/d, once a
day for 3months. The control group was followed up without special
intervention. The primary endpoint was the endoscopic remission rate at the
6" and 12" month. Secondary endpoints included the clinical remission rate at
the 1%, 6™ and 12" month and adverse events (ChiCTR1900027503).

Results: About the endoscopic efficacy, the remission rate of the experimental
group and control group was 73.2 versus 61.0% at the 6" month (RR = 1.20, 95%
Cl1 0.88~1.63, p = 0.24) and 87.8 versus 78.0% at the 12" month (RR = 1.13, 95%
Cl 0.92~1.37, p = 0.24). About the clinical efficacy, the remission rate was
70.3 versus 43.8% at the 15 month (RR = 1.61, 95%Cl 1.03~2.51, p = 0.03),
83.8 versus 68.8% at the 6" month (RR = 1.22, 95%Cl| 0.93~1.60, p = 0.14) and
91.9 versus 81.3% at the 12" month (RR = 1.13, 95%Cl 0.93~1.37, p = 0.34).
During follow-up, no patients were diagnosed with Crohn'’s disease or intestinal
tuberculosis, and no patients developed significant complications.

Conclusion: For patients with nonspecific terminal ileal ulcers, there is no
disease progression over a short term. In addition, there is no significant
difference in clinical or endoscopic efficacy between patients who received
mesalazine and patients who are followed up without special intervention.

KEYWORDS

randomized controlled trial, nonspecific ulcers, terminal ileum, mesalazine, efficacy
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1 Introduction

In recent years, due to the deepening awareness in intestinal
diseases, the wide application of endoscopy, capsule endoscopy
and other endoscopic techniques, and the improvement in
endoscopic surgical and diagnostic skills, the detection rate
and diagnosis rate of terminal ileal ulcers have been
significantly improved (Jeong et al, 2008; Greaves and
Pochapin, 2006; Courville et al., 2009). The terminal ileum is
a common site for small intestinal lesions. Crohn’s disease (CD),
intestinal tuberculosis (ITB), nonsteroid anti-inflammatory drug
(NSAID)-related enteropathy and nonspecific terminal ileal
ulcers are common ulcerative diseases occurring at the end of
ileum (Goulart et al., 2016). Nonspecific terminal ileal ulcers are a
chronic ulcerative disease located in the terminal ileum. The
understanding of this disease is still incomplete, such as the
pathogenesis, clinical characteristics, diagnosis and treatment,
and they need to be further studied. A study showed that there
were no specific gastrointestinal symptoms or signs in patients
with nonspecific terminal ileal ulcers, which were thus easily
ignored by clinicians. Some patients even had no obvious clinical
manifestations, and ulcers were found during routine endoscopic
examinations (Kim et al., 2021). Currently, there is no standard
treatment for patients with nonspecific terminal ileal ulcers
(Karnam et al., 2001).

Mesalazine, also known chemically as 5-aminosalicylic
acid (5-ASA), is commonly used in the treatment of
(UC).
inflammatory effect on the intestinal wall after taken orally.

ulcerative  colitis Mesalazine exerts an anti-

Because of the anti-ulcer and antioxidant efficacy, mesalazine
is not only used in the treatment of UC, but also in other

2021). A showed that
mesalazine significantly attenuated NSAID-induced mucosal

diseases (Beiranvand, research
injury in patients with small bowel enteropathy (Récz et al.,
2013). In addition, a recent study showed that 5-ASA also
exerted ameliorative and protective effects on ethanolic gastric
ulcers in experimental rats by strengthening the antioxidant
defense system of gastric mucosal cells (Beiranvand and
2020). that

mesalazine yielded mild adverse reactions and was a

Bahramikia, Relevant studies revealed
relatively safe drug (Klotz, 2012). Therefore, mesalazine
might be an effective and safe drug for nonspecific terminal
ileal ulcers. At present, the relevant studies are scarce.
Mesalazine was used in the treatment of patients with
nonspecific small intestinal ulcers in a study and showed
that the patient symptoms improved to varying degrees.
However, the disappearance of ulcers in patients was not
associated with the use of mesalazine (Wang et al., 2011).
Based on the above background, this study focused on the
clinical and endoscopic efficacy of mesalazine in treating
patients with nonspecific terminal ileal ulcers and analyzed
the clinical, endoscopic and histopathological characteristics

of the disease. The primary endpoint was the endoscopic
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remission rate at the 6™ and 12" month. The secondary
endpoints were clinical remission rate at the 1%, 6™ and 12"
month and adverse events.

2 Materials and methods

2.1 Study design

This was an observer-blinded, prospective randomized-
controlled trial. The study was approved by the Ethics
Committee of Tongji Medical College, Huazhong University
of Science and Technology, Ethics No. 2018-S (493), and was
registered on the Chinese Clinical Trial Registry website with the
registration number of ChiCTR1900027503. The sample size was
calculated according to the remission rate from the previous
studies and experience before our study. The remission rate in the
experimental group and control group was anticipated to be
90 and 65%, respectively. The estimated sample size was
32 patients per group with a risk of 0.05 and a power of 0.80,
using PASS 15.0 software. Considering 20% dropout, at least
40 subjects in each group were needed in this study.

2.2 Study subjects

A total of 86 patients with nonspecific terminal ileal ulcers
sought outpatient medical treatment in the Division of
Gastroenterology, Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology from April
2016 to January 2019, among whom 4 patients under 18 years
old were excluded. The remaining 82 patients were randomly
assigned into either the experimental group or the control
group by computer-generated the
experimental group, 41 patients were given mesalazine

randomization. In
tablets orally at 4.0 g/d, and once a day for 3 months (drug
manufacturer: FERRING INTERNATIONAL CENTER SA,
Import Drug Registration No. H20181183). Forty-one cases
in the control group were observed and followed up without
special intervention, and a light diet was highlighted in both
groups.

2.3 Inclusion and exclusion criteria

Inclusion criteria: @ Patients signed their informed consent
voluntarily; @ >18 years old, no limitation on sex; ® Endoscopy
revealed ulcers in the terminal ileum or terminal ileitis, with no
limitations on size or number of ulcers; @ No ulcers were found
in other parts of the intestinal tract by computed tomography
enterography (CTE), magnetic resonance enterography (MRE)
or capsule endoscopy within 1 month. ® Pulmonary computed
tomography (CT) imaging, purified protein derivative (PPD),
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T-cell spot test (T-SPOT) and tuberculosis antibody results were
normal; ® The patients tested negative for cytomegalovirus
DNA and Epstein-Barr virus DNA; @ Histopathology showed
nonspecific ulcers, and the surrounding mucosa showed
nonspecific inflammatory changes, with no granulomas or
crypts change.

Exclusion criteria: @ Patients with ulcerative disease in
terminal ileum such as CD, ITB, ischemic enteropathy,
infectious (bacterial, viral, fungal) enteritis, and eosinophilic
enteritis; @ Patients with characteristics of CD such as fistulas,
perianal lesions, skip lesions under endoscopy or imaging,
longitudinal/cobblestone appearance ulcers, transmural
inflammation or non-caseating granuloma. ® Patients with
caseating granuloma or positive stain/culture for acid fast-
bacillus. @ Patients who received NSAIDs, potassium chloride
tablets, diuretics or herbal remedy in the last 6 months; ®
Patients with previous abdominal surgery; ® Patients
with digestive system tumors; (@ Patients who were
pregnant or lactating; Patients who were allergic to

salicylic acid drugs.

2.4 Follow-up and outcomes

The primary endpoint was the endoscopic remission rate at
the 6" and 12" month. Secondary endpoints included the clinical
remission rate at the 1%, 6™ and 12" month and adverse events.
All patients were followed up for 12 months. If symptoms
related
occurred, then the clinical efficacy was determined to be

disappeared completely and no complications
cured. If symptoms improved without affecting the patients’
daily life or work, then the clinical efficacy was determined to
be improved. If there was no improvement or symptoms were
aggravated, then the clinical efficacy was determined to be
ineffective. Endoscopy images were read by two experienced
endoscopists who did not know about the grouping of patients. If
there were no erosions, ulcers, congestion or edema in the
terminal ileum mucosa, then it was determined to be cured. If
the lesions were fewer or smaller, they were considered to be
improved. If the endoscopic appearance was not improved or
even worse, the treatment was deemed ineffective. Remission rate

equaled cured rate plus improved rate.

2.5 Statistical analysis

Statistical analysis was performed using SPSS 23.0. For
numerical data, those conforming to a normal distribution
were expressed as the mean + standard deviation. Those
conforming to a skewed distribution were represented by the
median. A t test was used for data conforming to a normal
distribution, and a nonparametric test was used for comparisons
between groups for data conforming to a skewed distribution.
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Categorical variables were presented as the number and
percentage of patients and were analyzed by the chi-square
test or Fisher’s exact test. Results were expressed as risk ratios
(RR) with 95% confidence intervals (CI). P < 0.05 was considered
statistically significant.

3 Results

Eighty-two patients were finally enrolled, including 52 males
(63.4%) and 30 females (36.6%), with an average age of 42.84 +
12.73 years (range, 18~70) and a median course of 24 months
(range, 1~312). The baseline characteristics were compared in
Table 1.

The clinical manifestations included abdominal pain in
47 cases (57.3%), diarrhea in 15 cases (18.3%), abdominal
distension in 15 cases (18.3%), shapeless stools in 13 cases
(15.9%), constipation in 7 cases (8.5%), bloody stools in
6 cases (7.3%), tenesmus in 3 cases (3.7%) and mucous stools
in 3 cases (3.7%). Thirteen patients (15.9%) had no obvious
clinical manifestations. Clinical manifestations were shown in
Figure 1.

Endoscopic manifestations included ulcers or erosions, with
hyperemia and edema in the terminal ileum mucosa (one
representative case was shown in Figure 2). In addition, the
size of ulcers were < 5 mm in 80 patients (97.6%), multiple in
71 cases (86.6%) and superficial in 79 cases (96.3%). The
endoscopic features including ulcer size, number and depth
were shown in Figures 3A-C, respectively.

In this study, the histopathological manifestations revealed
chronic inflammatory changes in the terminal ileum mucosal
tissues, which may be accompanied by lymphoproliferative
tissues. and there were no granulomatous lesions or crypts
change (one representative case was shown in Figure 4).

3.1 Primary outcome

At the 6™ month, 8 cases were cured, 22 cases were
improved, 11 cases were ineffective, and the endoscopic
remission rate was 73.2% in the experimental group. In the
control group, 7 cases were cured, 18 cases were improved,
16 cases were ineffective, and the endoscopic remission rate was
61.0%. There was no statistically significant difference in
endoscopic efficacy (RR = 1.20, 95%CI 0.88~1.63, p = 0.24).
At the 12" month, 9 cases were cured, 27 were improved, 5 were
ineffective, and the endoscopic remission rate was 87.8% in the
experimental group. In the control group, 10 cases were cured,
22 were improved, 9 were ineffective, and the endoscopic
78.0%.
significant difference in endoscopic efficacy (RR = 1.13, 95%
CI0.92~1.37, p = 0.24). The comparison of endoscopic efficacy

remission rate was There was no statistically

between two groups was shown in Table 2.
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TABLE 1 Baseline features of the patients,

Patients

Male-female ratio

Average age (years)

Median course (months)
current
Smoking past
never
current
Drinking past

never
abdominal pain

Clinical manifestations diarrhea

abdominal distension

shapeless stools

constipation

bloody stools

tenesmus

mucous stools

no symptoms

80 =

57.3%

)
;

Percentage(%
It

%)
S
1

18.3% 18.3% 15.9% 15.9%

85% 7.3%

3.7% 3.7%
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FIGURE 1

Clinical manifestations in patients with nonspecific terminal
ileal ulcers (n = 82).

3.2 Secondary outcomes
3.2.1 Clinical remission rate

There were no obvious clinical manifestations in 13 patients
(4 in the experimental group and 9 in the control group), so they
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compared between 2 groups.

Experimental group
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FIGURE 2
Endoscopy image: Multiple superficial ulcers with white moss
in the terminal ileum.

were not included in the clinical efficacy evaluation. In the
experimental group, 7 cases were cured, 19 cases were
improved, 11 cases were ineffective, and the clinical remission
rate was 70.3% at the 1* month. In the control group, 5 cases were
cured, 9 cases were improved, 18 cases were ineffective, and the
clinical remission rate was 43.8% at the 1** month. The difference
in clinical efficacy between the two groups was statistically
significant (RR = 1.61, 95%CI 1.03~2.51, p = 0.03). At the 6"
month in the experimental group, 9 patients were cured, 22 were
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BE= multiple
=1 single

E <5mm
= >5mm

B superficial
=1 deep

FIGURE 3
(A) Endoscopic features in patients with nonspecific terminal ileal ulcers (ulcer size). (B) Endoscopic features in patients with nonspecific
terminal ileal ulcers (ulcer number). (C) Endoscopic features in patients with nonspecific terminal ileal ulcers (ulcer depth).

ineffective treatment, and the clinical remission rate was
91.9%. In the control group, 8 cases were cured, 18 cases were
improved, 6 cases were ineffective, and the clinical remission rate
was 81.3%. There was no statistically significant difference in
clinical efficacy between the two groups (RR = 1.13, 95%CI
0.93~1.37, p = 0.34) as shown in Table 3.

3.2.2 Adverse events

In the experimental group, only 2 patients showed slight
abdominal distension and nausea, respectively, which was not
serious enough to stop the medication.

4 Discussion

FIGURE 4 Nowadays, terminal ileal ulcers are increasingly common
Histopathology image (HEx100): Chronic inflammatory

changes in mucosal tissues, lymphocytic infiltration and numerous . .
inflammatory cells exudation and necrosis. underwent ileoceroscopy, and found that 74 patients (5.0%)

had terminal ileal ulcers (Mehta et al., 2017). Terminal ileal
ulcers may be caused by a wide variety of diseases, including CD,
NSAID, ITB, eosinophilic enteritis and so on (Dilauro and

under endoscopy. A study included 1497 patients who

improved, and 6 had ineffective treatment, and the clinical Crum-Cianflone, 2010). In addition, there are a significant
remission rate was 83.8%. In the control group, 6 cases were part of patients with nonspecific terminal ileal ulcers. For
cured, 16 cases were improved, 10 cases were ineffective, and the example, in the previously mentioned study, about 40% of
clinical remission rate was 68.8%. There was no statistically 74 patients were diagnosed with this disease (Mehta et al,
significant difference in clinical efficacy (RR = 1.22, 95%CI 2017). Nonspecific terminal ileal ulcers are a nonspecific ulcer
0.93~1.60, p = 0.14). At the 12" month, 11 patients in the of the small intestine that occurs in the terminal ileum and does
experimental group were cured, 23 were improved, 3 had not involve the rest part of the small intestine or the upper
Frontiers in Pharmacology frontiersin.org
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TABLE 2 Endoscopic efficacy comparison of the patients between 2 groups (n = 82).

10.3389/fphar.2022.989654

Follow-up Groups Remission rate (%) Ineffective rate P RR (95%CI)
(%)
Cured rate Improved rate
(%) (%)
6™ month Experimental group 8 (19.5) 22 (53.7) 11 (26.8) 0.24 1.20 (0.88~1.63)
Control group 7 (17.1) 18 (43.9) 16 (39.0)
12® month Experimental group 9 (22.0) 27 (65.9) 5(12.2) 0.24 1.13 (0.92~1.37)
Control group 10 (24.4) 22 (53.7) 9 (22.0)
TABLE 3 Clinical efficacy comparison of the patients between 2 groups (n = 69).
Follow-up Groups Remission rate (%) Ineffective rate P RR (95%CI)
(%)
Cured rate Improved rate
(%) (%)
1** month Experimental group 7 (18.9) 19 (51.4) 11 (29.7) 0.03 1.61 (1.03~2.51)
Control group 5 (15.6) 9 (28.1) 18 (56.3)
6™ month Experimental group 9 (24.3) 22 (59.5) 6 (16.2) 0.14 1.22 (0.93~1.60)
Control group 6 (18.8) 16 (50.0) 10 (31.3)
12™ month Experimental group 11 (29.7) 23 (62.2) 3 (8.1) 0.34 1.13 (0.93~1.37)
Control group 8 (25.0) 18 (56.3) 6 (18.8)

digestive tract, which pathogenesis is still unclear. Due to the long
disease course, some patients were misdiagnosed as functional
bowel disease before being diagnosed with nonspecific terminal
ileal ulcers (Wang et al., 2011).

A study showed that the common clinical manifestations of
patients with nonspecific terminal ileal wulcers included
abdominal pain, diarrhea, abdominal distension, constipation
and bloody stools. Besides, fever and weight loss were less
common than patients with CD and ITB (Kedia et al., 2016).
In this study, most patients presented with abdominal pain,
diarrhea, abdominal distension, shapeless stools, constipation
or bloody stools, and no patients presented with fever or
significant weight loss, which was consistent with the previous
study (Zhong et al, 2020). The endoscopic manifestations
included multiple, superficial and small ulcers without
intestinal ~ stricture or malformation. Histopathological
manifestations revealed nonspecific inflammation, without
granulomas, eosinophil infiltration or viral inclusions. In
addition, the endoscopic manifestations were not always
parallel to the clinical manifestations, and there were no new
clinical manifestations or complications such as intestinal
perforation or intestinal obstruction during a follow-up period
of 7 years (Wang et al.,, 2011). Therefore, it was suggested in some
studies that routine biopsy was not required for patients with
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terminal ileal ulcers who did not consider the diagnosis of IBD
(Velidedeoglu et al., 2015). In this study, 82 patients presented
with  nonspecific ~ endoscopic ~ and  histopathological
manifestations, with a benign disease course, which was
basically consistent with other related studies.

No effective medications are validated for the treatment of
nonspecific terminal ileal ulcers, and symptomatic treatment is
the main choice in clinical. A study indicated that the symptoms
and endoscopic manifestations in some patients could be
improved to varying degrees when they were observed and
followed up without medications (Kim et al, 2021).
Mesalazine has been used in the treatment of UC since the
1940s, and is currently a commonly used medication for mild to
moderate UC (Chibba and Moss, 2020). It was reported that the
mechanisms of action may include blocking the production of
proinflammatory factors, downregulating the production of anti-
angiogenic factors and promoting the healing of intestinal
epithelial wounds (MacDermott, 2000; Desreumaux and
Ghosh, 2006; Lyakhovich and Gasche, 2010). The adverse
reactions of mesalazine are minor and generally well tolerated
in patients of different age groups, without dose-related side
effects (Sehgal et al, 2018; Cuffari et al., 2016). Therefore,
mesalazine may be an effective medication for the treatment
of nonspecific terminal ileal ulcers. However, the related studies
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are scarce, and especially randomized controlled trials about
mesalazine in the treatment of nonspecific terminal ileal ulcers
are currently lacking. There was a study in which 2 patients with
nonspecific small intestinal ulcers were treated orally with
and their
symptoms improved to varying degrees, but the ulcers

symptomatic treatment including mesalazine,
persisted or recurred (Wang et al.,, 2011). In our study, among
41 patients treated with mesalazine, 30 cases (73.2%) and 36 cases
(87.8%) achieved endoscopic remission at the 6™ and 12" month,
respectively, which was not significantly different from 25 cases
(61.0%) and 32 cases (78.0%) in the control group. Similarly,
there was no significant difference in clinical remission rate at the
6" and 12" month between two groups. Therefore, regular
follow-up without medications might be a better choice for
patients with nonspecific terminal ileal ulcers in clinical practice.

There were several advantages in our study. Firstly, this is the
first research to focus on the clinical and endoscopic efficacy of
mesalazine in treating patients with nonspecific terminal ileal
ulcers. And our study was a prospective randomized controlled
trial, with accurate data and small bias. In addition, repeated
12 months
demonstrated the prognosis of patients in different periods, as

clinical and endoscopic follow-up within
well as the efficacy of mesalazine compared with the control.
However, our study also has the following limitations: insufficient
patient enrollment and follow-up period; the endoscopic remission
rate at the 1* month could not be analyzed because most patients
were reluctant to undergo the preparation process for colonoscopy.
Besides, patients in the control group received no drugs, and it is
obvious for them to know the grouping, so psychological factors
cannot be ruled out for the results. Multi-center, large-scale and
long-term prospective randomized controlled trials are needed for

further study.

5 Conclusion

Common clinical manifestations in patients with nonspecific
terminal ileal ulcers include abdominal pain, diarrhea, abdominal
distension, constipation and bloody stools, and about 16% of
patients have no obvious clinical manifestations. Endoscopic
manifestations include ulcers or erosions, with hyperemia and
edema in the terminal ileum mucosa. Histopathology shows
chronic inflammatory changes in the terminal ileum mucosal
tissues. No new symptoms or intestinal complications occurs
during the 12-month follow-up. In addition, there is no
significant difference in clinical or endoscopic efficacy between
patients who receive mesalazine and patients who are followed
up without special intervention, which needs to be further
explored in future clinical studies.
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Methanolic Moringa oleifera leaf
extract protects against epithelial
barrier damage and enteric
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intestinal I/R: Possible role of
caspase 3

O A. Afolabi?, T M. Akhigbe??, R E. Akhigbe®**, B A. Alabi*,
O T. Gbolagun?, M E. Taiwo?, O O. Fakeye® and E O. Yusuf?
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Toxicology Research Laboratory, Oasis of Grace Hospital, Osogbo, Osun, Nigeria, “Department of
Pharmacology, Bowen University, Ogbomoso, Nigeria

Background: Activation of caspase 3 has been implicated in the pathogenesis of
I/R injury in various organs, but there is a paucity of data on its role in IIRI. Also,
no reports were found on the beneficial role of methanolic Moringa oleifera leaf
extract (MMOLE) in IIRI. This study investigated the involvement of caspase 3 in
[IRI, and the impact of MMOLE in IIRI.

Methods: Male Wistar rats were randomized into five groups; the sham-
operated group that was sham-operated and received 0.5ml of distilled
water for 7 days prior to sham surgery, and the IIRI, febuxostat (FEB) +IIRI,
low dose MMOLE (LDMO)+IIRI, and high dose MMOLE (HDMO)+IIRI groups
that underwent I/R and also received 0.5 ml of distilled water, 10 mg/kg of
febuxostat, 200 mg/kg of MMOLE, and 400 mg/kg of MMOLE respectively for
7 days prior to I/R. Markers of hepatic function, oxidative stress, and
inflammation as well as enteric bacterial translocation and histoarchitecture
integrity of intestinal and hepatic tissues were evaluated. The bioactive
components of MMOLE were also determined by GC-MS.

Results: As revealed by GC-MS, the active bioactive components of MMOLE
were thiosemicarbazone, hydrazine, 1,3-dioxolane, octanoic acid, 1,3-

Abbreviations: AST, aspartate transaminase; ALT, alanine transferase; Caspase 3, cysteine-aspartic
protease 3; EMB, eosin-methylene blue; GC-MS, Gas chromatography-mass spectrophotometric;
GGT, gamma-glutamyl transferase; GPx, glutathione peroxidase; GSH, reduced glutathione; Hb,
haematocrit ount; IL-6, interleukin-6; IR, ischaemia/reperfusion; IIRI, intestinal ischaemia/
reperfusion injury; LDH, lactate dehydrogenase; MCCA, Mac Conkey agar; MCHC, mean
corpuscular haemoglobin concentration; MCV, mean corpuscular volume; MDA, malondialdehyde;
MODS, multiple organ dysfunction syndrome; MPO, myeloperoxidase; NA, nutrient agar; NF-kB,
nuclear factor kappa-light-chain-enhancer of activated B cells; PCV, packed cell volume; RBC, red
blood cell count; ROS, reactive oxygen species; WBC, white blood cell count; SIRS, systemic
infammatory response syndrome (SIRS); SOD, superoxide dismutase; TNF-a, tumour necrotic
factor-a.
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benzenediamine, 9-octadecenoic acid, oleic acid, nonadecanoic acid, 3-
undecanone, phosphonic acid, and cyclopentanecarboxylic acid. MMOLE
alleviated [IRI-induced rise in intestinal and hepatic injury markers,
malondialdehyde, TNF-a, IL-6, and myeloperoxidase activitiess. MMOLE
improved IIRI-induced suppression of reduced glutathione, thiol and non-
thiol proteins, and superoxide dismutase, catalase and glutathione
peroxidase activities. These were associated with suppression of lIRI-induced
caspase 3 activity and bacterial translocation. Histopathological evaluation
revealed that MMOLE attenuated IIRI-induced alterations in intestinal and
hepatic histoarchitecture integrity. MMOLE also militated against increased
absolute and relative intestinal and hepatic weight, intestinal and hepatic
injuries, epithelial mucosal barrier dysfunction, and enteric bacterial
translocation associated with 1IRI by downregulating oxidative stress-
mediated activation of caspase 3.

Conclusion: IIRIl is associated with a rise in caspase 3 activity. Also, MMOLE
confers protection against lIRI, possibly due to its constituent bioactive
molecules, especially hydrazine, 9-octadecenoic acid, 1,3-dioxolane, oleic

acid, and nonadecanoic acid.

KEYWORDS

Apoptosis, bacterial translocation, hepatic function, inflammation, ischaemia/
reperfusion, Moringa oleifera, oxidative stress, torsion/detorsion

1 Introduction

Intestinal ischaemia/reperfusion injury (IIRI) is a life-
threatening condition with high morbidity and mortality. It
is associated with several pathologies such as small bowel
transplantation, septic shock, cardiopulmonary resuscitation,
and mesenteric artery embolization (Wen et al., 2020). IIRI
involves a series of pathological events stimulated by abrupt
disruption of blood flow and subsequent establishment of
blood flow, leading to increased generation of reactive
oxygen species (ROS), inflammation, and apoptosis (Liu
et al,, 2020). This cascade of events alters the integrity of
the intestinal mucosal barrier, thus facilitating bacterial
translocation (BT) and the release of endotoxins into the
liver and eventually into the systemic circulation to affect
remote organs such as the lungs and the kidneys (Park et al,,
1990; Kubes, 1993). This may eventually culminate in systemic
inflammatory response syndrome (SIRS), multiple organ
dysfunction (MODS), and multiple organ failure (MOF)
(Feng et al., 2017).

Although the mechanisms associated with IIRI and BT is yet
to be fully understood, it has been demonstrated that oxidative
stress (an imbalance between ROS generation and scavenging)
(Akhigbe and Ajayi, 2021) and pro-inflammatory cytokines play
a key role (Mallick et al., 2004). Hence, the use of antioxidants
with anti-inflammatory activities, such as M. oleifera, may be
useful in the management of IIRI and its attendant
complications.

Frontiers in Pharmacology

M. oleifera, a member of the family Moringaceae popularly
called drumstick, is a small to medium sized tree that is about
10-15 m high and is widely cultivated in Asia, West Indies, South
America, and Nigeria (Sreelatha and Padma, 2009). In Nigeria, it
is known by different names; ‘Okwe oyibo’ in Igbo, ‘Gawara’ or
‘Habiwal’ in Hausa and ‘Adagba maloye’ or ‘Ewe Igbale’ in
Yoruba. Studies have shown that various parts of the plant
(especially the leaves, seeds and roots) have medicinal value.
Moringa oleifera has been demonstrated to possess analgesic,
antipyretic, anti-diabetic, and hypotensive properties (Saka et al.,
2020). It has also been reported to exert antioxidant (Charoensin,
2014; Saka et al., 2020), anti-inflammatory (Cheenpracha et al.,
2010), and antimicrobial/antibacterial (Rahman et al., 2009)
activities. Although various parts of the plants exert these
activities, the leaves have been reported to be commonly used
due to its wide range of beneficial biological activities (Xu et al.,
2019). The biological activities of Moringa oleifera have been
attributed to its phytochemical constituents, viz. carotenoids,
vitamins, minerals, amino acids, saponins, terpenoid, sterols,
glycosides, alkaloids, flavonoids, tannins, anthraquinones, and
phenolics (Siddhuraju and Becker, 2003; Anwar et al., 2007; Saka
et al,, 2020). Although, reports on the effect of Moringa oleifera
on caspase 3-mediated apoptosis are scarce, it is likely that
Moringa oleifera-mediated maintenance of redox balance and
modulation of cytokines suppresses caspase 3 activity. Thus, we
speculated that Moringa oleifera prevents IIRI-induced hepato-
intestinal injury and BT by inhibiting oxidative stress,
inflammation, and apoptosis.
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Therefore, this study evaluated the effect of methanolic Moringa
oleifera leaf extract (MMOLE) in IIRI and IIRI-induced BT, and also
confirmed whether or not suppression of oxidative stress,
inflammation, and caspase 3-mediated apoptosis mediate the
effect of MMOLE in IIRI.

2 Materials and methods
2.1 Plant collection

Fresh leaves of M. oleifera were harvested at California area,
Ogbomoso, Oyo State, Nigeria (8.1333°N, 4.2356°E). Plants were
collected monthly throughout year 2020 and mixed together to
avoid the influence of seasonal variation. The plant was identified
and authenticated by Dr. Mrs. Ogundola of the Botany Unit,
Department of Pure and Applied Biology, Ladoke Akintola
University of Technology, Ogbomoso. The name of the
botanical was confirmed on http://www.theplantlist.org
(accessed on 20 July 2021). A voucher specimen, LHO 616,
was obtained and kept in the Herbarium at the Department of
Botany, Ladoke Akintola University of Technology, Ogbomoso,
Nigeria.

2.2 Preparation of plant extract

Methanolic M. oleifera leaf extract (MMOLE) was made
as earlier reported (Sofowora, 1993; Ogundola et al., 2021).
Fresh leaves of Moringa oleifera were air-dried for 2 weeks
and pulverized using electric blender. About 500 g of the
obtained sample was soaked in 70% methanol for 72h
(3 days). After 3 days, the samples were filtered with
muslin paper to separate the residue from the filtrate.
The filtrate was then poured inside the round bottom
flask of the Soxhlet apparatus and heated for 1 hour at
60°C, then poured inside a beaker and placed in a water
bath for concentration at 100°C for 24 h. The obtained yield
was 11.72%.

2.3 Gas chromatography-mass
spectrophotometricanalysis

The constituent bioactive molecules of methanolic M.
oleifera leaf extract were identified by gas chromatography-
mass  spectrophotometric  (GC-MS) analysis  following
established methods (Mamza et al., 2012). The database of
National Institute of Standard and Technology (NIST) was
employed in interpreting the mass spectrum of GC-MS to
ascertain the name, molecular weight and structure of the
obtained bioactive molecules.
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2.4 Experimental animals

The present study was conducted in the animal house of the
Department of Physiology, Ladoke Akintola University of
Ogbomoso, Ethical approval
obtained from the Ethics Review Committee of the Faculty of
Basic Medical Sciences of the institution. Fifty adult male Wistar

Technology, Nigeria. was

rats of similar weight (190 = 5g) were used for this study.
Animals were allowed to feed on standard rat chow and drink
water ad’libitum. Animals were humanely cared for in
accordance with the guidelines for the care and use of
laboratory animals as published by the US National Institutes
of Health (NIH Publication No. 85-23, revised 1996).

2.5 Experimental design

Animals were allowed to acclimatize for 2 weeks, and then
randomized into five groups (n = 10). The sham group was sham-
operated and received 0.5 ml of distilled water for 7 days prior to
the sham operation, while the IIRI, febuxostat (FEB) +IIRI, low
dose methanolic Moringa oleifera leaf extract (LDMO)+IIRI, and
high  dose oleifera  leaf
(HDMO)+IIRI groups underwent I/R procedure. In addition
to the I/R procedure, IIRI, FEB + IIRI, LDMO + IIRI, and HDMO
+ IIRI received 0.5 ml of distilled water, 10 mg/kg of febuxostat,
200 mg/kg of methanolic M. oleifera leaf extract, and 400 mg/kg
of methanolic M. oleifera leaf extract respectively for 7 days prior

methanolic ~ Moringa extract

to I/R procedure. Febuxostat was used as a standard control drug
with anti-inflammatory and antioxidant properties that protect
against I/R injury (Tsuda et al, 2012; Saban-Ruiz et al., 2013).
The drugs were administered via gavage. The doses of febuxostat
(Khames et al., 2017) and M. oleifera (Kirisattayakul et al., 2013)
were as previously reported.

IIRI was induced as previously reported (Yildiz et al., 2009)
with
anesthetized with 10 mg/kg of Xylazine and 50 mg/kg of

some modifications. Animals were weighed and
Ketamine. The abdomen was cleaned with 10% povidone
iodine, a ventral midline incision was made on the abdomen
and the intestine was mobilised. About Five 5 cm of the ileum
was measured proximally from the illio-cecal junction and a
further 5cm measured proximal to the first 5cm. The most
proximal 5cm of ileum was folded on itself and twisted
720°%lockwise. The twisted ileum was then anchored to the
anterior abdominal wall by placing a 3-0 chromic suture
round it and through the avascular part of the mesentery. The
abdomen was then closed lightly with 3-0 chromic suture after
which the animal was left for 45 minutes. At the expiration of the
45 min of ischemia, the abdomen was reopened. Loss of pulsation
was observed to confirm that ischemia has occurred. Reperfusion
was induced by reopening the abdomen, untwisting the ileum and

closing the abdomen again. The animals were then left for 24 h.

frontiersin.org


http://www.theplantlist.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.989023

Afolabi et al.

2.6 Sacrifice and tissue collection

After 24 h of reperfusion, animals were euthanized, blood
was obtained via retro-orbital vein, and the reperfused intestine
and liver were immediately harvested, and weighed after
separating adhering structures. The relative intestinal weight
was determined as the weight of the intestine divided by the
body weight multiplied by 100, while the relative hepatic weight
was determined as the weight of the liver divided by the body
weight multiplied by 100.

Portions of the intestinal and hepatic tissues were
homogenized in appropriate volume of cold phosphate buffer
saline using a glass homogenizer. The homogenates were
centrifuged at 10,000 g forl5 min in cold centrifuge at 4°C to
obtain the supernatant fractions.

Also, portions of the intestinal and hepatic tissues were
obtained and fixed in 10% formalin-phosphate-buffered saline
at 4°C overnight for histopathological examination.

2.7 Biochemical analyses

2.7.1 Haematological indices

A drop of blood was used to prepare a peripheral blood
smear. The peripheral blood smear was stained with modified
Wright Geimsa using an automated slide stainer (Hematek,
Miles, Elkhart, IN). The peripheral blood smear was used to
determine red blood cell count (RBC), platelet count, and
(WBC) The
remaining blood sample was subjected to complete/full

white blood cell count and differentials.
blood count analysis with an automated hematology
instrument (Abbott Cell-Dyn 3500 Hematology Analyzer,
Abbott Labs, Abbott Park, IL) for haematocrit ount (Hb),
packed cell volume (PCV), mean corpuscular volume (MCV),
mean corpuscular haemoglobin concentration, (MCHC),
platelet count and differential white blood cell counts for
lymphocytes, and granulocytes.

2.7.2 Tissue injury markers

The activities of aspartate transaminase (AST), alanine
transferase (ALT), and gamma-glutamyl transferase (GGT) in
the assayed by
spectrophotometry as previously reported (Saka et al., 2011).

intestinal and hepatic tissue were

2.7.3 Markers of oxidative stress and antioxidant
levels

The intestinal and  hepatic  concentrations  of
malondialdehyde (MDA) and reduced glutathione (GSH)
(Akhigbe et al, 2021), and the activities of superoxide
dismutase (SOD), catalase, and glutathione peroxidase (GPx)
(Hamed et al., 2021; Hamed et al., 2022) in the intestinal and
hepatic tissues were assayed by spectrophotometry as previously
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reported. Thiol and non-thiol proteins were assayed by
colorimetry as earlier reported (Jocelyn, 1987; Hu, 1994).

2.7.4 Markers of inflammation

Myeloperoxidase (MPO) activities in the intestinal and
hepatic tissues were determined by colorimetric methods as
earlier documented (Hamed et al., 2021). The intestinal and
hepatic levels of tumour necrotic factor-a (TNF-a) and
(IL-6) were determined using ELISA Kits
(Elabscience Biotechnology Inc., United States) according to

interleukin-6
the manufacturers’ guidelines.

2.7.5 Marker of apoptosis

The activities of caspase 3 in the intestinal and hepatic tissues
were assayed using ELISA kits (Elabscience Biotechnology Inc.,
United States) according to the manufacturers’ guidelines.

2.8 Microbiological analysis

Bacterial translocation was determined as previously
(Ozkan 2009)
conditions. Briefly, some portions of the intestinal and

reported et al, under strict sterile
hepatic tissues were cut into pieces with a sterile blade
and added to 1 ml of Mueller-Hinton Broth. The samples
were homogenized and about 100 pl of each sample was
inoculated into nutrient agar (NA), eosin-methylene blue
(EMB), and Mac Conkey agar (MCCA) for colony counts.
The cultures were incubated for 48 h and observed for the
presence of growth under either aerobic or anaerobic

conditions.

2.9 Histopathological analysis

Formalin-phosphate-buffered saline-fixed intestinal and
hepatic tissues were dehydrated and embedded in paraffin
wax. About 5pum thick sections were cut and stained with
hematoxylin-eosin and examined under light microscope by
two pathologists who were blinded to the study protocol.
Photomicrographs were taken at x100 and x400 magnifications.

Intestinal (Chiu et al., 1970) and hepatic (Eckhoff et al., 2002)
histomorphological damage was scored using the Chiu and
Eckhoff’s score respectively. The mean values for each variable
obtained by both pathologists were used as the values of the
variables.

The digital photomicrographs obtained were imported unto
Image] Software (NIH, Bethesda, MD, United States) with
specific plugins for quantification. The villus height and crypt
depth were determined by two experts. The mean values for each
variable obtained by both experts were used as the values of the
variables.
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TABLE 1 Effect of intestinal ischaemia/reperfusion (I/R) and methanolic Moringa oleifera leaf extract on full blood count.

RBC (x 10'%/L)
Hb (g/dl)

PCV (%)

MCV (fL)
MCHC (g/L)
WBC (10°/L)
Lymphocytes (%)
Granulocytes (%)

Platelets (10°/L)

Sham

6.66 + 0.29
13.02 £ 0.68
36.4 + 1.67
54.69 + 1.16
345.20 + 12.74
9.87 £ 0.30
74.74 + 1.45
16.83 + 0.65
361.00 + 42.45

IIRI

7.44 £ 0.64°
14.78 £ 0.41°
39.90 + 0.68"
53.73 £ 0.65
354.80 + 3.39
13.03 + 1.14°
61.90 + 1.74*
27.83 £191°
335.30 + 15.95

FEB + IIRI

7.52 + 0.64°
14.22 + 0.48°
38.74 + 1.36°
54.30 + 1.52
362.80 + 7.43°
5.12 + 0.56*"
60.30 + 2.18°
13.00 + 1.14*°
483.60 + 33.50*"

p < 0.05 versus sham, ®p < 0.05 versus IIRI, p < 0.05 versus FEB+IIRI, %p < 0.05 versus LDMO+IIRI
Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test. Values are expressed as mean + SD of 10 rats per group.
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Effect of intestinal ischaemia/reperfusion (I/R) and methanolic Moringa oleifera leaf extract on intestinal weight (A), hepatic weight (B), relative
intestinal weight (C), and relative hepatic weight (D). [IRI: Intestinal ischaemia/reperfusion injury, FEB: febuxostat, LDMO: low dose Moringa oleifera,
HDMO: high dose Moringa oleifera, ® p < 0.05 versus sham, °p < 0.05 versus IIRI. Data were analyzed by one-way ANOVA followed by Tukey's post

hoc test. Values are expressed as mean + SD of 10 rats per group
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Effect of intestinal ischaemia/reperfusion (I/R) and methanolic Moringa oleifera leaf extract on intestinal (A) and hepatic aspartate transaminase,
AST (B), intestinal (C) and hepatic alanine transaminase, ALT (D), and intestinal (E) and hepatic gamma-glutamyltransferase, GGT (F). lIRI: Intestinal
ischaemia/reperfusion injury, FEB: febuxostat, LDMO: low dose Moringa oleifera, HDMO: high dose Moringa oleifera, ® p < 0.05 versus sham, °p <
0.05 versus IIRI. Data were analyzed by one-way ANOVA followed by Tukey's post hoc test. Values are expressed as mean + SD of 10 rats per

group.

2.10 Statistical analysis

GraphPad Prism (Versions 7.00) was used for data
analysis. D’Agostino Pearson Omnibus and Shapiro-Wilk
normality tests were conducted to ascertain that the data
set were normally distributed. Comparisons of mean values
were made by Analysis of variance (ANOVA) followed by
Tukey’s posthoc test for pair-wise comparison. Data are
+ A p

presented as means standard deviations.

value <0.05 was considered significant.
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3 Results

3.1 Bioactive compounds of methanolic M.
oleifera leaf extract

Supplementary Table S1 and Supplementary Figure S1 show
the bioactive compounds of methanolic M. oleifera leaf extract
revealed by GC-MS. It that
cyclopentanecarboxylic acid had the highest retention time
(18.676 min), followed by phosphonic acid (17.072 min) and

as was  observed
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test. Values are expressed as mean + SD of 10 rats per group.

3-undecanone (16.023 min), while thiosemicarbazone had the
least (2.631 min) followed by hydrazine (3.987 min) and 1,3-
dioxolane (5.379 min). Hydrazine was found to be the highest
compound (14.50%), followed by 9-octadecenoic acid
(8.74%), 1,3-dioxolane (2.92%), and oleic acid (2.14%). The
chemical properties of these organic constituents are shown in
Table 1 and the chemical structures are provided in
Supplementary Figure S2.

3.2 Organ weight

As shown in Figure 1, I/R led to a significant increase in the
absolute and relative intestinal and hepatic weight compared
with the animals in the sham group. I/R-induced increase in the
absolute and relative intestinal and hepatic weight were
significantly attenuated by FEB, LDMO, and HDMO. The
effects of MMOLE on absolute and relative intestinal and
hepatic weight were not dose-dependent.

Frontiers in Pharmacology

3.3 Intestinal and hepatic injury markers

To investigate the effect of IIRI and MMOLE on tissue injury
markers, AST, ALP, and GGT activities were estimated
(Figure 2). It was noted that intestinal I/R significantly
elevated intestinal and hepatic AST, ALP, and GGT activities
compared with the sham group. I/R-induced rise in injury
markers was significantly attenuated by FEB, LDMO, and
HDMO. The effects of MMOLE on these injury markers were
not dose-dependent.

3.4 Markers of oxidative stress and
inflammation

IIRI significantly increased intestinal and hepatic MDA.
The observed I/R-led rise in MDA was significantly abrogated
by FEB, LDMO, and HDMO. In addition, I/R caused a
considerable reduction in intestinal and hepatic GSH, thiol
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Effect of intestinal ischaemia/reperfusion (I/R) and methanolic Moringa oleifera leaf extract on markers of inflammation in the intestinal and
hepatic tissues. MPO: Myeloperoxidase, TNF-a: tumour necrotic factor- a, IL-6: interleukin-6. IIRI: Intestinal ischaemia/reperfusion injury, FEB:
febuxostat, LDMO: low dose Moringa oleifera, HDMO: high dose Moringa oleifera,  p < 0.05 versus sham, °p < 0.05 versus lIRI, °p < 0.05 versus FEB +
IIRI. Data were analyzed by one-way ANOVA followed by Tukey's post hoc test. Values are expressed as mean + SD of 10 rats per group.

and non-thiol protein concentrations as well as SOD, catalase,
and GPx activities. I/R-driven decline in these antioxidants
was significantly blocked by FEB, LDMO, and HDMO.
Although the effects of MMOLE on enzymatic and non-
enzymatic antioxidants were observed to be dose-
independent, MMOLE exerted a dose-dependent effect on
intestinal levels of thiol and non-thiol protein, and SOD
activity (Figure 3).

In addition, intestinal I/R caused a marked increase in
intestinal and hepatic MPO activities and TNF-a and IL-6
concentrations compared with the sham-operated group. I/
R-driven rise in these inflammatory markers were significantly
ameliorated by FEB, LDMO, and HDMO treatments. The effects
of MMOLE on MPO, TNF-q, and IL-6 were dose-independent

(Figure 4).

Frontiers in Pharmacology

3.5 Apoptotic markers

Intestinal I/R significantly upregulated intestinal and hepatic
caspase 3 activities compared with the sham group. I/R-driven
rise in caspase 3 activities was significantly abrogated by FEB,
LDMO, and HDMO treatments. The effect of MMOLE
treatment on caspase 3 activity was not dose-dependent

(Figure 5).

3.6 Intestinal and hepatic
histoarchitecture

Histopathological examinations revealed that the sham-
operated rats had normal villi from mucosal layer with mild
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Effect of intestinal ischaemia/reperfusion (I/R) and methanolic Moringa oleifera leaf extract on caspase 3 activities in the intestinal and hepatic
tissues. IIRI: Intestinal ischaemia/reperfusion injury, FEB: febuxostat, LDMO: low dose Moringa oleifera, HDMO: high dose Moringa oleifera, ® p <
0.05 versus sham, °p < 0.05 versus IR, °p < 0.05 versus FEB + |IRI. Data were analyzed by one-way ANOVA followed by Tukey's post hoc test. Values

are expressed as mean + SD of 10 rats per group.

lymphocyte infiltration in the lumen, moderate inter-glandular
infiltration of inflammatory cells in the propria showed, and
moderate infiltration of inflammatory cells in the submucosal
layer. However, IIRI led to moderately inflamed villi from
mucosal layer with moderate infiltration by inflammatory
cells, severe infiltration of the lumen by lymphocytes and
of
inflammatory cells in the propria, and moderate to severe

polymorphs,  severe  inter-glandular infiltration
infiltration of the submucosal layer by inflammatory cells. The
febuxostat FEB + IIRI showed well preserved villi from mucosal
layer, mild inflammatory cells infiltration of the lumen and
lamina propria, and a well-preserved submucosal layer and
circular muscle. MMOLE treatments, in low and high doses,
preserved the villi, although there was moderate lymphocytic
infiltration and mild inter-glandular infiltration of inflammatory
cells of the lumen and propria respectively. Animals treated with
LDMO had normal submucosal layer, while those treated with
HDMO had mildly infiltrated submucosal layer (Figure 6).

In addition, the sham-operated rats showed preserved
hepatic histoarchitecture with normal central venules, portal
triads, hepatocytes, and sinusoids. IIRI led to moderately
congested central venules and mildly dilated sinusoids with
normal hepatocytes. FEB + IIRI rats showed mildly congested
mildly dilated

hepatocytes. MMOLE treatments showed normal central

central venules, sinusoids, with normal
venules without congestion and normal hepatocytes with
mildly dilated sinusoids (Figure 7).

Figure 8 shows the histomorphological changes in the

intestinal and hepatic tissues using the Chiu and Eckhoff’s
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scores respectively. When compared with the sham-operated,
IIRI led to increased intestinal injury (evidenced by increased
Chiu’s score) and hepatic injury (evidenced by increased
Eckhoff’s score). Administration of FEB, LDMO, and HDMO
significantly blunted IIRI-induced intestinal and hepatic injury.
The impact of M. oleifera on IIRI-driven intestinal and hepatic
injury was not dose-dependent. Furthermore, significantly
shorter villus length and reduced crypt depth were seen in
IIRI rats compared to the sham-operated. IIRI-led reductions
in villus length and crypt depth were blunted by FEB and
MMOLE administrations. MMOLE improved the villus length
and crypt depth in a dose-dependent manner.

3.7 Bacterial translocation

IIRI significantly increased the bacteria count in intestinal
and hepatic tissues compared with the sham-operated group in
all the culture media used. FEB and MMOLE treatments
significantly IIRI-led count.
Interestingly, although the bactericidal activity of MMOLE
was not dose-dependent, it significantly reduced bacteria

reduced rise in bacteria

count at the low and high doses when compared FEB
treatment (Figure 9).

3.7.1 9 Haematological indices

When compared with the control, IIRI significantly reduced
lymphocyte and platelet counts, increased RBC, Hb, PCV, WBC,
and granulocytes, but did not alter MCV and MCHC. FEB
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FIGURE 6
Effect of intestinal ischaemia/reperfusion (I/R) and
methanolic Moringa oleifera leaf extract on intestinal
histoarchitecture. The sham-operated rats showed normal villi
from mucosal layer (white arrow). The lumen showed mild
lymphocytes infiltration and the propria showed moderate inter-
glandular infiltration of inflammatory cells (slender arrow). The
submucosal layer was moderarely infiltrated by inflammatory cells
(blue arrow). The intestinal ischaemia/reperfusion injury (IIRI)
group showed moderately inflamed villi from mucosal layer which
is moderately infiltrated by inflammatory cells (white arrow) and
neutrophils (circle). The lumen showed severe infiltration of
lymphocytes and polymorphs, and the propria showed severe
(Continued)
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inter-glandular infiltration of inflammatory cells (slender

arrow). The submucosal layer appeared moderately to severely
infiltrated by inflammatory cells (blue arrow). The febuxostat (FEB)
+ IIRI showed well preserved villi from mucosal layer (white
arrow). The lumen showed mild linflammatory cells infiltration, and
the lamina propria showed mild infiltration of inflammatory cells
(slender arrow). The submucosal layer appeared normal (blue
arrow) and the circular muscle appeared normal (red arrow). The
low dose Moringa oleifera (LDMO) + IIRI animals showed normal
villi from mucosal layer (white arrow). The lumen showed
moderate lymphocytes infiltration and the propria showed mild
inter-glandular infiltration of inflammatory cells (slender arrow).
The submucosal layer appeared normal (blue arrow). The high
dose Moringa oleifera (HDMO) + IRl animals showed normal villi
from mucosal layer (white arrow). The lumen showed moderate
lymphocytes infiltration and the propria showed moderate inter-
glandular infiltration of inflammatory cells (slender arrow). The
submucosal layer appeared mildly infiltrated (blue arrow).

treatment prevented IIRI-induced rise in WBC and platelet
counts Interestingly, LDMO, but not
HDMO, Hb, and MCHC when
compared with the control and IIRI groups; while HDMO
and LDMO reduced IIRI-induced rise in WBC count and
increased ITRI-induced reduction in platelet count. The effects
of MMOLE on RBC, Hb, granulocytes, and platelets were dose-
dependent (Table 1).

and granulocyte.
increased RBC count,

4 Discussion

Caspase 3-mediated apoptosis has been incriminated in the
pathogenesis of I/R injury in various organs (Afolabi et al., 2021;
Ba et al., 2021; Zhu et al,, 2021; Afolabi et al., 2022; Huang et al.,
20225 Zhu et al., 2022). However, the role of caspase 3 in the
intestinal tract, a bacteria-filled organ, has not been well explored.
Also, the possible medicinal benefit of M. oleifera, a herbal
nutraceutical used in folklore medicine for its anti-
inflammatory properties, in IIRI has not been reported. This
study revealed that MMOLE-mediated caspase 3 suppression
may play a role in its protection against IIRI-induced epithelial
barrier dysfunction, bacterial translocation, and hepatic injury.
We demonstrated that MMOLE attenuated intestinal mucosal
injury, and intestinal and extraintestinal bacterial counts
normally seen in IIRI. Downregulation of caspase 3 by
MMOLE likely inhibits enteric bacterial intrusion via multiple
pathways, including enhancement of epithelial barrier integrity
via maintenance of cellular antioxidants and direct antimicrobial
activity.

Our findings of increased number of bacterial colonies in the
liver are in line with previous studies which revealed increased
epithelial permeability and bacterial translocation in IIRI (Hsiao
et al, 2009; Huang et al, 2010). The increased permeability could

have resulted from the disruption of the intestinal barrier arising
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FIGURE 7
Effect of intestinal ischaemia/reperfusion (I/R) and methanolic
Moringa oleifera leaf extract on hepatic histoarchitecture. The
sham-operated rats showed preserved hepatic histoarchitecture
with normal central venules (white arrow). The portal triads
and hepatocytes appeared normal (blue arrow), and the sinusoids
also appeared normal (slender arrow). The intestinal ischaemia/
reperfusion injury (IIRl) group showed moderately congested
central venules (white arrow) with normal hepatocytes (blue arrow),
mildly dilated sinusoids (slender arrow), and neutrophil infiltration
(circle). The febuxostat (FEB) + IIRI rats showed mildly congested
central venules (black arrow). However, the hepatocytes appeared
normal (white arrow) and the sinusoids appeared mildly dilated
(slender arrow). The low dose Moringa oleifera (LDMO) + IIRI
(Continued)
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animals showed normal central venules without congestion
(white arrow). The hepatocytes appeared normal (blue arrow) and
the sinusoids appeared mildly dilatated (slender arrow). The high
dose Moringa oleifera (HDMO) + IIRI animals showed normal
central venules (white arrow). The hepatocytes appeared normal
(blue arrow) and the sinusoids appeared mildly dilated (slender
arrow).

from oxidative damage to the membranes and subsequent apoptotic
denudation of the intestinal epithelium (Hu et al.,, 2019). The current
study showed that MMOLE pretreatment significantly reduced
intestinal and hepatic bacterial counts, which was coupled with
reduced intestinal mucosal injury and hepatic damage, as well as
improved villus length and crypt depth. The attenuation of IIRI-
induced bacterial translocation and reduction of WBC and
granulocytes (indicators of bacterial infection) by MMOLE may
be ascribed to its antimicrobial and/or antioxidant activities. This
finding corroborates previous reports on the antimicrobial effects
(Rahman et al., 2009) and antioxidant (Charoensin, 2014; Saka et al.,
2020) properties of MMOLE. Rahman and his colleagues (2009)
reported that the leaf juice and extracts of M. oleifera exerted
antibacterial activities against tested gram positive and gram
negative bacteria, suggestive of the presence of broad spectrum
bioactive compounds in the herbal nutraceutical. Abalaka et al.
(2012) also demonstrated the activity of M. oleifera leaf extract
against gram positive and gram negative bacteria, confirming that
M. oleifera exhibits broad spectrum antibacterial activities. Thus, it is
reasonable to infer that MMOLE-mediated reduction in bacterial
translocation in IIRI is due to, at least in part, its antibacterial
potentials.

The preservation of cellular antioxidants that was associated
with preserved intestinal and hepatic cytoarchitecture in
MMOLE-treated rats suggests that the botanical conferred
cellular protection in IIRI Cellular antioxidants are integral
parts of tissues that protect the cell against ROS-mediated
oxidative injury (Hamed et al, 2022). SOD converts
superoxide radicals into dioxygen and hydrogen peroxide,
which is further broken down into water and molecular
oxygen by catalase (Akhigbe et al., 2020). GSH scavenges ROS,
while GPx metabolizes hydrogen peroxide and also oxidizes GSH
(Aquilano et al., 2014). Sreelatha and Padma (2009) demonstrated
that M. oleifera leaf extract exhibited strong scavenging effect on
2,2-diphenyl-2-picryl hydrazyl (DPPH) free radical, superoxide
radical and nitric oxide radical, thus protects against oxidative
damage to biomolecules. Charoensin (2014) also reported the
radical scavenging activities of M. oleifera leaf extracts. Hence,
MMOLE-driven suppression of MDA and upregulation of
enzymatic and non-enzymatic antioxidants in ITRI explains, at
least partly, the observed preserved intestinal and hepatic
cytoarchitecture and maintenance of villus length and crypt
depth in MMOLE-treated rats.
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Effect of intestinal ischaemia/reperfusion (I/R) and methanolic Moringa oleifera leaf extract on intestinal injury using Chiu's score (A), villi height

(B), crypt depth (C), and hepatic injury using Eckhoff's score (D). IIRI: Intestinal ischaemia/reperfusion injury, FEB: febuxostat, LDMO: low dose
Moringa oleifera, HDMO: high dose Moringa oleifera, * p < 0.05 versus sham, °p < 0.05 versus IR, °p < 0.05 versus FEB + IRI, °p < 0.05 versus LDMO +
IIRI. Data were analyzed by one-way ANOVA followed by Tukey's post hoc test. Values are expressed as mean + SD of 10 rats per group

Oxidative stress has been established as a cause and/or
consequence of inflammation. Oxidative stress triggers the
translocation of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) to the nucleus and induces the
transcription of several deleterious pro-inflammatory genes
(Won et al,, 2006; Hamed et al., 2022). In addition, oxidative
stress upregulates pro-inflammatory cytokines such as TNF-a
and IL-6 that in turn activate NF-kB (Akhigbe and Ajayi, 2020;
Hamed et al., 2022), prime neutrophil infiltration (Sheppard
etal., 2005), and promote ROS-induced oxidative stress (Akhigbe
and Ajayi, 2020). It is therefore plausible to surmise that MMOLE
blunted IIRI-induced neutrophil accumulation (evidenced by
reduced MPO activity) by ROS-driven
upregulation of TNF-a and IL-6, indicating the anti-

suppressing

inflammatory and antioxidant activities of MMOLE. This
agrees with the report of Omodanisi et al. (2017) that
demonstrated the anti-inflammatory and antioxidant activities
of MMOLE in diabetes-induced nephrotoxic rats. It is also in
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consonance with the report of Xu et al. (2019) that demonstrated
the anti-inflammatory and antioxidant activities of the crude
extracts of M. oleifera leaves.

In an organ full of commensal bacteria such as the
by
inflammatory damage is key in extraintestinal bacterial
translocation (Kubes, 1993; Liu et al., 2020). It is likely that
caspase 3-mediated apoptosis also play a role in altering the

intestine,  epithelial ~ barrier  disruption oxido-

epithelial mucosa integrity and promoting microbial
dissemination. Based on this hypothesis, we evaluated
whether IIRI may upregulate caspase 3 activity. It is worth
noting that IIRI-led epithelial

deformation was not only associated with oxidative stress

denudation and villus

and upregulation of inflammatory cytokines, it was also
coupled with enhanced caspase 3 activity. It is likely that
caspase 3, an executioner of apoptosis (Akhigbe and Ajayi,
2020), was activated by IIRI-induced oxido-inflammatory
response, resulting in the cleavage of downstream death
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Effect of intestinal ischaemia/reperfusion (I/R) and methanolic Moringa oleifera leaf extract on intestinal and hepatic bacterial count (BC) using
nutrient agar (NA), eosin-methylene blue (EMB), and Mac Conkey agar (MCCA) culture media for colony count. lIRI: Intestinal ischaemia/reperfusion
injury, FEB: febuxostat, LDMO: low dose Moringa oleifera, HDMO: high dose Moringa oleifera, ® p < 0.05 versus sham, °p < 0.05 versus IIRI, °p <
0.05 versus FEB + IIRI. Data were analyzed by one-way ANOVA followed by Tukey's post hoc test. Values are expressed as mean + SD of 10 rats

per group.

substrates and amplification of upstream death cascade that
culminate in apoptosis (Akhigbe and Ajayi, 2020). To this end,
it is safe to conclude that activation of caspase 3 is essential in
the pathogenesis of epithelial barrier damage, enteric bacterial
translocation, and hepatic injury in IIRL Interestingly,
MMOLE promoted epithelial
against

restitution and militated

epithelial ~barrier damage, enteric bacterial
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in IIRI. Thus, the
protective activity of MMOLE in IIRI is via downregulation

translocation, and hepatic injury
of oxidative stress-dependent caspase 3 activation.

The observed biological activities of MMOLE may be
ascribed to its constituents bioactive molecules, especially
hydrazine, 9-octadecenoic acid, 1,3-dioxolane, oleic acid, and

nonadecanoic acid. Hydrazine has been reported to exert
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antioxidant antimicrobial activities (Shen et al., 2010). Also,
9-octadecenoic acid has been demonstrated to exert
antimicrobial activities against gram positive and gram
negative bacteria (Stenz et al, 2008; Garba and Garba,
2017). In addition, 1,3-dioxolane and its derivatives have
to radical and

been reported possess

antimicrobial activities (Nobre et al., 2014). This molecule

scavenging

and its derivatives have also been demonstrated to act as

effective modulators to combat multidrug resistance
(Schmidt et al., 2007), thus improving their antimicrobial
Oleic acid has been shown to exert anti-
inflammatory (Earlia et al, 2019) and antibacterial
activities (McGaw et al.,, 2002; Zheng et al., 2005). The

antibacterial property of thiosemicarbazone (Khan et al.,

activities.

2014) may also contribute to the biological activities of
MMOLE.

5 Conclusion

In conclusion, methanolic M. oleifera leaf extract protects
against epithelial mucosal barrier disruption, bacterial
translocation, and hepatic injury caused by IIRI via
downregulation of oxidative stress-mediated caspase
the of

constituents bioactive molecules. This study has some

3 activation and antimicrobial activities its
limitations. First, GC-MS, instead of high performance
liquid chromatography (HPLC), was used to characterize
the constituent bioactive molecules of methanolic M.
oleifera leaf extract due to availability. This possibly
provided a limited view of the active compounds in the
extract. Also, the pathways evaluated are limited. Future
studies evaluating the roles of other apoptotic pathways in
IIR], the bioactive components of methanolic M. oleifera leaf
extract using HPLC, and the protective potentials of
identified

methanolic M. oleifera leaf extract against

pathways are recommended.
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Methotrexate showed efficacy
both in Crohn’s disease and
ulcerative colitis, predictors of
surgery were identified in
patients initially treated with
methotrexate monotherapy

Mengyao Wang?, Jingwen Zhao?, Heran Wang?,
Changqing Zheng?, Bing Chang?*' and Lixuan Sang**'

!Department of Gastroenterology, Shengjing Hospital of China Medical University, Shenyang, China,
2Department of Gastroenterology, The First Affiliated Hospital of China Medical University, Shenyang,
China

Objective: This study aimed to evaluate methotrexate efficacy in patients with
Crohn'’s disease (CD) and ulcerative colitis (UC), and identify predictors of
surgery for patients who were initially treated with methotrexate
monotherapy.

Design: We performed a retrospective analysis of 34,860 patients with
infammatory  bowel disease (IBD) in the IBD Bioresource
(United Kingdom) prior to 9 November 2021. Logistic regression was
used to identify factors associated with methotrexate efficacy. The data
were randomly stratified into training and testing sets (7:3). Nomograms
were developed based on Cox regression analysis outcomes. The predictive
accuracy and discriminative ability were determined using the concordance
index (C-index) and calibration curves.

Results: Overall, 1,042 patients (CD: 791, UC: 251) were included.
Independent factors associated with effective methotrexate monotherapy
were younger age at diagnosis, latest therapy period, exclusive upper
gastrointestinal tract disease (for CD), and longer duration between
diagnosis and methotrexate initiation (for UC). For CD, predictors in the
nomogram were dgender, treatment era, tolerance, lesion site, perianal
involvement, disease behaviour, and biologics requirements (C-index:
0.711 and 0.732 for training and validation cohorts, respectively). For UC,
the factors were age at diagnosis and sex (C-index: 0.784 and 0.690 for
training and validation cohorts, respectively). Calibration curves

Abbreviation: IBD, inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative colitis; IBDU, IBD-
unclassified; RCT, randomised control trial; ECCO, The European Crohn’s and Colitis Organisation;
OR, odds ratio; Cl, confidence interval; Gl, gastrointestinal tract.
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inflammatory bowel disease, methotrexate monotherapy, prognostic analysis, Crohn’s

Wang et al.
demonstrated good
observations.
KEYWORDS
disease, ulcerative colitis
Introduction

Inflammatory bowel diseases (IBD), including ulcerative
colitis (UC), Crohn’s disease (CD), and IBD-unclassified
(IBDU), are disorders of chronic intestinal inflammation
characterised by repeated aggravation and remission. Its
increasing incidence has caused a huge economic burden
on patients and country’s healthcare systems (Kaplan, 2015;
Rosen et al.,, 2015; Ng et al.,, 2017; Coward et al., 2019).
Conventional immunomodulators, including methotrexate
and thiopurines, have been the mainstay of IBD treatment
for decades, especially to maintain remission in steroid-
dependent or steroid-refractory patients (Sales-Campos
et al.,, 2015; Torres et al., 2020a; Ran et al.,, 2021; Raine
et al.,, 2022).

Methotrexate, which was initially developed in 1948 for the
treatment of leukemia (Gabbani et al., 2016), has been clinically
used for other diseases, including IBD, psoriasis, and rheumatoid
arthritis (Tung and Maibach, 1990; Rajitha et al., 2017). Due to
hepatotoxicity and gastrointestinal symptoms, patients treated
with methotrexate should routinely undergo a full blood count
and liver and pancreatic function tests during the treatment
period (Cervoni et al., 2020; Vasudevan et al., 2020; Ran et al.,
2021). In recent years, with the emergence of biological agents
and concerns regarding their adverse effects, the application of
methotrexate in IBD has been questioned.

The European Crohn’s and Colitis Organisation (ECCO)
Guidelines on Therapeutics for patients with CD recommend
parenteral administration of methotrexate for the maintenance of
remission in steroid-dependent patients (Torres et al, 2020b). A
multicentre randomised control trial (RCT) (Feagan et al., 1995)
study of 141 patients with chronically active CD found that after
16 weeks, 37 patients (39.4%) in the methotrexate group were in
clinical remission compared with 9 patients (19.1%) in clinical
remission in the placebo group (p = 0.025), moreover the
methotrexate group had received less prednisone than the placebo
group (p = 0.025). However, there is not enough evidence supporting
methotrexate for the maintenance of remission in UC patients. A
French study (Carbonnel et al, 2016) assessed the efficacy of
methotrexate in inducing UC steroid-free remission, after
16 weeks, methotrexate group was not superior to placebo with
0.15).
Moreover, more patients in the placebo group experienced
continued UC disease activity that required withdrawal from the
aforementioned study. Further studies are needed to determine the

regards to induction of steroid-free remission (p =

effectiveness of methotrexate in UC maintenance therapy.
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IBD has become a global problem characterised by a lifelong
relapsing-remitting course, which diminishes the quality of life of
patients and increases the consumption of healthcare resources.
Thus, long-term efficacy is an important aspect of IBD treatment.
A prior meta-analysis of 44 cohort studies suggested that for
diagnosed patients, the 1-, 5- and 10- year surgery risk for
patients with UC (colectomy with or without an ileal
2.8%, 7.0%, and 9.6%,
respectively, and for patients with CD (intestinal resection) was
12.3%, 18.0%, and 26.2%, respectively (T'sai et al., 2021). Because of
the overall burden of IBD and its multifactorial aetiology, efforts

pouch-anal anastomosis) was

should be made to improve the medical management of these
inflammatory conditions. Identifying factors associated with
surgery can help optimise the treatment plan.

Methods

Here, we analyses the effectiveness of methotrexate in IBD
treatment using the United Kingdom IBD BioResource (www.
ibdbioresource.nihr.ac.uk), which launched in 2016 as part of the
United Kingdom National Institute for Health Research
BioResource (Parkes, 2019). The database contained a large
number of patients whose information were ascertained at
enrolment and updated annually, including demographic,
All
patients signed consent forms allowing their information to be

clinical ~characteristics, and treatment informations.
used by investigators. To obtain these data, a data appliycation

was submitted to IBD BioResource.

Patient population

A total of 34,860 patients in over 100 hospitals in the
United Kingdom signed up before the data lock on
9 November 2021.

The following patients were excluded: 1) those whose basic
information on IBD or treatment response was missing; 2) those
who underwent surgery in the same year of methotrexate
initiation; 3) those who started or were on biological therapy
in the year of methotrexate initiation; and 4) those for whom we
could not determine whether biological therapy or surgery
overlapped the period of methotrexate monotherapy. Patients
with UC who underwent colectomy prior to methotrexate
initiation were also excluded. Surgery is common in CD
progression; therefore, those who underwent surgery before
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Did not receive Methotrexate, N=31984

2876

documented, N=27

is former,N=944

former, N=123

Dignosis not recorded, N=2
Theraputic effectiveness not known/not documented, N=610

Colectomy before Methotrexate initiated for UC patients, or time not
Started Methotrexate as same as biologicals, or unable to identify which

Started Methotrexate as same as surgery, or unable to identify which is

Methotrexate start time later than stop time, N=2

Lesion site, diagnosis time, age, gender data were missing, N=68
Methotrexate start or stop time not documented, N=54
Methotrexate classified as “unable to tolerate”, but patients still on
Methotrexate, and had no surgery or biologicals escalating,N=4

1042

FIGURE 1

Flowchart of the study cohort depicting the inclusion and exclusion of patients from the analysis.

methotrexate initiation were not excluded. IBDU was classified as
UC in our study, since we were able to find UC-related
information of IBDU patients in the database.

Treatment effectiveness

Effectiveness was evaluated by asking the question, “Did
methotrexate work?” Effectiveness was defined as answering “yes”
and avoiding escalation to alternative (biologics and/or surgical)
treatment during the methotrexate treatment. We also discussed the
treatment duration between the initiation of methotrexate and
escalation to biologics or surgery (whichever occurred first),
which also reflected the effectiveness of methotrexate.

Definitions in study

The diagnosis of IBD was made based on radiographic,
endoscopic, histologic criteria, or physician judgment. For CD,
disease location were classified as “ileal” (L1), “colonic” (L2),
“ileo-colonic” (L3), “exclusive upper gastrointestinal tract (GI)
Crohn’s” (L4); disease behaviour were classified as “stenosing”,
“internal penetrating” and “inflammatory and others”; internal
penetrating disease was defined if patients had evidence of

entero-enteric or entero-vesicular fistulae, intra-abdominal
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abscesses or intestinal perforation; perianal involvement
including tags, fissures, ulcers, perianal abscess, simple fistula
(single fistula, little clinical problem), complex fistula (more than
one or branching or recto-vaginal or major problem); surgery
including colectomy, ileal or jejunal resection and the treatment
of complications such as drainage of perianal abscess, perianal
fistula repairment. For UC, disease location were divided into
“procticis” (E1), “left sided” (E2), “extensive” (E3); surgery
referred colectomy. Smoking history included current and past
smoking. In Cox regression, biologics requirment referred to that
patients requiring biologics after methotrexate initiation and
before surgery; glucocorticoid requirment referred to that
patients receiving intravenous glucocorticoids before or after
methotrexate initiation, but before surgery.

Statistical analysis

Continuous variables are presented as mean = SD or
median * interquartile range (IQR), while categorical variables
are presented as percentages or proportions. Continuous
variables were analysed using Student’s t-tests or paired
t-tests,
analysed using the chi-square or Fisher’s exact test. The
(CMH) applied
compare effectiveness of methotrexate between UC and CD,

as appropriate, while categorical variables were

Cochran-Mantel-Haenszel test was to
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TABLE 1 Demographic and clinical characteristics and adverse reactions in 1042 patients who were treated with methotrexate monotherapy.

CD
(N = 791)

Age at diagnosis, median (IQR) 30.0 (20.0, 46.0)

Gender
Male 330 (41.7%)
Female 461 (58.3%)

Smoke history

No 481 (60.8%)

Yes 310 (39.2%)
CD Lesion

Tleal (L1) 260 (32.9%)

Colonic (L2) 232 (29.3%)
289 (36.5%)
10 (1.3%)

220 (27.8%)

Ileo-colonic (L3)

Exclusive upper GI Crohn’s (L4)
Perianal involvement
Behaviour
224 (28.3%)
70 (8.8%)
497 (62.8%)

Stenosing

Internal penetrating

Inflammatory and others
UC Lesion

Procticis (E1)

Left sided (E2)

Extensive (E3)

UC
(N = 251)

38.0 (27.0, 49.0)

130 (51.8%)
121 (48.2%)

155 (61.8%)
96 (38.2%)

22 (8.8%)
123 (49.0%)
106 (42.2%)

Adverse reactions (x2 test of tolerating and intolerating ~ Tolerate Unable to tolerate p value  Tolerate Unable to tolerate p value

groups) (N = 632) (N = 159) (N = 229) (N =22)
Abdominal pain and diarrhea 14 (2.2%) 10 (6.3%) 0.016 3 (1.3%) 1 (4.5%) 0.310
Blood cell decrease 6 (0.9%) 3 (1.9%) 0.390 1 (0.4%) 0 (0.0%) 1.000
Deranged LFTs 26 (4.1%) 16 (10.1%) 0.005 8 (3.5%) 1 (4.5%) 0.570
Flu-like symptoms 14 (2.2%) 10 (6.3%) 0.016 3 (1.3%) 1 (4.5%) 0.310
Nausea 64 (10.1%) 48 (30.2%) <0.001 14 (6.1%) 7 (31.8%) <0.001
Others 63 (10.0%) 50 (31.4%) <0.001 35 (15.3%) 2 (9.1%) 0.750

Significant p values shown in bold; CD, Crohn’s disease; UC, ulcerative colitis; CI, confidence interval; GI, gastrointestinal tract; IQR, interquartile ranges.

using stratified treatment initiation periods every 5 years.
Multivariable logistic regression was performed to compare
methotrexate effectiveness between patients with UC and CD,
adjusting for age at diagnosis, gender, smoking history, treatment
era, and time interval from diagnosis to methotrexate initiation.
Next, univariate and multivariable logistic regression analyses
were used to identify independent risk factors of methotrexate
monotherapy effectiveness within UC and CD using the same
covariates as above, but also including disease location (variables
with p < 0.2 were included in multivariable regression). The CD
and UC cohorts were randomly divided into training and
validation cohorts at a ratio of 7:3. Univariate Cox regression
was then used to screen for variables that were significantly
correlated with surgery occurrence in the training group with the
same covariates as above, but also included biologics,
glucocorticoid treatment, and previous surgery. Predictors
with p < 0.2 were fed into multivariable Cox regression

Frontiers in Pharmacology

148

Backward
information criterion (AIC) was used to further eliminate

model. stepwise selection based on Akaike’s
redundant variables. The performance of the nomogram was
evaluated using the concordance index (C-index) and a
calibration curve in both the training and validation cohorts.
A C-index prognostic
stratification. A p-value threshold of <0.05 was considered

larger indicates more accurate

statistically significant in the adjusted models. All statistical
analyses were performed using the R software (version 4.1.0).

Results
Patient population

Of the 34,860 participants in the IBD BioResource at the data
lock, 2876 (8.25%) had been treated with methotrexate (76.7%
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in whom methotrexate monotherapy was considered effective; (D) The Kaplan-Meier curve shows the duration of effective methotrexate
monotherapy without requirement for treatment escalation (p < 0.0001 for log-rank test). (CD, Crohn’s disease; UC, ulcerative colitis).

with CD, 21.7% with UC, and 1.6% with IBDU), either as
monotherapy or combined with biologics. As shown in
Figure 1, 1042 participants met the criteria for assessment of
the effectiveness of methotrexate monotherapy [791 CD and
251 UC (including 15 IBDU cases)]. The baseline patient
characteristics are presented in Table 1. The median age at
CD and UC diagnosis was 30 and 38 vyears, respectively.
Nausea was the most common adverse reaction in both
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patients with CD and UC. Patients who could not tolerate
methotrexate were prone to have a nauseous reaction (CD:
30.2% vs. 10.1%, p < 0.001; UC: 31.8% vs. 6.1%, p < 0.001).
Among the 1042 patients, 181 (17.4%) were unable to tolerate
and had to stop methotrexate. The median duration of
methotrexate treatment was 2years (IQR: <1-6years) for
patients with CD and 3 years (IQR: 1-7 years) for patients
with UC. The median time from diagnosis to methotrexate
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TABLE 2 Multivariable analysis of factors affecting methotrexate monotherapy effectiveness.

Factor Hazard ratio 95% CI p Value
Diagnosis

ucC 1.359 0.988-1.863

CD reference 0.058
Therapy period 1.262 1.089-1.467 0.002
Time from diagnosis to methotrexate initiation 1.033 1.017-1.049 <0.001
Gender 0.023

Female 1.395 1.049-1.861

Male Reference
Age at diagnosis 1.038 1.027-1.050 <0.001
Smoking history 0.131

Yes 0.795 0.589-1.069

No Reference
Significant p values shown in bold; CD, Crohn’s disease; UC, ulcerative colitis; CI, confidence interval.
initiation was 5years in both patients with CD and UC effectiveness between CD and UC (OR: 1.359, 95% CI:

(Figure 2A). A total of 486 (61.44%) patients with CD and
106 (42.2%) with UC received biologics after methotrexate
monotherapy.

Effectiveness of methotrexate
monotherapy

Overall, 28.9% (301/1042) cases were regarded as effective,
without escalation to biologics or surgery during treatment.
Methotrexate monotherapy was effective in 35.5% of patients
with UC (94/251) and a lower proportion of patients with CD
(26.7%; 211/791, p = 0.001). In methotrexate-tolerant group, it
was effective in 39.3% of patients with UC and 32.8% of patients
with CD (p = 0.074).

According to the CMH test stratified by the treatment
initiation era (every 5 years), methotrexate appeared to be
more effective in UC than in CD (odds ratio [OR]: 1.429,
95% confidence interval [CI]: 1.050-1.944, p = 0.023). The
test of homogeneity of ORs indicated that there was no
heterogeneity in the OR values of each therapy area (p =
0.237). We used the forest map to display the OR values of
each era, and the results were meaningful only for the
2006-2010 period (Figure 2B). There were no statistically
significant differences between the treatment effectiveness of
CD and UC in most eras.

Among patients with CD, the effective ratio of methotrexate
monotherapy increased, whereas patients with UC showed a
decreasing trend, except in the period after 2016 (Supplementary
Figure S1). We then incorporated the treatment era along with
other possible confounding factors into the multivariable logistic
regression analysis (Table 2). The results demonstrated that there
were no statistically significant differences in methotrexate
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0.988-1.863, p = 0.058).

Clinical characteristics and methotrexate
monotherapy effectiveness

For patients with CD, multivariable analysis showed that after
controlling for confounding factors, methotrexate monotherapy
appeared to be more effective in older patients (OR: 1.028 per year;
95% CI: 1.017-1.040; p < 0.001). In addition, the more recent the
treatment, the better the treatment outcomes with methotrexate
(OR: 1.363, 95% CI: 1.152-1.623, p = 0.001). Patients with
exclusive upper gastrointestinal tract disease were considered to
receive more effective treatment than those with ileo-colon
involvement (OR: 3.797, 95% CI: 0.973-14.855, p = 0.049).
Univariate logistic regression showed statistical significance for
gender, disease behaviour, and perianal involvement; however, no
statistical significance was obtained with multivariable logistic
regression. No correlation was found between smoking history
and the time from diagnosis to methotrexate initiation (Table 3).

For patients with UC, univariate logistic regression showed
statistical significance for age, gender, smoking history, treatment
eras, and time from diagnosis to methotrexate initiation; after
controlling for confounding factors, the multivariable analysis
only demonstrated statistical significance for the time interval
from diagnosis to methotrexate initiation (Table 3).

Duration of effective treatment
For patients in whom methotrexate monotherapy was deemed

effective (301), 68.8% (207) were still treated with methotrexate at
the time of data lock. The Kaplan-Meier curve illustrated that over

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.996065

Wang et al.

10.3389/fphar.2022.996065

TABLE 3 Univariate and multivariable logistic regression analyses were performed to identify factors affecting the effectiveness of methotrexate

monotherapy in patients with CD and UC.

Factor CD
Univariable Multivariable
OR and p OR and
95%CI Value 95% CI
Age at diagnosis 1.036 <0.001 1.028
(1.025-1.047) (1.017-1.040)
Gender 0.050
Female 1.384 1.293
(1.002-1.922) (0.919-1.829)
Male Reference Reference
Smoking history 0.909
Yes 0.981
(0.709-1.353)
No Reference
Therapy period 1.550 <0.001 1.363
(1.318-1.833) (1.152-1.623)
CD location
Tleal 1.454 0.058 0.991

(0.988-2.146) (0.652-1.505)

Colonic 1.487 0.050 1.232
(1.000-2.216) (0.806-1.883)

Exclusive upper GI 3.587 0.049 3.797
Crohn’s (0.970-13.275) (0.973-14.855)

Ileo-colonic Reference Reference
UC location

Procticis (E1)

Left sided (E2)

Extensive (E3)
Behaviour

Stenosing 0.665 0.030 0.863
(0.457-0.955) (0.579-1.274)

Internal penetrating 0.431 0.014 0.709
(0.210-0.813) (0.333-1.402)

Inflammatory and other ~ Reference Reference
Perianal involvement 0.002
Yes 0.540 0.781
(0.364-0.787) (0.511-1.178)
No Reference Reference
Time from diagnosis to 1.005 0.482

methotrexate initiation (0.990-1.020)

UcC
Univariable Multivariable
p Value OR and p Value OR and 4
95%CI 95% CI Value
<0.001 1.013 0.168 1.009 0.391
(0.995-1.033) (0.989-1.029)
0.143 0.140
1.477
(0.881-2.488)
Reference
0.076 0.164
1.613 1.492
(0.951-2.737) (0.848-2.625)
Reference Reference
0.001 1.224 0.152 1.213 0.173
(0934-1.626) (0.923-1.614)
0.965
0.334
0.049
1.142 0.781
(0.436-2.892)
0.825 0.487
(0.479-1.421)
Reference
0.462
0.345
0.245
1.041 0.006 1.056 0.002

(1.011-1.071)

(1.021-1.092)

Significant p values shown in bold; CD, Crohn’s disease; UC, ulcerative colitis; OR, odds ratio; CI, confidence interval; GI, gastrointestinal tract.

50% of this group was still on methotrexate at data lock in both the
CD and UC groups. (Figure 2C, p = 0.56, log-rank test).

Of the patients treated with methotrexate monotherapy, 532
(51.1%) required treatment escalation after a median time of 5 years
in the CD group, 11 years in the UC group, and earlier escalation in
the CD group. (Figure 2D; p < 0.0001 for the log-rank test).

Frontiers in Pharmacology

Of the patients treated with methotrexate monotherapy,
at 1 and 3 years, 78.3% and 55.9% of patients with CD and
85.7% and 69.5% of patients with UC, respectively,
remained on methotrexate and did not require treatment
escalation
Table S1).

to biologics or surgery (Supplementary
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The Kaplan-Meier curve shows time interval from
methotrexate initiation to surgery occurance between "Able to
tolerate” and “Unable to tolerate” groups of CD patients. (p =
0.029 for log-rank test).

Development and validation of prognostic
nomograms for predicting surgery in CD
patients treated initially with methotrexate
monotherapy

In total, 382/791 patients with CD (48.3%) treated with
methotrexate monotherapy underwent surgery, 202/791
(25.5%) patients underwent at least two surgeries, and 198/
791 (25.0%) underwent surgery after methotrexate initiation.
The rates of 1-, 3- and 5- years no-surgery were 93.4%, 86.4%
and 82.1%, respectively. A total of 159 patients with CD could
not tolerate treatment, and their treatment time interval to
than that of the
632 methotrexate-tolerant patients (Figure 3; p = 0.029 for

surgery was modestly shorter
the log-rank test).

Surgery occurrence and time interval in the treatment
process are important indicators of treatment effectiveness. A
total of 791 patients with CD were randomly divided into
training and validation cohorts at a ratio of 7:3. There was no
statistically significant difference between the two groups
(Supplementary Table S2). Finally, the variables included in
the nomogram were sex, disease location, disease behaviour,
perianal involvement, tolerance, treatment period, and
biological requirements based on outcomes of Cox regression
(Table 4; Figure 4). The C-index was 0.711 [0.664-0.758] in the
training cohort and 0.732 [0.661-0.803] in the validation cohort.
As shown in Figure 5, the calibration curves showed good
agreement between predictions of 1-, 3-, and 5- year of
surgery occurrence and the actual observations in both the

training and validation cohorts.
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Establishment and validation of
prognostic nomograms for predicting
surgery in UC patients treated initially with
methotrexate monotherapy

Of the 251 patients with UC, 15 (6.0%) underwent colectomy.
The indications for colectomy included acute severe colitis in
6 patients (40%), chronic continuous colitis in 6 patients (40%),
dysplasia in 1 patient (6.7%), and undocumented reasons in
2 patients. The 1-, 3- and 5- years no-surgery rates were 97.6%,
96.0%, and 95.1%, respectively. Overall, 4/22 (18.2%) patients
who were unable to tolerate methotrexate required colectomy,
compared with 11/229 (4.8%) patients who could tolerate
methotrexate. Time to colectomy was shorter in individuals
unable to tolerate methotrexate than in those able to tolerate
methotrexate (Figure 6, p = 0.013 for log-rank test).

251 UC patients with were randomly divided into training and
validation cohorts at a ratio of 7:3. There was no statistically
significant difference between the two groups (Supplementary
Table S3). All factors were analysed using univariate regression
analysis to identify potential risk variables. Potential risk factors
(p < 0.2 in univariate regression analysis) were selected for stepwise
regression analysis with backward selection procession by AIC.
Finally, the variables included in the nomogram were sex and age
at UC diagnosis (Table 4; Figure 7). The C-index was
0.784 [0.600-0.968] and 0.690 [0.502-0.878] in the training and
validation cohorts, respectively. As shown in Figure 8, the
calibration curves showed good agreement between the
predictions of surgery occurrence and the actual observations in
both the training and validation cohorts.

Discussion

Through this retrospective study that enrolled 791 patients
with CD and 251 with UC, we report the first large-scale study
assessing the clinical characteristics and patient-level outcomes
of patients with CD and UC treated with methotrexate, using the
IBD BioResource. Currently, non-biological treatments remain
valuable approaches for patients with IBD; however, their long-
term outcome data remain sparse. In our study, 8.25% of patients
had been treated with methotrexate, either as a monotherapy or
combination therapy, and methotrexate provided an effective
long-term treatment for 35.5% of patients with UC and 26.7%
with CD without escalation therapy. A multicentre retrospective
study in the Netherlands suggested that 86%, 63%, 47%, and 20%
of patients with CD who were treated with methotrexate
monotherapy obtained clinical benefits at 6, 12, 24, and
60 months, respectively (Seinen et al., 2013). Our study also
evaluated the tolerability and safety of methotrexate; of the
1042 patients, 181 (17.4%) patients were unable to tolerate
and had to stop methotrexate, consistent with previous studies
(Herfarth et al.,, 2016). Nausea was the most common adverse
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TABLE 4 Univariate and multivariable Cox regression for determining factors affecting surgery in patients with CD and UC treated with methotrexate

monotherapy.

Factor

Age at diagnosis

Gender
Female

Male
Smoking history
Yes

No

Therapy period

Disease location

Ileal

Colonic

Exclusive upper GI Crohn’s

Tleo-colonic
Behaviour

Stenosing

Internal penetrating

Inflammatory and other
Perianal involvement

Yes

No

Time from diagnosis to
methotrexate initiation

Tolerate

Yes

No
Previous surgery

Yes

No
Biologics requirement

Yes

No

Glucocorticoid requirment

CD

Univariable

OR and
95% CI

0.981
(0.969-0.992)

0.681
(0.494-0.938)

Reference

0.924
(0.666-1.283)

Reference

0.769
(0.663-0.892)

0.740
(0.509-1.075)

0418
(0.271-0.645)

1.001
(0315-3.181)

Reference

2.137
(1.495-3.053)

3.815
(2.453-5.933)

Reference

1.923
(1.391-2.659)

Reference

0.991
(0.974-1.008)

0716
(0.497-1.032)

Reference

1.403
(1.011-1.947)

Reference

0.790
(0.572-1.090)

Reference

4
Value

<0.001

0.019

0.638

<0.001

0.114

<0.001

0.998

<0.001

<0.001

<0.001

0.286

0.074

0.043

0.151

0.459

Multivariable (backward

stepwise)

OR and
95% CI

0.710
(0.512-0.985)

Reference

0.810
(0.695-0.943)

0.935
(0.624-1.401)

0.537
(0.342-0.841)

1.510
(0.462-4.936)

Reference

1.843
(1.272-2.671)

2.775
(1.734-4.441)

Reference

1.609
(1.125-2.299)

Reference

0.560
(0.379-0.828)

Reference

0.605
(0.430-0.852)

Reference

p Value

0.040

0.007

0.745
0.007

0.495

0.001

<0.001

0.009

1.000
(0.918-1.088)

0.004

0.004

uC

Univariable

OR and P
95% CI Value

0.940
(0.885-0.998)

0.042

0.083

0.156
(0.019-1.274)

Reference
0.472

0.555
(0.112-2.759)

Reference

0.928
(0.449-1.920)

0.841

<0.001 (0- 0.999

Infinity)

0.518
(0.124-2.172)

0.368

Reference

0.991

0.079

0.238
(0.048-1.179)

Reference

0.664

1.36
(0.340-5.438)

Reference

0.998

Multivariable
(backward stepwise)

OR and P
95% CI Value
0.936 0.038

(0.880-0.996)
0.070

0.143
(0.018-1.172)

Reference
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TABLE 4 (Continued) Univariate and multivariable Cox regression for determining factors affecting surgery in patients with CD and UC treated with

methotrexate monotherapy.

Factor CD ucC
Univariable Multivariable (backward Univariable Multivariable
stepwise) (backward stepwise)
OR and p OR and p Value OR and P OR and P
95% CI Value 95% CI 95% CI Value 95% CI Value
Yes 1.191 <0.001 (0-
(0.750-1.892) Infinity)
No Reference Reference
Significant p values shown in bold; CD, Crohn’s disease; UC, ulcerative colitis; OR, odds ratio; CI, confidence interval; GI, gastrointestinal tract.
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Gender
Female No
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FIGURE 4

Nomogram for 1-, 3- and 5- years no surgery probability in patients with CD treated with methotrexate monotherapy. Find the point for each
variable, sum the scores achieved for each covariate, and locate this sum on the “Total Points” axis. Draw a straight line to determine the likelihood of
no surgery probability of 1, 3 or 5 years. (Period: treatment era stratified by 5 years; Tolerate: if or not can tolerate methotrexate; Colonic: disease
location; Perianal: have perianal involvement or not; Behaviour: disease characteristic: stenosing, internal penetrating or inflammatory and

others; Biological: biological therapy requirment).

reaction, especially in the intolerance group; hepatotoxicity and
fatigue were also observed without fatal adverse reactions. A
study published 2022 that
methotrexate-induced nausea was noted in 34% of paediatric
patients with IBD (Mehta et al., 2022). In our study, over 50% of
methotrexate-effective patients were still on treatment at data

retrospective in reported

lock in the two groups. Methotrexate treatment is relatively safe,
with a low rate of adverse reactions and no fatal adverse reactions.

In this study, methotrexate appeared effective in both CD
and UC, with no difference, consistent with a previous cohort
study (Wahed et al., 2009). The ECCO Guidelines recommend
methotrexate for the maintenance of remission in patients with
steroid-dependent CD, however, for patients with UC, no clear
application guidelines are available. In our study, the CMH test
was more effective in UC than in CD; we also found evidence of
increased methotrexate effectiveness in CD and a decreasing
trend in UC (Supplementary Figure S1). Multivariable logistic
regression analysis showed no statistical significance between CD
and UC (p = 0.058) in the adjusted models. By further
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comparison, methotrexate had a better effect on patients with
UC than on those with CD in avoiding escalation treatment
(Figure 2D). Surgical risk factors include perianal involvement,
internal penetration, and stenosis. After excluding these patients,
the Kaplan-Meier curve showed that the protective effect of
methotrexate on CD was significantly increased, and the gap
between CD and UC was decreased (Supplementary Figure S2 vs.
Figure 2D). We excluded patients with UC who had undergone
colectomy, which resulted in a bias for milder disease among the
participants. Those who had undergone CD-related surgery were
analysed, showing a bias in disease severity. Our study is based in
a single region of the United Kingdom with a limited number of
cases, and endoscopy estimation was not available. In the future,
prospective RCTs are needed to compare the efficacy of
methotrexate in CD and UC.

A previous that
methotrexate treatment provides acceptable remission rates

review  considered maintenance

for treatment periods up to 3 years, after which relapse is
frequent and occurs early (usually within 1 year) (Fraser et al.,
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FIGURE 5

Calibration curve of nomogram for predicting no surgery occurrence at (A) 1-, (C) 3-, and (E) 5- years in the training cohort, and at (B) 1-, (D) 3-,
and (F) 5- years in the validation cohort. The actual proportion is plotted on the Y-axis and the nomogram-predicted probability is plotted on the

X-axis. (CD, Crohn’s disease).

2002). In the current study, over 50% of the patients in whom
treatment was deemed effective were still on methotrexate at the
data lock, with a median treatment duration of 5 (CD) and 11
(UC) years. It seems that methotrexate is adhered to for
prolonged periods (and effective), despite well-documented
concerns about increased risk of hepatotoxicity and long-term
blood cell reduction.

Our analysis identified specific patient subgroups that were
most likely to respond to methotrexate. These included older
patients treated in the recent period with exclusive upper GI
disease for CD. Older patients with better outcomes may have a
milder course (Charpentier et al., 2014). Although the p value of
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upper GI disease was less than 0.05, the OR value contains 1, and
previous studies have shown that upper GI disease (p = 0.042)
was significantly associated with an increased risk of surgical
recurrence (Frolkis et al, 2013), larger trials are needed to
confirm this. For UC, in multivariable analysis, the time
interval from diagnosis to methotrexate initiation was an
independent factor associated with effectiveness of treatment
(OR: 1.056, 95% CI: 1.021-1.092 per year). After further analysis,
we found that the methotrexate-tolerant group had a longer
median time interval between diagnosis and methotrexate
initiation than the methotrexate-intolerant group (5 years vs.
3 years).
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Nomogram for 1-, 3- and 5- years no surgery probability in UC patients treated with methotrexate monotherapy. Find the point for each
variable, sum the scores achieved for each covariate, and locate this sum on the “Total Points” axis. Draw a straight line to determine the likelihood of

no surgery probability of 1, 3 or 5 years. (Age: age at UC diagnosis).

We further analysed the patients’ clinical characteristics and
occurrence of surgery. Identification of patients at the highest risk
of disease progression, who have the greatest chance of benefiting
from early initiation of effective therapy, is an aspirational goal. For
CD, 202/791 (25.5%) patients underwent at least two surgeries, and
198/791 (25.0%) underwent surgery after methotrexate initiation. We
identified factors associated with surgery occurrence through
univariate Cox regression as follows: age at diagnosis, gender,
therapy era, disease location, perianal involvement, disease
behaviour, tolerance, previous surgery history, biologics, and
glucocorticoid treatment. For UC, 15/251 (6.0%) patients required
colectomy after methotrexate treatment. Univariate Cox regression
analysis revealed that the age at diagnosis, sex, and tolerance were
significantly associated with early surgery. We then performed
stepwise regression based on AIC to select factors into the final
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prognostic model so that clinicians could identify patients at higher
risk of surgery and implement more aggressive medical management
as required.

Surgery is generally considered as a last-resort treatment for
IBD. A review published in 2013 suggested that the 1- and 5- year
surgery risk after diagnosis of UC was 4.9% and 11.6%, respectively,
and that of CD was 16.3% and 33.3%, respectively (Samuel et al,
2013a). For patients diagnosed in the 21st century, the cumulative 5-
year risk of surgery was 7.0% for UC and 17.8% for CD, substantially
lower than the previous review (Tsai et al., 2021). In our study, for
CD, the rates of 1- and 5- year surgery occurrence were 6.6% and
17.9%, respectively. For UC, the rates of 1- and 5- year surgery
occurrence were 2.4% and 4.9%, respectively. In our study, the
surgery rates were lower than those reported, reflecting the
effectiveness of methotrexate. Although the number of surgeries
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X-axis. (UC: ulcerative colitis).

has been decreasing, it still poses a huge burden to patients. One of
the biggest challenges clinicians face today is predicting which
patients are prone to surgery requirements. Those at the highest
risk of surgery may benefit the most from early surgery.

As the nomograms show, female is a predictor of a lower risk of
surgical treatment for both, patients with CD and UC. A consensus
has been reached that male sex may be associated with a greater risk of
growth impairment, and growth impairment diagnosis predicts an
increased risk of bowel surgery (Ricciuto et al., 2021). A previous
study of UC showed that male sex was significantly associated with
colectomy risk (Samuel et al., 2013b; Macaluso et al., 2019). Jia-Yin
et al. (Yao et al, 2020) developed a nomogram to predict 1-year
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surgery risk in patients with CD without the sex variable. The people
we enrolled were all from the United Kingdom, therefore, regional
bias should be accounted for.

Smoking cessation is generally advised for patients with CD.
However, in our study, smoking history was not a predictor of
surgery occurrence in either UC or CD. Current smokers had a
reduced risk of UC (odds ratio [OR]:0.61) and an increased risk
of developing CD (OR: 1.74) (Garcia Rodriguez et al., 2005).
However, most studies showed that smoking status was not
associated with surgical requirements (Hoie et al, 2007;
Solberg et al, 2014). However, we could not confirm this
association in the present study.
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Regarding disease location, consistent with a previous study
(Ricciuto et al., 2021), isolated colonic disease was associated with
fewer surgeries. In our study, the colonic type had a lower surgery
risk than the ileo-colonic type (OR: 0.537, 95% CI: 0.342-0.841),
and was included in the nomogram as a predictor. For patients
with UC, extensive disease is viewed as a risk factor for
colectomy. Extensive colonic disease can be considered as a
manifestation of severe disease (Hoie et al., 2007; Macaluso
et al, 2019). In our study, the long-term efficacy of
methotrexate for UC was independent of lesion location.
Consistent with a previous study (Peyrin-Biroulet et al., 2010;
Thia et al., 2010; Peyrin-Biroulet et al., 2012; Solberg et al., 2014;
Yao et al, 2020), perianal involvement and behaviour were
included in the nomogram as predictors of the occurrence of
surgery. A review of 70 studies concluded that a younger age at
diagnosis was associated with a higher risk of colectomy
(Macaluso et al., 2019). Further analysis showed that colonic
disease accounted for 28.5% (112/393) of patients below 30 years
of age and 30.2% (120/398) of patients above 30 years of age.
However, we believe that this is not enough to cause the
difference and speculate that the risk of surgery is higher in
young patients due to their own disease characteristics. Patients
who received biologics after methotrexate initiation had a lower
risk of surgery (OR: 0.605, 95% CI: 0.430-0.852). This suggests
that for patients who cannot be controlled by traditional drugs or
who do not respond to drugs, biologic agents should be sought in
time to reduce the risk of surgery.

It is noteworthy that the value of surgery for IBD is changing
(Buskens and Bemelman, 2019). We need to be aware that
surgery should be considered as an alternative treatment
rather than a salvage procedure after failed conservative
treatment. We hope to use the nomograms to identify the
high
treatments to achieve better outcomes.

risk of surgery and administer more aggressive

Limitations

Our study had some limitations. In our study, the effectiveness
of treatment was judged according to patients’ subjective
perception and whether there is treatment escalation. There is
no standard disease activity score to evaluate the efficacy. Our
study was based on IBD BioResource, a United Kingdom hospital-
based program, and hence there may be regional limitations and
disease severity bias, which may include individuals with more
severe disease. Our results are based on a large sample, so we
believe that this study is of certain significance.

Conclusion

In conclusion, methotrexate was effective in both, patients with
CD and UC, with no significant difference between two groups.
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Methotrexate is well tolerated by most individuals. Male sex,
methotrexate intolerance, and perianal involvement are predictors
of early surgery. Treatment in the modern era, colonic and
inflammatory diseases, and biological requirements are predictors
of low surgery occurrence for CD. Male sex and younger age at
diagnosis are predictors of early surgery in patients with UC. The
nomograms can predict the 1-, 3- and 5- year risk of surgery for
patients with CD and UC, who were initially treated with
methotrexate monotherapy, with accuracy and discriminative ability.
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Based on network pharmacology
and molecular docking to
explore the protective effect of
Epimedii Folium extract on
cisplatin-induced intestinal injury
In mice

Juan Xia*?#**t, Jun-Nan Hu**!, Zi Wang?, En-Bo Cai?,
Shen Ren?, Ying-Ping Wang®*#, Xiu-Juan Lei*** and
Wei Li1,2,3,4*

Ynstitute of Special Animal and Plant Sciences of Chinese Academy of Agricultural Sciences,
Changchun, China, ?College of Life Sciences, Jilin Agricultural University, Changchun, China, *College
of Chinese Medicinal Materials, Jilin Agricultural University, Changchun, China, *National and Local
Joint Engineering Research Center for Ginseng Breeding and Development, Changchun, China

Background: Epimedii Folium, as a natural botanical medicine, has been reported to
have protective effects on intestinal diseases by modulating multiple signaling
pathways. This study aimed to explore the potential targets and molecular
mechanisms of Epimedii Folium extract (EFE) against cisplatin-induced intestinal
injury through network pharmacology, molecular docking, and animal experiments.

Methods: Network pharmacology was used to predict potential candidate
targets and related signaling pathways. Molecular docking was used to
simulate the interactions between significant potential candidate targets and
active components. For experimental validation, mice were intraperitoneally
injected with cisplatin 20 mg/kg to establish an intestinal injury model. EFE (100,
200 mg/kg) was administered to mice by gavage for 10 days. The protective
effect of EFE on intestinal injury was analyzed through biochemical index
detection, histopathological staining, and western blotting.

Results: Network pharmacology analysis revealed that PI3K-Akt and apoptosis
signaling pathways were thought to play critical roles in EFE treatment of the
intestinal injury. Molecular docking results showed that the active constituents
of Epimedii Folium, including Icariin, Epimedin A, Epimedin B, and Epimedin C,
stably docked with the core AKT1, p53, TNF-a, and NF-kB. In verified
experiments, EFE could protect the antioxidant defense system by increasing
the levels of glutathione peroxidase (GSH-Px) and catalase (CAT) while reducing

Abbreviations: EFE, Epimedii Folium extract; cTnT, Plasma cardiac troponin T; TNF-a, Tumor necrosis
factor-a; GSH-Px, Glutathione peroxidase; MDA, Malondialdehyde; PI3K, Phosphatidylinositol 3-
kinase; NF-xB, Nuclear factor-kappa B; CK-MB, Creatine kinase isoenzyme MB; LDH, Lactate
dehydrogenase; IL-1p, Interleukin-1B; CAT, Catalase; IL-6, Interleukin-6; Akt, Protein kinase B; Cyt-
C, Cytochrome C
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the content of malondialdehyde (MDA). EFE could also inhibit the expression of
NF-«B and the secretion of inflammatory factors, including TNF-a, IL-1p, and IL-
6, thereby relieving the inflammatory damage. Further mechanism studies
confirmed that EFE had an excellent protective effect on cisplatin-induced
intestinal injury by regulating PI3K-Akt, caspase, and NF-«B signaling pathways.

Conclusion: In summary, EFE could mitigate cisplatin-induced intestinal
damage by modulating oxidative stress, inflammation, and apoptosis.

KEYWORDS

Epimedii Folium extract, cisplatin, intestinal injury, network pharmacology, PI3K/Akt

signaling pathway

Introduction

Cisplatin is a broad-spectrum and highly effective platinum-based
antitumor drug, which is widely used in the treatment of various solid
tumors such as lung cancer (Wang et al,, 2021), gastric cancer, breast
cancer (Vidra et al,, 2022), ovarian cancer (Muhanmode et al,, 2021),
and bladder cancer. However, the dose-limiting toxicities of cisplatin,
such as nephrotoxicity (Ma et al., 2021), ototoxicity (Tserga et al.,, 2020),
neurotoxicity, hepatotoxicity (Abd Rashid et al., 2021), cardiotoxicity
(Xu et al, 2021), and gastrointestinal toxicity (Lopez-Tofino et al,
2021), severely limit its application in clinical oncology. Among them,
gastrointestinal toxicity is the most essential clinical dose-limiting side
effect, which dramatically affects the antitumor efficacy of cisplatin,
seriously affects the quality of life of patients, and even needs to stop
chemotherapy (Blijlevens et al, 2000). Oxidative stress plays an
essential role in the pathogenesis of cisplatin-induced cytotoxicity,
which indicates that the application of antioxidants can effectively
ameliorate cisplatin-induced toxicity (Mansour et al,, 2006). For this
purpose, past studies have demonstrated that various active extracts or
active components obtained from herbal medicines have a significant
activity in antagonizing the side effects caused by cisplatin (Awadalla
et al, 2022; Gholampour et al., 2022; Pei et al,, 2022). According to
literature reports, flavonoids extracted from Epimedii Folium can
effectively resist the toxicity caused by cisplatin (Ma et al., 2015).

Reactive oxygen species (ROS) react with biological macromolecules
(including proteins, lipids, and nucleic acids), resulting in oxidative
damage to cell membranes and lipid peroxidation, thus causing
extensive tissue damage (Halliwell, 2006). Cisplatin treatment can
increase the biochemical indicators of intestinal oxidative stress,
thereby inducing epithelial apoptosis, and ultimately leading to small
intestine injury (Rashid et al., 2017). In addition, the overproduction of
ROS can cause inflammation by activating the transcription factor NF-
kB, leading to the massive production of cell adhesion molecules,
chemokines, and proinflammatory cytokines, thereby enhancing the
cytotoxicity of cisplatin (Mukhopadhyay et al., 2011). Studies have shown
that the inflammatory response activated by the NF-kB signaling
pathway also plays a crucial role in cisplatin-induced intestinal injury
(Lee et al, 2014).

Epimedii Folium, the dried aerial part of Epimedium sagittatum
Maxim, Epimedium koreanum Naka, Epimedium brevicomu Maxim
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or Epimedium pubescens Maxim (Chinese pharmacopoeia, 2020), is
a well-known Chinese herb that has been used in functional foods
and complementary medicines for more than 2000 years. Epimedii
Folium has the effects of tonifying the kidney, strengthening the
yang, dispelling wind, and removing dampness in the theory of
traditional Chinese medicine (TCM). Hence, it is applied to prevent
and treat sexual dysfunction, osteoporosis, rheumatism,
neurasthenia, chronic nephritis, and cardiovascular diseases.
Modern pharmacological studies have proved that Epimedii
Folium has a variety of pharmacological activities, including
antioxidant (Zhang et al, 2013), anti-inflammatory (Saba et al,
2020), anti-osteoporotic (Indran et al., 2016), antitumor (Song et al.,
2014), anti-atherosclerosis (Xiao et al., 2017), neuroprotection (Wu
et al, 2017), improving sexual function (Gu et al, 2018), and
enhancing immune function (Lee et al, 2017). The intestinal
tract is the most important immune organ and natural barrier,
which can prevent pathogens, toxins, and other harmful substances
from entering the circulation through the intestine and ensure a
stable environment (Groschwitz and Hogan, 2009). Epimedii
Folium combined with red ginseng synergistically relieved DSS-
induced colitis in mice by modulating the NF-kB and MAPK
pathways and the expression of NLRP3 (Saba et al., 2020).

Studies have shown that flavonoids extracted from Epimedii
Folium have been proved to have various beneficial effects on
intestinal lesions. Given this, this paper used the network
pharmacology to explore the potential components, putative
targets, and protective mechanisms of EFE in the treatment of
cisplatin-induced intestinal injury, and conducted animal
experiments for preliminary confirmation. Our findings
provide a theoretical basis for the protective mechanism of
EFE against cisplatin-induced intestinal damage.

Materials and methods

Screening active compounds of Epimedii
Folium

The active ingredients of Epimedii Folium have collected

through the Traditional Chinese Medicine Systems
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Pharmacology =~ (TCMSP,  http://tcmspw.com/tcmsp.php)
Database. Based on the Oral Bioavailability (OB) > 30% and
Drug-Like (DL) > 0.18 as thresholds, the potential active
compounds of Epimedii Folium were screened by ADME
analysis.

Candidate targets collection

All the possible targets against intestinal injury have retrieved
from the OMIM (https://www.omim.org/), PharmGkb (https://
www.pharmgkb.org), and GeneCards (https://www.genecards.
org/) database. Potential target genes of Epimedii Folium for
the treatment of intestinal injury were obtained through the
2.1
intersection. Then we used Cytoscape (v.3.8.0) software to

Veeny (https://bioinfogp.cnb.csic.es/tools/venny/)

build the active compound-target-intestinal injury network.

Construction of protein-protein
interaction network

PPI network of acquired drug targets was created using the
STRING database (https://string-db.org/). Then, the PPI
network results were imported into Cytoscape v.3.8.0 (www.
cytoscape.org/) for network generation and further analysis.
Moreover, the median of three topological parameters,
“Betweenness “Closeness and

Centrality,” Centrality,”

“Degree”, were calculated to evaluate the topological

importance of nodes in the PPI network.

GO and KEGG pathway enrichment
analysis

To explore the role of essential target genes through
bioinformatics description and annotation, GO and KEGG
pathway enrichment analysis on shared target genes was
performed using R software with Bioconductor package under
the conditions of p < 0.05 and Q < 0.05, and the results were
plotted in the form of a bubble chart. GO enrichment analysis
includes three aspects: molecular function (MF), biological
process  (BP), (CC). KEGG
enrichment analysis was performed to screen out the potential

and cellular components
signaling pathways of Epimedii Folium in the treatment of

intestinal injury diseases.

Molecular docking

To validate the association between compounds and targets,

molecular  docking  simulations were performed using

AutoDockTools-1.5.6 software. Crystal structures of crucial target
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proteins were downloaded from the Protein Data Bank database
(http://www.rcsb.org/) in PDB format. The chemical structures of
Icariin, Epimedin A, Epimedin B, and Epimedin C were obtained
from the PubChem database (https://pubmed.ncbinlm.nih.gov/).
The 3D structures of active compounds were constructed and
optimized by ChemBio3D Ultra 14.0.0.117 software, and their
energy was minimized using the MM?2 algorithm. PyMol
software removed water molecules and organic compounds from
receptor proteins. The target protein receptor molecules were
hydrotreated and charged by AutoDockTools-1.5.6 software, and
the compounds and target protein receptors were converted to
PDBQT format. Finally, Auto Dock Vina software was used to verify
the molecular docking of potential targets and components. Each
group of molecular docking was run three times, and the ionization
energy was recorded. The visualization of docking results with the
best binding ability was presented using BIOVIA Discovery Studio
(2019) Visualizer.

Animal and experimental design

Forty male SPF ICR mice (6-8 weeks old, weighing 20-25 g)
were provided by Beijing Hua-Fu-Kang Biotechnology Co., Ltd,
license No. SCXK (Beijing) 2019-0008. Mice were allowed free
access to food and water in a rearing chamber free of specific
pathogens and a 12-h light/dark cycle. The temperature controlled at
22.0°C + 2.0°C, and the humidity maintained at 60.0% + 10.0%.

After 1 week of acclimatization, mice were randomly allocated
into 4 groups (n = 10): normal group, model group, cisplatin + EFE
(100 mg/kg) group and cisplatin + EFE (200 mg/kg) group. Since
there is currently no therapeutic agent for cisplatin-induced
myocardial injury in the clinic, a group of positive drugs was not
set up in the present work. EFE was dissolved in 0.05%
carboxymethylcellulose sodium (CMC-Na) and administered to
mice by gavage for ten consecutive days. On the 7th day of EFE
administration, except the normal group, mice in the other groups
were intraperitoneally injected with cisplatin 20 mg/kg to establish an
acute intestinal injury model (Figure 3C).

Ethical statement

All animal experiments were conducted according to the
Guidelines for the Management and Use of Experimental
Animals and were approved by the Experimental Animal
Ethics Committee of Jilin Agricultural University (Animal
Experiment Ethics No. 20190905002).

Sampling

Epimedii Folium was obtained from Bozhou traditional
Chinese medicine trading center (Anhui province, China), and

frontiersin.org
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identified as Epimedium brevicomu Maxim by Professor Han Mei
from the College of Chinese Medicinal Materials, Jilin Agricultural
University. Epimedii Folium extract was prepared and quantified
according to previous reports (Zhou et al, 2019). High-
performance liquid chromatography (Waters HPLC, Milford,
MA) was used to quantify EFE at 317nm on a Hypersil
ODS2 column (Figures 3A,B). The quantitative analysis of the
main flavonoids in EFE was as follows: 0.61% of Epimedin A,
0.87% of Epimedin B, 2.82% of Epimedin C, and 1.84% of Icariin.

Reagents

The use of cisplatin in chemotherapy often leads to severe
intestinal toxicity. Our research group has fully proved that cisplatin
can cause intestinal toxicity in the body at a dose of 20 mg/kg in
previous studies (Hu et al, 2021). Cisplatin (purity > 99.0%) was
provided by Shanghai Civic Chemical Technology Co., Ltd., (Shanghai,
China); Glutathione peroxidase (GSH-Px), catalase (CAT) and
malondialdehyde (MDA) detection kits and hematoxylin-eosin
(H&E)
Bioengineering Institute (Nanjing, China); Tumor necrosis factor-a
(TNF-a), interleukin-13 (IL-1f), interleukin-6 (IL-6) and diamine
oxidase (DAO) enzyme-linked immunoassay (ELISA) kits were
obtained from R&D Systems of the United States (Minneapolis,
MN, United States); Hoechst 33258 staining kits and BCA protein
concentration detection kits were acquired from Shanghai Beyotime
Itd. (Shanghai, China); Cy3-SABC
immunofluorescence staining kit was provided by BOSTER
Biological Technology Co., Ltd. (Wuhan, China); Monoclonal
antibodies: p-PI3K, PI3K, p-Akt, Akt, p-NF-kB, NF-kB, p-p53, p53,
Bax, Bcl-2, cytochrome ¢, cleaved caspase-9, caspase-9, cleaved caspase-

staining kits were bought from Nanjing Jiancheng

Biotechnology ~ Co,,

3, caspase-3, B-actin, and secondary antibodies were provided by Cell
Signaling Technology (Danvers, MA, United States); Acetonitrile was
chromatographic pure and obtained from Thermo Fisher Scientific
Co,, Ltd. (MERCK, Germany); Methanol, ethanol, and other chemical
reagents were analytical pure and provided by Sinopharm Chemical
Reagent Co., Ltd., (Shanghai, China).

Determination of serum biochemical
indicators

Blood samples were collected from mouse ocular venous
plexus and centrifuged at 3,500 rpm for 10 min to separate serum
samples. The levels of DAO, TNF-a, IL-1pB, and IL-6 in serum
samples were determined using ELISA kits according to the
manufacturer’s instructions. 10 pl serum samples were added
to 96 well plates coated with matrix and incubated at 37°C for
30 min, then chromogenic agent was added, and the absorbance
of samples in each group at 450 nm was measured within 15 min.
Finally, the content of biochemical indicators was calculated
through the concentration-absorbance curve.
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Determination of biochemical indexes of
tissue homogenate

Tissue samples were accurately weighed, 0.9% sterile saline was
added according to weight (g): volume (ml) = 1:9, then homogenized
with a tissue homogenizer, and finally centrifuged at 3,500 rpm for
10min to collect the supernatant for subsequent biochemical
parameter detection. The levels of MDA, GSH-Px, and CAT in
tissue  homogenate were determined using corresponding
commercially available detection kits according to the instructions

provided by Nanjing Jiancheng Bioengineering Institute.

Histopathological examination

2~3 cm fresh mouse duodenum, jejunum, and ileum were
immersed in 10% neutral buffered formalin for at least 48 h,
routinely dehydrated and deparaffinized, embedded in paraffin,
and then cut into 5 um thick sections. Paraffin sections were
stained with H&E solution, and then pathological changes were
observed with a light microscope, and images were collected. The
degree of intestinal injury was assessed according to the
histopathological scoring system.

Hoechst 33258 staining analysis

5um thick tissue sections were stained with Hoechst
33258 staining solution according to the kit instructions. After
standing for 5min, the sections were washed twice with
phosphate buffer (0.01 M, pH7.4) for 3 min each time and
then sealed with anti-fluorescence quenching sealant. Finally,
nuclear apoptosis was observed and photographed under a
fluorescence microscope (Olympus BX-60, Tokyo, Japan).
Hoechst 33258 staining results were quantified by Image-Pro
Plus 6.0 software.

Immunofluorometric analysis

Paraffin tissue sections were deparaffinized and hydrated
with xylene and gradient ethanol solution and then repaired with
citrate buffer (0.01 M, pH 6.0) under microwave conditions at
medium-high temperature for 8 min. After returning to room
temperature, 5% bovine serum albumin (BSA) was added
dropwise to block the sections for 20 min, and then NF-kB
P65 (1:100) primary antibody solution was added and
incubated overnight at 4°C. Biotinylated goat anti-rabbit IgG
solution was added and incubated at 37°C for 30 min. Diluted
Cy3-SABC (1:400) solution was added dropwise to the sections
and incubated at 37°C in the dark for 30 min. 4, 6-diamino-2-
phenylindole (DAPI) solution was added for nuclear staining.
Finally, the slices were sealed with anti-fluorescence quenching
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sealant. The fluorescence expression intensity of the antibody was
observed under a fluorescence microscope (Leica TCS SP8,
Germany) and photographed. Immunofluorescence
quantitative analysis was performed using Image-Pro Plus

6.0 software.

Western blot analysis

Total protein samples were obtained by lysing mouse
intestinal tissues with RIPA lysis buffer supplemented with
protein phosphatase inhibitors. Total protein concentration in
the tissues was determined using the BCA protein quantification
kit according to the instructions provided by the manufacturer.
The protein samples were separated on 15% SDS-PAGE gels and
transferred to polyvinylidene fluoride (PVDF) membranes by
electrophoresis. Then, the PVDF membranes were sealed with
5% skimmed milk at room temperature for at least 2h and
incubated with p-PI3K (1:1,000), PI3K (1:1,000), p-Akt (1:1,000),
Akt (1:1,000), p-p53 (1:1,000), p53 (1:1,000), Bax (1:2000), Bcl-2
(1:2000), cleaved caspase-9 (1:1,000), caspase-9 (1:1,000), cleaved
caspase-3 (1:1,000), caspase-3 (1:1,000), cytochrome c (1:1,000),
and B-actin (1:2000) primary antibody solutions at 4°C overnight.
The membranes were then incubated with the HRP-conjugated
secondary antibody solution at room temperature for 1.5-2 h.
Finally, the intensities of protein bands were quantified by
Quantity One software (Bio-Rad Laboratories, Hercules, CA,
United States).

Statistical analysis

All experimental data were expressed as mean * standard
deviation (Mean + S.D). Statistical significance was analyzed by
SPSS version 19.0 software. The statistical histograms were made
by GraphPad Prism 8.04 software (GraphPad Software, La Jolla,
California, United States). In all cases, p < 0.05 or p < 0.01 was
considered statistically significant.

Results

Active compounds in Epimedii Folium and
candidate targets

Using the keyword “Epimedii Folium,” 23 active compounds
were retrieved from TCMSP database. The potential active
ingredients were collected under the screening conditions of
OB > 30% and DL > 0.18. We searched through TCMSP,
combined with Chinese and foreign literature supplements,
deleted the active ingredients without targets, and finally
obtained 25 active ingredients of Epimedii Folium, as shown
in Table 1. In addition, 217 target genes were screened from the
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TCMSP and Swiss target prediction databases for active
components. Similarly, 8,226 target genes for intestinal injury
were obtained from the GeneCards, OMIM, and PharmGkb
databases (Figure 1A). To obtain the targets of Epimedii
Folium against intestinal damage, the co-relative targets were
identified using the online Draw Venn Diagram facility. Finally,
200 overlapping targets were obtained as candidate targets of
Epimedii Folium in the treatment of intestinal injury (Figure 1B).
Then, the candidate targets and corresponding active compounds
were imported into Cytoscape 3.7.2 software to construct the
“compound-target-intestinal injury” network diagram. As shown
in Figure 1C, the network diagram contained 227 nodes
(25 active compounds, 200 target genes, 1 drug, and
1 disease) and 686 edges, and purple circles represent the
target genes, and light pink V shapes represent the active
compounds, showing the direct relationship network of active
compounds with intestinal injury and Epimedii Folium.

Protein-protein interaction network
analysis

The identifiable candidate targets of Epimedii Folium
associated with intestinal injury were introduced into the
STRING database to set up the PPI network diagram.
Subsequently, the PPI network of candidate targets was
inputted into Cytoscape-v3.8.0 software for visualization. We
excluded disconnected nodes from the PPI network and finally
obtained 197 nodes and 3,491 edges (Figure 1D). The network
nodes delineate target proteins, and the edges represent protein-
protein relationships. AKT1, TP53, TNF, RELA, CASP3, and
CASP9 contained in the hub PPI network were considered as
core targets (Figure 1E).

GO and KEGG pathway enrichment
analysis

To explore the biological functions and relevant pathways of
Epimedii Folium associated with intestinal injury, GO and
KEGG pathway enrichment analysis of the 200 candidate
targets was carried out after calculation with R software. A
total of 2768 GO terms (p < 0.05) were obtained from GO
enrichment analysis, including 2,437 biological process (BP)
terms, 104 components (CC) terms,
227 molecular function (MF) terms. The top 10 markedly
enriched biological processes of the 200 core targets were

cellular and

depicted in Figure 1F, including cellular response to chemical
stress, response to oxidative stress, serine/threonine protein
and DNA-binding
binding. Moreover, 170 signaling pathways were identified by
the KEGG pathway enrichment analysis (p < 0.05), and the
finally sorted-out top 30 vital signaling pathways are shown in

kinase complex, transcription  factor
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TABLE 1 Candidate active components of Epimedii Folium.

10.3389/fphar.2022.1040504

Mol ID Molecule name OB (%) DL
MOL001510 24-epicampesterol 37.58 0.71
MOL001645 Linoleyl acetate 421 0.2

MOL001771 poriferast-5-en-3beta-ol 36.91 0.75
MOL001792 DFV 32.76 0.18
MOL003044 Chryseriol 35.85 0.27
MOL003542 8-Isopentenyl-kaempferol 38.04 0.39
MOL000359 Sitosterol 36.91 0.75
MOL000422 Kaempferol 41.88 0.24
MOL004367 Olivil 62.23 0.41
MOL004373 Anhydroicaritin 4541 0.44
MOL004380 C-Homoerythrinan,1,6-didehydro-3,15,16-trimethoxy-, (3.beta.)- 39.14 0.49
MOL004382 Yinyanghuo A 56.96 0.77
MOL004384 Yinyanghuo C 45.67 0.5

MOL004386 Yinyanghuo E 51.63 0.55
MOL004388 6-hydroxy-11,12-dimethoxy-2,2-dimethyl-1,8-dioxo-2,3,4,8-tetrahydro-1H-isochromeno [3,4-h] isoquinolin-2-ium 60.64 0.66
MOL004391 8-(3-methylbut-2-enyl)-2-phenyl-chromone 48.54 0.25
MOL004396 1,2-bis (4-hydroxy-3-methoxyphenyl) propan-1,3-diol 52.31 0.22
MOL004425 Icariin 41.58 0.61
MOL004427 Icariside A7 31.91 0.86
MOL000006 Luteolin 36.16 0.25
MOL000622 Magnograndiolide 63.71 0.19
MOL000098 Quercetin 46.43 0.28
MOL008865 Epimedin A 5.06 0.12
MOL004407 Epimedin B 8.65 0.13
MOL004409 Epimedin C 16.29 0.14

Figure 1G. The KEGG pathway enrichment analysis indicated
that the mechanisms of Epimedii Folium against intestinal injury
include the PI3K-Akt signaling pathway, apoptosis signaling
pathway, p53 signaling pathway, and TNF-a signaling
pathway. Additionally, the PI3K-Akt (hsa04151) and apoptosis
(hsa04210) signaling pathways will be analyzed as critical
pathways (Figures 1H,I).

Molecular docking validation of core
targets and active compounds

The PPI network screened out the core targets of Epimedii
Folium against intestinal injury. To verify the reliability of
candidate targets in the PPI network, four active compounds
from Epimedii Folium were docked with AKT1, p53, TNF-a, NF-
kB caspase 3, and caspase 9 using Auto Dock Vina software. The
Vina score (kcal/mol) represented the binding affinity between
the target protein and compounds. The lower the Vina score, the
more stable the ligand binding to the receptor, and the greater the
possibility of molecular interaction. As the score for molecular
docking, the binding energy less than -5 kcal/mol indicates a
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more vigorous binding activity. Interestingly, the results showed
that Icariin, Epimedin A, Epimedin B, and Epimedin C readily
bind to AKT1, p53, TNF-a, NF-kB, caspase3, and caspase9 due to
their very low binding energies (Table 2). These results provide a
basis for explaining the potential of AKT1, p53, TNF-a, NF-kB,
caspase 3, and caspase 9 as the key therapeutic targets for
intestinal injury. Finally, 3D maps of Icariin, Epimedin A,
Epimedin B, and Epimedin C binding to AKT1, p53, TNF-a,
NF-kB, caspase 3, and caspase 9 are shown in Figures 2A-F.

Epimedii Folium extract improved
cisplatin-induced intestinal injury

As can be seen from the line chart in Figure 3D that the
weights of mice in the model group decreased significantly after
intraperitoneal injection of cisplatin. EFE treatment (100 and
200 mg/kg) for 10 days effectively prevented weight loss in mice
with no significant difference between the two-dose groups. As
shown in Figure 3E, after intraperitoneal injection of cisplatin,
the level of DAO was significantly increased, which was
substantially different from that in the normal group (p <
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FIGURE 1

Venn diagram of three databases of intestinal injury (A); Venny results of the potential target genes of Epimedii Folium in the treatment of
intestinal injury (B); Compound-target-disease interaction network of Epimedii Folium and intestinal injury (C); The PPl network of disease-drug
targets (D); Network diagram of the core targets of Epimedii Folium against intestinal injury (E); GO and KEGG enrichment analysis (F=G); The PIZK/
Akt and apoptosis signaling pathways of potential target genes of EFE in intestinal injury (H,1).
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TABLE 2 Molecular docking results of core targets and active ingredients.

Protein Molecule
name name

Epimedin A

AKT1

Epimedin B

Epimedin C

Icariin

Epimedin A

Epimedin B

P53

Epimedin C

Icariin

Epimedin A

Epimedin B

TNF-a

Epimedin C

Icariin

Epimedin A

Epimedin B

NF-xB

Epimedin C

Frontiers in Pharmacology

PDB

4GV1

3Q05

50Ul

1A3Q

Vina Mean
scores
(kcal/

mol)

-8.8

-8.9 —-8.83
-8.8

-8.7

-8.8 -8.7
-8.6

-9.1

-9.0 -9.13
-9.3

-9.0

-9.1 -9.1
-9.2

-9.5

-9.4 -9.47
-9.5

-9.4

-9.5 -9.5
-9.6

-9.4

-9.2 -9.4
-9.6

-9.3

-9.2 -9.3
-9.4

-6.5

-6.5 —6.53
—6.6

—6.6

-6.7 —6.6
—6.5

—6.6

—6.5 —6.63
-6.8

-6.6

-6.5 —-6.57
—6.6

=7.7

-7.6 =7.7
-7.8

-8.6

-8.7 -8.63
-8.6

-8.8

-8.7 -8.8
-8.9

168

0.058

0.1

0.15

0.1

0.058

0.1

0.2

0.1

0.058

0.1

0.15

0.058

0.1

0.058

0.1

RMSD

Center

-26.571

—26.571

-26.571

-26.571

—40.261

—40.261

—40.261

-40.261

45.301

45.301

45.301

45.301

16.769

16.769

16.769

10.3389/fphar.2022.1040504

2.775

2.775

2.775

2.775

27.583

27.583

27.583

27.583

52.93

52.93

52.93

52.93

61.416

61.416

61.416

16.251

16.251

16.251

16.251

-12.781

-12.781

-12.781

-12.781

13.768

13.768

13.768

13.768

0.667

0.667

0.667

(Continued on following page)
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TABLE 2 (Continued) Molecular docking results of core targets and active ingredients.

Molecule
name

PDB Vina
scores
(kcal/

mol)

Protein
name

-84
Icariin -83
-8.6
—6.1
Epimedin A —6.0
—6.2
-6.6
Epimedin B -6.5

Caspase3 2J30 —6.6
-6.8
Epimedin C —6.7
-6.9
-6.0
Icariin -5.8 —-6.0
6.2
-8.2
Epimedin A -8.0
-8.1
-7.8
Epimedin B =7.7

Caspase9 3D9T -8.0
7.6
Epimedin C -7.5
7.6
7.6
Icariin 7.6

=7.7

0.01). However, EFE administration could dramatically inhibit
the increase of the biochemical index (p < 0.05 or p < 0.01),
indicating that EFE could effectively alleviate the intestinal
damage caused by cisplatin.

Gastrointestinal Morphology of mice in each experimental
group was observed (Figure 4A). It was found that the stomach of
cisplatin-treated mice became larger, the color of the intestine
turned white, the intestinal wall became thinner, and multiple
vacuoles appeared. EFE administration could significantly
these
observation showed that the intestinal mucosa of mice in the

improve pathological symptoms. Histopathological
cisplatin group was seriously damaged, villi degeneration and
desquamation, mucosal glandular structure distortion, crypt
EFE could
effectively alleviate cisplatin-induced intestinal injury and
the

Furthermore,

ablation, and inflammatory cell infiltration.

significantly  restore intestinal mucosal  structure

4B). the
pathological sections of the mouse intestines (duodenum,

(Figure histomorphology  and
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Mean

-8.43

—6.57

-7.83

=7.57

-7.63
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S RMSD Center

X y z
0.15 0 16.769 61.416 0.667
0.1 0 27.395 19.401 58.596
0.058 0 27.395 19.401 58.596
0.1 0 27.395 19.401 58.596
0.2 0 27.395 19.401 58.596
0.1 0 6.844 -11.718 -23.923
0.15 0 6.844 -11.718 -23.923
0.058 0 6.844 -11.718 -23.923
0.058 0 6.844 ~11.718 -23.923

jejunum, and ileum) showed that cisplatin had the most
apparent damage to the duodenum. Therefore, the duodenum
was selected as the research object of cisplatin-induced intestinal
injury.

Epimedii Folium extract alleviated
cisplatin-induced inflammation and
oxidative stress damage

To verify whether EFE could ameliorate cisplatin-induced
effects, the
expression levels of NF-kB p65 in mouse intestinal tissues

intestinal injury through anti-inflammatory
were detected by immunofluorescence staining. As shown in
Figure 5A, NF-kB p65 had almost no fluorescence expression in
the intestinal tissues of normal mice but was highly expressed in
cisplatin-treated mice (p < 0.01). Interestingly, the intensity of

fluorescence expression was significantly attenuated after EFE
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FIGURE 2

Analysis of target-compound docking simulation. (A—F)
Epimedin A, Epimedin B, Epimedin C, and Icariin act on AKT1, P53,
TNF-a, NF-xB, caspase3, and caspase9, respectively.

administration (Figure 5B) (p < 0.05 or p < 0.01). Moreover, as
depicted in Figures 5C-E, the results showed that the serum
levels of TNF-a, IL-1f, and IL-6 in the model group were
significantly higher than those in the normal group (p < 0.01).
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However, the secretion levels of proinflammatory factors were
suppressed considerably after EFE administration, especially in
the high-dose EFE group (p < 0.05 or p < 0.01). These results
suggested that EFE might effectively ameliorate cisplatin-induced
intestinal injury through anti-inflammatory effects.

To evaluate whether EFE could protect intestinal tissues
from oxidative stress damage caused by cisplatin, the levels of
MDA, GSH-Px, and CAT in intestinal tissues were detected
using corresponding kits (Figures 5F-H). The results showed
that the levels of GSH-Px and CAT in the model group were
significantly decreased, and the level of MDA was increased
considerably, which was substantially different from those in
the normal group (p < 0.01). Interestingly, EFE could reverse
the changes of these oxidative stress indices (p < 0.05 or
p < 0.01).

Epimedii Folium extract inhibited
cisplatin-induced intestinal apoptosis

As shown in Figure 6A, the intestinal histoarchitecture of
normal mice was intact, neatly arranged with clear contours, and
with no blue fluorescence of nuclei. Intestinal tissues of cisplatin-
treated mice showed nuclear fragmentation and condensation
and intense fluorescent signals, suggesting that cisplatin caused
severe intestinal cell apoptosis. However, EFE could significantly
reduce positive cells and improve cisplatin-induced intestinal
apoptosis (Figure 6C) (p < 0.05 or p < 0.01).

To further explore the protective mechanism of EFE on
cisplatin-induced intestinal apoptosis, western blotting was
used to detect the expression levels of apoptosis-related
proteins in mouse intestinal tissues (Figure 6B). The results
showed that p-PI3K, p-Akt,
significantly downregulated in the intestinal tissues of the

and Bcl-2 proteins were
model group, while p-p53, Bax, cleaved caspase-3, cleaved
caspase-9, and cytochrome ¢ proteins were upregulated
considerably (p < 0.01). However, the levels of these proteins
were substantially reversed after EFE administration, and
especially the high-dose EFE showed better
(Figures 6D-]) (p < 0.05 or p < 0.01).

effects

Discussion

Epimedii Folium is a critical Chinese herbal medicine widely
used to treat various malignant diseases. According to literature
reports, flavonoids extracted from Epimedii Folium could
ameliorate intestinal damage by regulating multiple signaling
pathways. For example, icariin, the main flavonoid in
Epimedium, effectively alleviated LPS-induced impairment of
intestinal goblet cell function by modulating oxidative stress,
inflammation, and apoptosis (Xiong et al, 2020b). Icariin
pretreatment could improve the intestinal barrier dysfunction
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Effect of EFE on the gastrointestinal tissue morphology (A) of mice; Effect of EFE on intestinal histopathology in mice (B). Note: Values are
expressed as Mean + S.D., (n = 10). **p < 0.01 vs. normal group; *p < 0.05, **p < 0.01 vs. model group.

of piglets induced by Escherichia coli by regulating the
p38 MAPKs signal pathway (Xiong et al, 2020a). Icariin
could also protect intestinal cells from hypoxia-reoxygenation
(H/R)-induced oxidative stress and apoptosis by activating the
SIRT1/FOXO3 signaling pathway (Zhang F. et al, 2015).
Cisplatin chemotherapy has serious side effects on intestinal
tissues, which dramatically affects the prognosis and quality of
life of patients, and severely limits its clinical application (Zou
et al,, 2021). While Epimedii Folium is rich in flavonoids, and
these flavonoids have been reported to antagonize the toxicity of
cisplatin (Ma et al., 2015; Zhou et al., 2019).
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Chinese herbal medicines show good prospects in the
treatment of complex diseases owing to their fewer side
effects and multi-target effects. Due to the complexity of
the ingredients of traditional Chinese medicine, it is
difficult the potential
pharmacological activities of the drugs through the research
model of animal experiments. Network pharmacology is a
novel method to reveal the active components and action

to comprehensively explore

mechanisms of Chinese herbal medicines (Zhang Y. et al,
2015). In light of this, we employed network pharmacology
and animal experiments to explore the protective mechanism
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Effect of EFE on NF-xB expression in mouse intestinal tissue (A) and quantitative analysis of fluorescence intensity (B); Effect of EFE on serum
TNF-a, IL-1f, and IL-6 levels in mice (C—E); Effect of EFE on GSH-Px, CAT and MDA levels in mouse intestinal tissues (F-=H). Note: Values are
expressed as Mean + S.D., (n = 10). **p < 0.01 vs. normal group; *p < 0.05, **p < 0.01 vs. model group.

of EFE on the cisplatin-induced intestinal injury. As a result,
200 drug-disease common targets were identified through
database screening. Thirty key targets were selected in the
hub PPI network. Molecular docking simulations indicated
that the core target proteins AKT1, p53, TNF-a, NF-«B,
caspase 3, and caspase 9 might play essential roles in
Epimedii Folium’s treatment of intestinal injury. GO and
KEGG pathway enrichment analysis suggested that the
treatment of intestinal damage by Epimedii Folium involves
oxidative stress, inflammation, and apoptosis.
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Oxidative stress is thought to play a crucial role in the
mechanism of cisplatin-induced toxicity (Hazman et al,
2018). From this perspective, there is clear evidence that
flavonoid compounds with antioxidant properties can
reduce cisplatin-induced toxicity (Malik et al.,, 2015; Arab
et al., 20165 Lu et al.,, 2022). Cisplatin exposure disrupts the
endogenous antioxidant defense system, increases the
production of ROS, reduces the activity of antioxidant
enzymes and causes oxidative stress (Khan et al., 2012b).
ROS-mediated oxidative stress plays a vital role in the
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progression of cisplatin-induced intestinal dysfunction (Khan
et al,, 2012a). Lipid peroxidation is an important marker of
oxidative stress. Cisplatin treatment significantly increased
the level of MDA, a product of lipid peroxidation in tissues
(Karadeniz et al., 2011). Studies have reported that the
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activities of antioxidant enzymes GSH-Px and CAT in
intestinal tissue of cisplatin-treated rats decreased, and the
level of MDA increased (Shahid et al., 2017; Hu et al., 2021).
Epimedii Folium, as a natural antioxidant, has been reported
to protect the antioxidant defense system by increasing the
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FIGURE 7

The mechanism of EFE attenuates cisplatin-induced intestinal injury in mice.

activity of antioxidant enzymes GSH-Px, CAT, and SOD while
reducing the content of lipid peroxidation marker MDA
(Yang et al., 2020; Zhao et al,, 2022). Our results were
consistent with literature reports, suggesting that EFE could
exert an excellent protective role against cisplatin-induced
intestinal injury by resisting oxidative stress.

Oxidative stress and inflammation are closely related in
biological systems (Araujo et al., 2017). In addition to
direct toxicity to the body, ROS can also induce the
expression of the nuclear transcription factor NF-xB,
thereby increasing the production of cell adhesion
molecules, chemokines, and proinflammatory cytokines,
and further enhancing the cytotoxicity of cisplatin (Li
et al., 2017). Transcription of inflammatory markers such
as iNOS, COX-2, TNF-a, and IL-1B can be triggered
explicitly by activation of NF-xB (Liu et al, 2021).
According to literature reports, Epimedii Folium can

the expression of nuclear
NF-«xB the secretion of
proinflammatory cytokines TNF-a and IL-1B (Huang
et al., 2018; Yan et al,, 2018). Our findings support this
conclusion, showing that EFE can attenuate cisplatin-

significantly  reduce

transcription factor and

induced intestinal injury by inhibiting inflammation.
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Previous studies have demonstrated that cisplatin-
induced toxicity is closely related to oxidative stress-
induced apoptosis (Shahid et al., 2018). When cisplatin
induces ROS overproduction, it can cause mitochondrial
dysfunction, change mitochondrial permeability, trigger
the opening of the mitochondrial permeability transition
pore (MPTP), release cytochrome ¢ from mitochondria to
the cytoplasm, and lead to the successive activation of caspase
9 and its downstream caspase 3, thereby inducing a
mitochondrial-dependent pathway and ultimately leading
apoptosis  (Kim 2003).
intestinal toxicity mechanisms include oxidative stress,

to et al, Cisplatin-induced
p53, and apoptosis through upregulation of caspase-3 and
caspase-6 expression (Khan et al., 2012a). Bax and Bcl-2 are
the most representative pro-apoptotic and anti-apoptotic
factors. Cisplatin treatment significantly increased the
expression of Bax and inhibited the expression of Bcl-2.
Studies that

Epimedii Folium can exert anti-apoptotic effects by

have shown flavonoids extracted from

increasing the ratio of Bcl-2/Bax and reducing the
expression of caspase 3 (Liu et al, 2014; Hu and Ma,
2021). showed that EFE alleviated
cisplatin-induced  apoptosis

Our results also

by downregulating Bax
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expression, upregulating Bcl-2 expression, reducing caspase-
9 and caspase-3 expression, and cytochrome c release.

PI3K-Akt is a crucial intracellular signal transduction
pathway that plays a crucial role in cell growth, proliferation,
and migration (Zhang et al., 2020). It is also a survival signaling
pathway that can resist various apoptotic injuries (Qin et al.,
2021). Network pharmacology and molecular docking results
suggested that the PI3K-Akt signaling pathway was the principal
pathway of Epimedii Folium against intestinal damage.
Furthermore, given the regulatory effects of Epimedii Folium
on cell proliferation and the PI3K/Akt pathway (Song et al.,
2014), this study validated the role of the PI3K-Akt pathway in
the treatment of cisplatin-induced intestinal injury by EFE
through western blotting. Excitingly, we demonstrated that
EFE could significantly ameliorate cisplatin-induced intestinal
injury by modulating the PI3K/Akt pathway.

Mitochondrial DNA is one of the main targets of cisplatin
(Coskun et al., 2014). Cisplatin forms covalent adducts between
platinum atoms and DNA bases, causing irreparable damage to
DNA, inhibiting the synthesis of nucleic acids and proteins, and
leading to apoptosis (Sancho-Martinez et al., 2012). Cisplatin-
induced cell death is more intense in mitochondria-rich
duodenal epithelial cells (Qian et al., 2005). p53, a tumor
suppressor protein, is a crucial mediator of the DNA damage
response and is considered to play a vital role in cisplatin-
induced toxicity (Jiang and Dong, 2008). After cisplatin
treatment, the p53 protein is activated and transferred to
mitochondria, leading to the activation of the caspase
pathway, which ultimately induces apoptosis (Khan et al,
2012b). EFE could inhibit cisplatin-induced apoptosis by
reducing the expression of the p-p53 protein.

Conclusion

In conclusion, combing with network pharmacology,
molecular docking, and animal experiments, our study
demonstrated for the first time that EFE could significantly
attenuate cisplatin-induced intestinal damage by regulating
oxidative stress, inflammation, and apoptosis. The molecular
mechanism of action might be mainly related to PI3K/Akt,
p53, and NF-kB signaling pathways (Figure 7). These findings
could provide a theoretical basis for the clinical treatment of the
toxic and side effects of cisplatin chemotherapy, guide the
application of antitumor drugs, and provide new ideas for the
application and development of Epimedii Folium in the future.
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Romania, ®Oncology Department, University of Medicine and Pharmacy of Craiova, Craiova, Romania

Background: In the phase Il RECOURSE trial, the orally administered
combination trifluridine/tipiracil (FTD/TPI) demonstrated a survival benefit
and an acceptable safety profile, earning approval as a third-line therapy in
metastatic colorectal cancer (MCRC). This study aimed to assess the efficacy
and safety of FTD/TPI in daily clinical practice in Romanian population.

Methods: A single-center, retrospective, and observational study analyzed
patients with mCRC that received chemotherapy with trifluridine/tipiracil
between May 2019 and May 2022 at the Oncology Institute Prof. Dr. lon
Chiricuta in Cluj-Napoca, Romania. Study endpoints included safety, and
median progression-free survival (PFS).

Results: In this Romanian cohort (n = 50) the most common treatment-
emergent adverse event was haematological toxicity (76%): anemia (50%),
leucopenia (38%), neutropenia (34%), and thrombocytopenia (30%), followed
by fatigue (60%), and abdominal pain (18%). Overall, the median progression-
free survival was 3.85 months (95% ClI: 3.1-4.6 months). PFS was significantly
correlated with the number of FTD/TPI administrations and prior surgery.

Conclusion: Our study corroborated the previously described safety profile for
FTD/TPI in the third-line setting, and demonstrated relatively superior mPFS.

KEYWORDS

metastatic colorectal cancer, trifluridine/tipiracil, Romanian population, toxicity
analysis, real-world data
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Introduction

Colorectal cancer (CRC) is one of the most frequent
malignancies and leading causes of cancer-related mortality
worldwide (Ferlay et al., 2015; Favoriti et al.,, 2016). Although
overall survival (OS) has improved, there are few regimens
available for patients who progress beyond first- and second-
line treatment (Vogel et al., 2017; Arnold et al., 2018).

Fluoropyrimidines have been generally regarded an essential
component of colorectal cancer treatment (Meyerhardt & Mayer,
2005). These agents predominantly inhibit thymidylate synthase,
an enzyme involved in pyrimidine nucleotide synthesis. The
ability of fluorouracil (5-FU) to bind to thymidylate synthase
has been improved by combining it with folinic acid (Sobrero
et al., 2000). The current standard of care for mCRC includes the
addition of oxaliplatin (FOLFOX) or irinotecan (FOLFIRI) to
fluorouracil and folinic acid, along with a vascular endothelial
growth factor (VEGF) inhibitor (e.g., bevacizumab) or an
epidermal growth factor receptor (EGFR) inhibitor for RAS
wild-type tumors (e.g., cetuximab or panitumumab) (Yoshino
et al., 2018). Trifluridine (FTD) was developed nearly 50 years
ago, close to the introduction of fluorouracil, and demonstrated
antitumoral activity (Heidelberger & Anderson, 1964;
Heidelberger et al, 1965; Dexter et al, 1972). However,
subsequent drug development was terminated because the
required dosing schedule for trifluridine exhibited a toxicity
profile that was unacceptable for long-term use (Dexter et al.,
1972). It was not until approximately 15 years ago that tipiracil
(TPI) hydrochloride, which inhibits the fast degradation of
trifluridine and enables the preservation of acceptable plasma
concentrations of the active medication, was developed
(Fukushima et al., 2000).

The subsequent combination of trifluridine and tipiracil
(FTD/TPI) to develop TAS-102 prompted the preclinical and
clinical trials that led to its approval for refractory mCRC in
Japan in March 2014 (Yoshino et al.,, 2016). Firstly, a Japanese
phase II study (JapicCTI-090880) established the safety and
efficacy of TAS-102 monotherapy in patients with refractory
mCRC (Yoshino et al., 2012). Following that, the RECOURSE
trial (Mayer et al., 2015) was successful in gaining authorization
in both the United States and Europe in September 2015, and
April 2016, respectively (Mulet et al., 2018). According to the
phase IIT study (NCT01607957), FTD/TPI increased both
median progression-free survival (mPFS) and median over-all
survival (mOS) when compared to placebo, from 1.7 to
2.0 months and 5.3-7.1 months, respectively (Mayer et al., 2015).

These findings were corroborated by a second phase III trial
(TERRA) conducted in an all-Asian demographic (Xu et al.,
2018). In light of the promising outcomes of the clinical studies,
an international phase IIIb research, PRECONNECT
(NCT03306394), was launched to further analyze FTD/TPI in
a sizable cohort of patients engaged in normal clinical practice
(Bachet et al., 2020).
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Post hoc analyses of the PRECONNECT research are being
conducted on a country-specific basis due to disparities in disease
treatment between states, with publications so far available for
Italy (Zaniboni et al,, 2021), and Turkey (Ozet et al., 2022).

In February 2017, the National Oncology Program of
Romania covered trifluridine/tipiracil for patients with mCRC
who had previously had two or more lines of treatment or who
were ineligible for intense chemotherapy.

To the best of our knowledge, this is the first study to
document real-world experience of using FTD/TPI in mCRC
in Romania.

Materials and methods
Study design

The
retrospective, single-center study that analyzed patients with

present  investigation is  non-interventional,
metastatic colorectal cancer that received chemotherapy with
trifluridine/tipiracil between May 2019 and May 2022 at the
Oncology Institute Prof. Dr. Ion Chiricutd in Cluj-Napoca,
Romania. The study was conducted in compliance with the
principles of the Declaration of Helsinki, and all participants

provided written, informed consent.

Patients

Patients included in the study had to be at least 18 years old,
have a biopsy-confirmed adenocarcinoma of the colon or
rectum with metastatic lesions, and have an Eastern
Cooperative Oncology Group performance status (ECOG-
PS) of 0-2. Patients were required to have undergone a
minimum of two prior regimens of standard chemotherapy
consisting of fluoropyrimidine, oxaliplatin, and irinotecan
(which included adjuvant setting if recurrence happened
within 6 months), and bevacizumab, or anti-epidermal
growth factor receptor (EGFR) monoclonal antibody for
RAS-wild-type tumors.

Baseline information such as demographic data, ECOG PS,
RAS-mutation  status,
description (prior systemic regimens and surgeries), number

disease  characteristics, treatment
of trifluridine/tipiracil cycles, toxicities, disease response, and

date of progression were collected from patients’ medical records.

Treatment

Trifluridine/tipiracil was given orally twice daily at a dosage
of 35 mg/m2, in a 28-day cycle that included five treatment days
and 2 rest days for 2 weeks, followed by a 14-day rest period. This
completed one treatment cycle, which was repeated every
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TABLE 1 Baseline patients’ characteristics.

Characteristics

Age (mean + SD)
<45
46-69
>70
Gender
Male
Female
Comorbidities
Yes
No
N/A
Type of comorbidities
Hypertension
Heart disease
Smoking/alcohol
Diabetes
Others
Primary tumor site
Left
Right
Rectum
RAS status
Wild-type
Mutated
N/A
Lymph node involvement
Yes
No
Missing data
Lymph node involvement
NO
N1
N2
No
Missing data
Location of metastases
Peritoneal
Liver
Lung
Lymph nodes
Bone
Brain
Others

Number of metastatic organ locations
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Patients given FTD/TPI
(n = 50)

629 +12.9
8 (16%)

23 (46%)
19 (38%)
26 (52%)
24 (48%)
30 (60%)
8 (16%)
12 (24%)

9 (18%)
15 (30%)
0

2 (4%)
25 (50%)

37 (74%)
8 (16%)
18 (36%)

19 (38%)
19 (38%)
12 (24%)

45 (90%)
0
5 (10%)

8 (16%)
17 (34%)
20 (40%)
0

5 (10%)

18 (36%)
39 (78%)
28 (56%)
11 (22%)
8 (16%)

2 (4%)

3 (6%)

10 (20%)
18 (36%)
22 (44%)

(Continued on following page)
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TABLE 1 (Continued) Baseline patients’ characteristics.

Characteristics

Surgery
No surgery delivered
Yes
First-line chemotherapy regimens
Oxaliplatin-based chemotherapy + Bevacizumab/cetuximab
Irinotecan-based chemotherapy + Bevacizumab/cetuximab
Second-line chemotherapy regimens
Oxaliplatin-based chemotherapy + Bevacizumab/cetuximab
Irinotecan-based chemotherapy + Bevacizumab/cetuximab
Number of FTD/TPI administrations in 3rd line
Mean + SD
<5
6-9
210
Missing data
Number of FTD/TPI administrations in 4th line
Mean + SD

Missing data
Post-FTD/TPI adverse events

Yes

No

N/A
ECOG Status

0

1

2

3

Data are presents as frequency (percentage) or mean (+SD).

4 weeks. Treatment continued until disease progression,

unacceptable toxicity, or withdrawal of consent.

Outcomes

Study endpoints included safety, and median progression-
free survival (PFS). PFS was defined as the time elapsed between
the beginning of trifluridine/tipiracil treatment and the first
recorded disease progression or death from any cause.
Treating physicians determined the intervals at which tumor
response was measured using RECIST 1.1. The National Cancer
Institute Common Terminology Criteria for Adverse Events
(NCI CTCAE), version 4.0, was used to grade all toxicities.
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Patients given FTD/TPI
(n = 50)

23 (26%)
37 (74%)

33 (66%)
7 (14%)

1.(2%)
24 (48%)

4.58 +3.91
25 (80%)
3 (10%)

3 (10%)

4.0 £ 2.1
10 (83%)
2 (17%)

0

40 (80%)
3 (6%)
7 (14%)

5 (10%)
20 (40%)
18 (36%)
7 (14%)

Statistical analysis

All the data was collected in an Excel worksheet and analyzed
using GraphPad 9.4.1 (GraphPad Software, San Diego, CA,
United States).
mean *

Continuous variables were presented as
standard deviation, and categorical variables as
number (percentages). The Kaplan-Meier method was used to
estimate the curve corresponding to the progression-free survival
(PES). The patients alive at the time of last follow-up were
censored. Cox regression was performed for PES with the
main known prognostic factors: age, gender, tumor sidedness,
RAS mutation, lymph node involvement, surgery, number of
metastatic locations, number of FTD/TPI administrations. The
threshold for statistical significance was 5%.
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TABLE 2 Reported toxicities (CTCAE).

Reported toxicities Patients given FTD/TPI

(n = 50)
Any Grade AE
Low blood count 38 (76%)
Leucopenia 19 (38%)
Anemia 25 (50%)
Thrombocytopenia 15 (30%)
Neutropenia 17 (34%)
Tiredness (fatigue/weakness) 30 (60%)
Nausea 4 (8%)
Vomiting 2 (4%)
Decreased appetite 6 (12%)
Diarrhea 2 (4%)
Abdominal pain 9 (18%)
Fever 1 (2%)
Grade 3 AEs
Leucopenia 9 (18%)
Anemia 2 (4%)
Neutropenia 12 (24%)
Tiredness (fatigue/weakness) 1 (2%)

Data are presents as frequency (percentage).

Results

A total of 50 patients with metastatic colorectal cancer were
included in the study. Baseline characteristics of enrolled patients
and reported toxicities are summarized in Table 1. There were
26 male and 24 female patients with a median age of 65.5 (range,
31-86) years. Young (<45 years) and elderly (>70 years) patients
represented 16% and 38% of our sample, respectively. The bulk of
study participants had an ECOG performance level of 1%-40%,
followed by ECOG 2 (36%), ECOG 3 (14%), and ECOG 0 (10%).
Studying the comorbidities (60% patients had comorbidities),
most of them had heart disease (30%) and hypertension (18%).
Left-sided tumors were the most common (74%) presenting with
cancers in the rectum (36%). Of 50 patients, 19 (38%) had wild
type RAS status and 19 (38%) were mutated. Lymph node
involvement was observed in 90% of patients, among which 8
(16%) were NO, 17 (34%) were N1 and 20 (40%) were N2. The
liver was the principal common metastatic site (78%), followed
by lung (56%), peritoneal (36%), nymph nodes (22%), bone
(16%) or brain (4%). Most of the patients had more than
3 metastatic organ locations (44%). Surgery was performed for
most of the patients (74%) (Table 1).

Regarding first-line, oxaliplatin-based chemotherapy
combined with bevacizumab or cetuximab was the dominant
choice (66%), whereas irinotecan-based chemotherapy combined
with bevacizumab or cetuximab was chosen for 14% cases.

Recorded post-FTD/TPI toxicities were registered in 80% of
the study population (Table 2). The most common adverse event
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FIGURE 1

Progression-free survival of the sample treated with FTD/TPI.

was low blood count (76%), followed by fatigue (60%), anemia
(50%), leucopenia (38%), neutropenia (34%), thrombocytopenia
(30%) and abdominal pain (18%). Interestingly, when grade
3 AEs are considered-respecting CTCAE v5.0 grading, the
majority of patients (24%) encountered grade 3 neutropenia,
followed by grade 3 leucopenia (18%), grade 3 anemia (4%) and
only one patient experienced Grade 3 fatigue (2%).

The median PFS was 3.85 months (95% CI: 3.1-4.6) for the
whole study group (Figure 1).

For male patients with metastatic colorectal cancer, the median
PFS was 3.16 months (95% CI: 1.94-4.38) and for female patients,
the median PFS increased to 4.9 months (95% CI: 2.5-7.3), but the
differences were not significant (p-value = 0.446) (Figure 2A).

The median PFS was calculated according to the lymph nodal
status: for NO, it was 3.16 months (95% CI: 0.97-4.35), for N1, it
was 4.6 months (95% CI: 3.32-5.88), and for N2, it was
3.88 months (95% CI: 2.79-4.97). The comparative difference
between them was not statistically significant (p-value = 0.984)
(Figure 2B).

Log Rank comparison on sidedness showed no statistically
significant differences between the left and right: 3.85 months
(2.14-5.56) vs. 2.76 months (2.44-3.08), p-value = 0.772
(Figure 2C).

A significantly superior median PFS was observed in the case
of patients that previously received surgery (4.96, 95% CI:
3.03-6.89) compared to those without surgery (2.76, 95% CI:
2.29-3.23), with log rank p-value < 0.0001 (Figure 2D).

The potential predictors of PFS were investigated based on
Kaplan-Meier, univariate and multivariate Cox regression and
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only number of FTD/TPI administrations and surgery were
significantly associated with PES (Table 3). We confirmed the
prognostic value of number of FI'D/TPI administrations
(p-value < 0.0001) and surgery (p-value < 0.0001) on PES. On
univariate Cox regression analysis, patients with less than five
doses had significantly inferior median PFS (3.16 moths vs.
7.92 months), HR = 0.18 (95% CI. 0.07-0.51), p-value <
0.0001. Moreover, previous surgery was also associated with
PFS (log rank p-value < 0.0001): the impact of previous
surgery was associated with a superior PFS compared to
patients who did not benefit from any surgery. Notably, these

Frontiers in Pharmacology

184

observations were confirmed on multivariate analysis after
adjustment for covariates.

Discussion

FTD/TPI is an anti-tumor medication administered orally
that consists of trifluridine (a nucleoside analogue), and tipiracil
(a thymidine phosphorylase inhibitor), and is registered for
mCRC refractory to standard regimens in over 93 countries
(Bachet 2020).

et al, Specifically, thymidine kinase
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TABLE 3 Association of baseline characteristics with PFS.

10.3389/fphar.2022.1041927

Characteristics Kaplan-meier survival Univariate cox regression Multivariate cox
analysis with log-rank analysis regression analysis
test
PFS p-value HR p-value HR p-value
(95%CI) (95%CI) (95%CI)

Gender (female vs. male) 3.85 (3.1-4.6) 0.446 1.27 (0.68-2.38) 0.449 — —

Age (<50 years vs. > 50 years) 3.85 (3.1-4.6) 0.949 0.97 (0.43-2.21) 0.950 — —

Comorbid conditions (yes vs. no) 3.68 (2.5-4.9) 0.844 1.09 (0.46-2.58) 0.845 — —

Tumor sidedness (left-sided vs. right-sided) 3.68 (2.7-4.7) 0.772 1.13 (0.49-2.61) 0.775 — —

Lymph node involvement (N2 vs. NO/N1) 3.88 (2.8-4.97) 0.858 0.94 (0.48-1.85) 0.858 — —

Number of metastatic organ locations (<3 vs. >3) 3.85 (3.1-4.6) 0.759 1.1 (0.6-2.1) 0.760 — —

Number of FTD/TPI administrations (<5 vs. >5) 3.85 (3.1-4.6) <0.0001 0.18 (0.07-0.51) 0.001 0.21 (0.07-0.59) 0.003

Surgery (no vs. yes) 3.85 (3.1-4.6) <0.0001 0.26 (0.12-0.58) 0.001 0.34 (0.15-0.76) 0.008

phosphorylates FTD, which is then incorporated into DNA,
DNA malfunction cytotoxicity.  This
mechanism of action differs from that of 5-FU and other
fluoropyrimidines, which  inhibit
(Sunakawa et al., 2017).

The results of this real-world investigation corroborate the

leading to and

thymidylate synthase

findings of phase III studies and worldwide recommendations,
which demonstrate that FTD/TPI is a safe and effective therapy
in this setting (Mulet et al., 2018; Andersen et al., 2019). Real-
world, country-specific studies are significant because of the
disparities in disease management that exist between regions
and because of their potential to highlight treatment gaps (Ozet
et al.,, 2022).

A systematic analysis was conducted which synthesizes
published and unpublished data using FTD/TPI in clinical
practice settings, comparing the outcomes of pooled analyses
of observational studies, the Japanese phase II study, and the
RECOURSE and TERRA phase III trials (Andersen et al., 2019).
A total of 1,008 patients from 64 hospitals in Japan and Europe
were compiled throughout 7 published papers between 2016 and
2018, and 2 unpublished investigations (Japanese and Danish).

Furthermore, PRECONNECT was a multicenter, open-label,
phase IIIb trial, that aimed to facilitate access for eligible mCRC
patients to FTD/TPI, and to further evaluate its safety and
efficacy in ordinary clinical practice. 793 patients received oral
FTD/TPI until disease progression, unacceptable toxicity,
significant protocol deviation, physician or patient’s decision,
or when the medication became commercially available (Bachet
et al,, 2020). PRECONNECT applied the same inclusion criteria
as the RECOURSE study: adult patients with histologically
proven metastatic colorectal cancer, an Eastern Cooperative
Oncology Group (ECOG) performance status (PS) of 0 or
1 and two prior regimens
chemotherapy (Mayer et al., 2015; Van Cutsem et al.,, 2018).
Unlike RECOURSE and PRECONNECT, neither Yoshino et al.

at least of conventional
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nor TERRA required patients to have had bevacizumab (or an
anti-EGFR antibody for KRAS wild-type tumors) before
enrollment (Yoshino et al,, 2012; Xu et al., 2018; Andersen
et al., 2019).

In general, the three RCTs—the Japanese phase II trial
(Yoshino et al., 2012), the RECOURSE phase III trial (Mayer
et al,, 2015), and the TERRA phase III trial (Xu et al., 2018), the
pooled analysis of observational studies (Andersen et al., 2019),
the PRECONNECT trial (Bachet et al., 2020), and the present
study had cohorts with baseline similar characteristics. The
patients in the Romanian population were slightly older
(median age of 65.5 years; patients >70 years represented 38%
of our sample) compared to the pooled real life studies (median
age of 63.5 years), Yoshino et al. (2012) and RECOURSE (median
age of 63 years for both cohorts), PRECONNECT study (median
age of 62years), and TERRA trial (median age of 58 years)
(Mayer et al, 2015; Xu et al, 2018; Andersen et al, 2019;
Bachet et al., 2020).

Although they still accounted for more than half of the
sample, male patients in the current study (52%) were
relatively less prevalent than in previous investigations:
Japanese phase II trial (57%), PRECONNECT population
(59%), RECOURSE and the pooled observational studies
(61%), and TERRA study (63%) (Yoshino et al., 2012; Mayer
et al., 2015; Xu et al., 2018; Bachet et al., 2020).

Nineteen (38%) of 50 patients included in this study were
RAS wild-type, whereas 19 (38%) were RAS mutant. In
RECOURSE and TERRA (Mayer et al., 2015; Xu et al., 2018),
mOS and mPFS were not influenced by KRAS status, whereas in
the Japanese phase II study (Yoshino et al., 2012) TAS-102 was
more effective in individuals with KRAS mutations. However,
TAS-102 was proven effective regardless of KRAS mutational
status (Yoshino et al., 2012; Andersen et al., 2019).

Overall, the median PFS for the current study was
3.85 months (95% CI: 3.1-4.6 months), higher than previously
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reported. A meta-analysis assessing real life experience with FTP/
TPI from more than 1,000 patients reported a mPFS of
2.2months (95% CI: 2.1-2.3 months). The
controlled trials had comparable median PFS: 2.0 months
(95% CI: 1.9-2.8 months) for the phases II trial and TERRA
study, and 2.0months for RECOURSE (95% CL
1.9-2.1 months). Final results from PRECONNECT study
show a median PFS of 2.8 months (CI 95%: 2.7-3.0 months)
(Andersen et al., 2019).

PES is a popular endpoint that is utilized in clinical studies for

randomized

third line treatment of mCRC, with radiologic testing often used
as the primary basis for assessing the course of an illness. Because
the true date of progression is somewhere between two
radiological evaluations, using the date of scanning as the date
of progression overestimates the PFS (Panageas et al., 2007). As a
result, varied scanning intervals may render comparisons of
median PFS across trials less relevant, as surveillance intervals
may influence PFS (Andersen et al, 2019). Given the
retrospective nature of this study, follow-up imaging was not
subjected to the same strict requirements as a randomized clinical
trial, and may account for the variations in PFS findings.

PRECONNECT study showed that the median PFS increased
with duration of treatment as follows: 0-3 cycles: 2.2 (CI 95%:
2.0-2.3 months); 4-7 cycles: 5.3 (CI 95%: 4.6-5.6 months);
>8 cycles: 9.4 (CI 95%: 8.7-10.5 months) (Bachet et al., 2020).
Similarly, on the basis of univariate Cox regression analysis, our
data revealed that patients who received less than five cycles of
treatment had significantly inferior median PFS (3.16 months
versus 7.92 months), HR = 0.18 (95% CI: 0.07-0.51), p 0.0001.

A significantly superior median PFS was observed in the case
of patients benefitting from surgery (4.96, 95% CI: 3.03-6.89)
compared to those who did not (2.76, 95% CI: 2.29-3.23), with
log rank p-value < 0.0001. Surgical procedures performed in this
study were either excision of the primary tumor, liver
metastasectomy, palliative surgery (diverting colostomy), or
debulking. No evidence connecting surgical procedures to
FTP/TPI efficacy was mentioned in the literature.

Toxicities were recorded in 80% of the study population.
toxicity ~ (76%)—specifically (50%),
leucopenia (38%), neutropenia (34%), and thrombocytopenia

Haematological anemia
(30%)—was the most prevalent adverse event, followed by fatigue
(60%), and abdominal pain (18%). These results are consistent with
the safety profiles of the RTCs (Yoshino et al., 2012; Mayer et al,
2015; Xu et al,, 2018) and PRECONNECT study (Bachet et al., 2020).

Our study yielded results that were in line with the safety
profile that had already been established for FTD/TP]I, and it also
showed relatively superior mPFS. This is extremely noteworthy
given that both FTD/TPI and regorafenib are approved for third-
line treatment in mCRC patients (Van Cutsem et al., 2018), and
regorafenib is not presently covered by Romanian National
Oncology Program, despite being available in several other
European countries (Bullement et al., 2018). Although FTD/
TPI and regorafenib have not been directly compared in a clinical
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study, but rather in observational series, both efficacy (Abrahao
et al, 2018) and effectiveness appear comparable for mCRC
patients as third line option (Masuishi et al., 2017; Moriwaki
et al, 2018). A research undertaken in the United Kingdom
sought to quantify the cost-effectiveness of FTD/TPI compared
to other existing treatment choices for patients in this setting
(best supportive care and regorafenib) from the standpoint of the
National Health Service (NHS). The findings demonstrate that
FTD/TPI outperforms regorafenib in terms of cost-effectiveness,
with clinical outcomes much above those of patients receiving
best supportive care (BSC) alone (Bullement et al., 2018).

Our study has a number of limitations. First, the research was
limited by the fact that it was a retrospective, non-randomized
study done at a single institution, and it only included 50 patients
from a single region in Romania. Secondly, since the purpose of
the study was to determine the efficacy and safety of FTD/TPI in
routine clinical settings, there was no control group. Third, the
lack of follow-up data required for overall survival prevented the
evaluation of this endpoint. Finally, the data collection was not
conducted with the same level of rigor as a randomized clinical
study, and there are gaps in the information that have been
provided. Real world data, despite these limitations, is crucial for
consolidating clinical trial outcomes and establishing the utility
of treatments among clinicians and patient subgroups.

Conclusion

In clinical settings, new medications are often administered
to a more diverse patient group in a less structured way
(Andersen et al, 2019). Our study’s findings supported the
safety profile for FTD/TPI that had previously been published,
and demonstrated relatively superior mPFS. The results of this
Romanian study support the routine use of FTD/TPI in the
treatment of patients with mCRC and reflect the findings of
RCTs as well as post hoc analyses conducted in other countries.
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Host and
Immunosuppression-related
factors influencing fibrosis
occurrence post liver
transplantation

Speranta lacob®?*', Razvan lacob¥?3', loana Manea®?,
Mihaela Uta®?, Andrei Chiosa®?, Mona Dumbrava??,
1,2,3

Gabriel Becheanu'?*, Luminita Stoica®?, Codruta Popa’?3,

Vlad Brasoveanu??, Doina Hrehoret??, Cristian Gheorghe??,

Liana Gheorghe?#3, Simona Dima?** and Irinel Popescu??

'Gastroenterology Department, University of Medicine and Pharmacy “Carol Davila", Bucharest,
Romania, ?Center for Excellence in Translational Medicine, Bucharest, Romania, *Fundeni Clinical
Institute, Bucharest, Romania

Post liver transplantation (LT) fibrosis has a negative impact on graft function. Cytokine
production in the host immune response after LT may contribute to the variable
CYP3A-dependent immunosuppressive drug disposition, with subsequent impact on
liver fibrogenesis, together with host-related factors. We aimed to investigate whether
the cytochrome P4503A5*3 (CYP3A5*3) or TBX21 genotypes impact post-LT liver
fibrogenesis. Furthermore, the impact of immunosuppressants on cellular apoptosis
has been evaluated using human hepatocytes harvested from cirrhotic explanted
livers. We have enrolled 98 LT recipients that were followed for occurrence of liver
fibrosis for at least 12 months. There was a statistically significant higher trough level of
TAC in patients with homozygous CC-TBX21 genotype (7.83 + 2.84 ng/ml) vs. 5.66 +
2.16 ng/mlin patients without this genotype (p = 0.009). The following variables were
identified as risk factors for fibrosis >2: donor age (p = 0.02), neutrophil to lymphocyte
ratio (p = 0.04) and TBX21 genotype CC (p = 0.009). In the cell culture model
cytometry analysis has indicated the lowest apoptotic cells percentage in human
cirrhotic hepatocytes cultures treated with mycophenolate mofetil (MMF) (5%) and
TAC + MMF (2%) whereas the highest apoptosis percentage was registered for the
TAC alone (11%). The gene expression results are concordant to cytometry study
results, indicating the lowest apoptotic effect for MMF and MMF + TAC
immunosuppressive regimens. The allele 1993C of the SNP rs4794067 may
predispose to the development of late significant fibrosis of the liver graft. MMF-
based regimens have a favourable anti-apoptotic profile in vitro, supporting its use in
case of LT recipients at high risk for liver graft fibrosis.

KEYWORDS

graft fibrosis, tacrolimus, mycophenolate mofetil, CYP3A5 genotype, apoptosis,
hepatocytes culture, liver tranpslant, TBX21
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1 Introduction

The availability of the calcineurin inhibitors (CNIs)
cyclosporine (CsA) (Calne et al, 1978) and tacrolimus
(TAC) (Starzl et al, 1989) has completely changed the
prognosis of transplanted patients. Currently, more than
90% of all patients receiving a graft are treated post-
transplant with CNIs. The combination of a CNI and
mycophenolate mofetil (MMF) or sirolimus (SRL) are

commonly used for maintenance immunosuppression
following liver transplantation (LT) (lacob et al., 2009).
there post-LT

immunosuppression-related that negatively impact survival

However, are complications
and quality of life. In wvitro and in vivo studies have
properties of CNIs with

increased hepatic and renal collagen deposition triggered by

demonstrated  profibrogenic

a high expression of transforming growth factor beta 1 and
extracellular matrix genes (Frizell et al., 1994). Newer studies
suggest a role of these agents in promoting and enhancing cell-
death in non-liver cell types like pancreatic cells, renal and
prostate cells, thereby driving an inflammatory response that
promotes fibrosis (Khanna et al., 1997; Giordano et al., 2006;
Choi et al., 2008; Bouvier et al., 2009). On the other hand, CNIs
at therapeutic concentrations did not affect murine hepatocyte
apoptosis, but combination with MMF significantly enhanced
cell death. By contrast, SRL/MMF combination did not
significantly reduce hepatocyte viability or promote
apoptosis (Nguyen et al., 2009). However, hepatic stellate
cells (HSCs) play the critical role in liver fibrosis; reversal of
liver fibrosis can be achieved through the apoptosis of activated
HSCs. Immunosuppressive agents may also affect the life cycle
of HSCs. One study (Kabat-Koperska et al., 2016) showed that
the treatment with MMF induced human HSC apoptosis and
reduced collagen alpha 1 expression compared to CsA or SRL
treatment. Thus, some immunosuppressive agents may have
antifibrotic properties and not profibrotic.

As previously mentioned, the immunosuppressive regimen
with TAC is essential for patients after LT. The cytochrome P450
3A (CYP3A) subfamily and P-glycoprotein in human liver and
intestine can contribute to inter and intra-individual differences
in the pharmacokinetics of TAC (Thervet et al., 2003; Rojas et al.,
2015). A single nucleotide polymorphism (SNP) in the
CYP3A5 gene involving an A to G transition at position
6986 within intron 3 was found strongly associated with
CYP3A5 protein expression. At least one CYP3A5*1 allele
were found to express large amounts of CYP3A5 protein,
whereas homozygous for the CYP3A5*3 allele did not express
significant quantities of CYP3A5 protein, which results in a
truncated protein and a severe decrease of functional CYP3A5
(Hesselink et al., 2014). The CYP3A5*1 SNP is currently the most
promising biomarker for tailoring TAC treatment.

There is accumulating evidence that regulatory T cells (Tregs)

have a crucial role in immune tolerance and long-term graft survival.
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T-box21 gene (transcription factor T-bet — T —~box expressed in T cells
- TBX21), as well as GATA 3 (GATA binding protein 3) and FOXP3
(forkhead box P3) genes constitute the principle regulators for the
differentiation of Th1, Th2 and Tregs (Szabo et al,, 2000; Evans and
Jenner, 2013). These T cells are implicated in different post-transplant
complications and are influenced by the immunosuppressive drugs.
TBX21 is a key transcriptional activator of Thl cell differentiation.
T-bet plays an essential role in Th1/Th2 balance, where it is the master
regulator of Thl cell fate through promotion of Thl cytokines and
inhibition of Th2 cytokines (Szabo et al., 2000; Usui et al., 2006).
The SNP rs4794067 represents a T to C substitution at
position -1993 in the promoter region of the TBX21 gene.
The -1993C allele of the SNP rs4794067 is associated with a
reduced promoter activity, when compared with the -1993T
allele. The expression level of TBX21 is lower in individuals
with the -1993C allele than in individuals with the -1993T allele
(Suttner et al., 2009; Li et al., 2011) and hence there is a decreased
proinflammatory cytokines generated by Th2 or Th17 cells.
The main objective of the present paper was to investigate
whether the cytochrome P450 3A5*3 (CYP3A5*3)
TBX21 genotypes affect TAC pharmacokinetics and to evaluate
their potential impact on liver fibrogenesis post-LT, after

or

controlling for the host-related factors. Furthermore, the impact of
immunosuppressants on cellular apoptosis has been evaluated using
human hepatocytes harvested from cirrhotic explanted livers.

2 Materials and methods
2.1 Clinical study

Between October 2018 and March 2020, we have enrolled
98 LT recipients that were followed for occurrence of liver
fibrosis for at least 12 months. Non-invasive evaluation of the
liver was performed at the moment of inclusion into the study
(Fibroscan” with CAP and FIB4) for detection of fibrosis
stage >2 and/or steatosis grade 3 occurrence. All clinical data
were collected in a database. Buffy coat from patients were
obtained for genotyping of CYP3A5*3 (rs776746) and TBX21
(rs4794067) polymorphisms by Tagman SNP Genotyping Assays
(Thermo Scientific). All patients signed an informed consent; the
study was approved by the Ethics Committee of Fundeni Clinical
Institute (126769/29.09.2018) and conducted in accordance with
guidelines for human studies.

2.2 Statistical analysis

Quantitative variables were expressed as mean + standard
deviation or median and interquartile range. Categorical
variables were expressed as frequencies and percentages.
Quantitative variables were compared by T-Student test or
Mann Whitney U test. Pearson correlation coefficient was

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1042664

lacob et al.

used to correlate quantitative variables. Qualitative variables were
compared by Chi-squared or Fisher exact test. Cox regression
analysis was performed to identify predictors of the outcome and
log-rank test was used for comparison of Kaplan Meyer curves.
Results with p < 0.05 were considered statistically significant.

2.3 Cell culture models

In this study human hepatocytes were isolated from cirrhotic
explanted livers. All livers were processed within a few hours after
harvesting. They were transferred to the hepatocyte isolation lab
on ice, in University of Wisconsin solution under sterile
conditions. Human hepatocyte isolation was performed using
collagenase perfusion with the technique described by Seglen
et al. (Seglen, 1976; Mitry et al., 2002).

Cirrhotic hepatocytes have been cultured in low glucose DMEM
culture medium and have been treated for 24h with different
concentrations and of immunosupresants ranging from 10 nM to
100 pM: TAC, SRL, MMF, or combinations (TAC + SRL, MMF +
TAC). At 24 h apoptosis and necrosis was assessed using Tali™
Apoptosis Kit - Annexin V Alexa Fluor™ 488 & Propidium Iodide
(Thermo Scintific). Gene expression has been assessed by gqRT-PCR
using a microarray of 19 genes significant for apoptosis. Relative
expression of selected genes was evaluated by the Real-Time PCR
System using SYBR Green Master Mix (Thermo Fisher Scientific
Waltham, MA, United States), with beta-actin as a reference gene.
Cirrthotic ~ liver ~ hepatocytes untreated  with
immunosupresants were used as a reference for gene expression

cultures,

quantification. The studied genes and the primers used for specific
amplification of the mRNA are depicted in Supplementary Table S1.

Cirrhotic human hepatocytes differ from hepatocytes
isolated from normal liver by a rapid in vitro conversion to a
mesenchymal proliferative phenotype that offers advantages as a
study in vitro model due to the cellular expansion capacity
permitting experimental repeatability.

During our study there were used 3 different cellular cultures
isolated from explanted liver during LT procedures. During the
same procedure were isolated hepatocytes and also non-
parenchymal hepatic cells by centrifugation technique on
Percoll gradient of the supernatant obtained at the first wash
of the cellular suspension resulting from the enzymatic digestion
of the hepatic parenchyma by collagenase solution.

3 Results

3.1 Study of the impact of the CYP3AS5 and
TBX21 genotypes following LT

3.1.1 General characteristics of the LT patients

There were included 98 patients: 56.1% men and 43.9%
women, median age at inclusion 59 years and median time
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TABLE 1 Biochemical characteristics and noninvasive liver fibrosis

assessment of the analysed cohort.

Variable

ALT (U/L)

AST (U/L)

GGT (U/L)

Alkaline phosphatase (U/L)
Total bilirubin (mg/dl)
Creatinine (mg/dl)

Uric acid (mg/dl)

Serum albumine (mg/dl)
Glycemia (mg/dl)

Total Cholesterol (mg/dl)
LDL cholesterol (mg/dl)
HDL cholesterol (mg/dl)

Median value (range)

275 (9.5-183)
24 (12.2-101)
23 (6-887)
92 (25.2-417)
0.69 (0.2-4.84)
1.08 (0.56-2.36)
5.4 (2.7-12.4)
456 (2.9-5.62)
108.6 (72.1-209)
189 (40-331)
115.6 (51.4-261)
50.1 (27-91)

106 (40-306)

2.42 (0.78-12.16)
119.5 (42.3-304.7)
FIB-4 1.51 (0.57-11.58)
5.5 (2.8-48)

274.5 (100-400)

Triglycerides (mg/dl)
NLR (neutrophil to lymphocyte ratio)
PLR (platelet to lymphocyte ratio)

Liver stiffness measurement by Fibroscan (kPa)

CAP (dB/m)

since LT was 62.6 months; the median age of the donors
(91 cadaveric and 7 living) was 42 years; gender of the donors
were: 42.3% women and 57.7% men. The median time of warm
ischemia was 39 min and the median cold ischemia time was
4.75h.

Etiology of liver cirrhosis was: hepatitis C (HCV) in 59.2%,
hepatitis B and delta coinfection in 19.4%, alcohol related cirrhosis in
7.1%, autoimmune liver disease in 8.1% and others in 6.2% of cases.
Hepatocellular carcinoma (HCC) was present in 30.6% of patients.
All patients transplanted for HCV had cured hepatitis C after LT with
the new direct antivirals. Diabetes mellitus was encountered in 20.4%
of patients after LT. 73.5% of patients received TAC, 7.1% CsA and
19.4% SRL. MMF was associated in 28.6% of patients. A significantly
higher proportion of patients with HCC received SRL (33.3% vs.
8.8%, p = 0.002). Table 1 shows the biochemical parameters studied
in our cohort. In Table 2 are shown the differences between LT
recipients with and without HCV-related cirrhosis.

There was a moderate correlation between FIB-4 values and
liver stiffness measured by Fibroscan® (r = 0.51, p < 0.0001).

3.1.2 Analysis of studied variables according to
the CYP3A5 or TBX21 genes

In the studied cohort the frequency of CYP3A5-CC genotype
was 88% and of CT genotype 12%; whereas the distribution of the
TBX21 genotypes was as follows: CC genotype 17.5%; CT
genotype 36.1% and TT genotype 46.4%.

Aminotransferases and gamma glutamyl transpeptidase did not
differ at 7 and 14 days following LT according to the CYP3A5 or
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TABLE 2 Analysis of the variables in patients with cured recurrent C hepatitis after LT vs. patients transplanted for other causes of cirrhosis.

Variable HCV (+) group
(n = 58)
Age (years) 59.8 + 7.8
FIB-4 241 +£0.3
Liver stiffness (kPa) 8.08 + 0.8
CAP (dB/m) 273.2 £ 65.0
NLR (neutrophil to lymphocyte ratio) 2.79 £ 0.2
PLR (platelet to lymphocyte ratio) 122.8 + 46.2
ALT (UI/L) 351+ 38
AST (UI/L) 304 £25
GGT (UI/L) 54.2 +16.2
Diabetes mellitus type II 25.9%
TBX21_CC genotype 8.6%
TBX21_CT genotype 43.1%
TBX21_TT genotype 47.4%
CYP3A5_CT genotype 13.8%
CYP3A5_CC genotype 91.5%

TBX21 genotypes. However, total bilirubin value was significantly
higher at Day 7 and 14 post-LT in patients with CYP3A5-CC vs. CT
genotype; creatinine values at 1 year after LT were significantly higher
in patients with CYP3A5 CT vs. CC genotypes (1.22 + 0.34 mg/dl vs.
1.05 £ 024 mg/dl, p = 0.01) where as glomerular filtration rates
(GFR) were significantly lower in CT vs. CC genotypes (p = 0.04).
TBX21 genotype did not influence the total bilirubin value early after
LT or the creatinine/GFR values 1 year after LT.

There was no statistically significant difference between dose
used or trough levels of TAC/SRL or CsA in patients with CC vs.
CT CYP3A5 genotypes. On the other hand, TBX21 CC genotype
was associated with a higher trough levels of TAC compared to
other genotypes (p = 0.009), but not with a higher dose of TAC
taken by the patient.

There was also no statistical difference between patients with
CYP3AS5 - CC genotype vs. CT with regard to FIB-4 values (p = 0.26),
liver stiffness (p = 0.51) or CAP (p = 0.15) obtained by Fibroscan®.
Patients with genotype TT of TBX21 gene had a statistically
significantly higher steatosis grade evaluated by CAP compared to
other genotypes (p = 0.009), but fibrosis stage evaluated by FIB-4 or
liver stiffness did not variate according to genotype.

Inflammatory markers such as PLR or NLR did not differ
according to CYP3A5 or TBX21 genotypes.

3.1.3 Results of the cox regression analysis

The following variables were included in the univariate Cox
regression analysis having as outcome occurrence of significant
fibrosis stage (>2) after LT (fibrosis evaluated by both concordant
Fibroscan >8.1kPa and FIB-4 >145): genotype CC of
CYP3A5 gene; genotypes TT and CC of TBX21 gene; age of
recipient and of the donor; presence of post-LT diabetes mellitus;
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HCV (-) group p value
(n = 40)

52,6 + 11.8 0.0005
1.65 + 0.2 0.04
731+ 13 0.56
252.1 + 62.5 0.11
27202 0.83
127.3 + 512 0.65
34.6 + 4.8 0.92
265 +22 0.28
69.8 = 23.1 0.57
12.5% 0.10
27.5% 0.01
27.5% 0.11
45% 0.81
22.5% 0.26
82.1% 0.23

HCYV etiology of liver cirrhosis at LT; use of TAC, SRL and MMF;
NLR and PLR values as well as steatosis grade evaluated by CAP.

Risk factors for fibrosis stage >2 were: TBX21 CC genotype
(HR =2.53, p = 0.009), NLR value (HR = 1.2, p = 0.04) and older
donor age (HR = 1.1, p = 0.02). Independent risk factors for
significant fibrosis stage after LT were only TBX21 CC genotype
(p = 0.0001) and increased donor age (p = 0.0008).

Patients with TBX21 gene CC allele had a significantly lower
graft survival rate compared to patients with CT/TT genotypes of
TBX21 gene (median survival 51.4 vs. 102.6 months, p = 0.007).
Patients receiving a combination of low dose TAC (aiming a trough
level of 2-4 ng/ml) and MMF had a significantly lower percentage of
significant graft fibrosis compared to patients with TAC
monotherapy (27.4% vs. 47.1%, p = 0.03).

3.2 Study of the apoptosis process in liver
cell culture models

3.2.1 Apoptosis induced by the
immunosuppression medication in the
hepatocytes cultures

Apoptosis process induced by IS was studied in hepatocytes
isolated from cirrhotic livers after treatment with TAC, SRL,
MMEF and combinations (TAC + SRL; TAC + MMF) according
to the current standards of therapy of the LT recipients. There
were studied the following increasing IS concentrations in order
to identify an apoptotic effect different from the toxic-necrotic
effect (10nM, 100nM, 1 uM, 10 pM, 100 pM).

For the concentration of 10nM of the IS the maximum
percentage of apoptotic and necrotic cells for the combination of
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Concentration 1pM Concentration 100uM

TAC
+SRL

+TAC

FIGURE 1
Examination of the hepatocyte cultures isolated from human cirrhotic liver after treatment with immunosuppression medication at a
concentration of 1 uM and respectively 100 uM (Inverted microscope, phase contrast, 40X).
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TAC + SRL was 19% and a low level of apoptosis of only 2% was
noted for MMF or TAC + MMEF. At a concentration of 1 uM the
cumulated maximum apoptotic and necrotic cell percentage was
17% for TAC + SRL and only 3-5% of apoptotic cells for MMF or
TAC + MMEF. At a high concentration of 100 uM of IS, the level of
apoptosis for TAC and MMF was still reduced, but for SRL and the
combination of TAC and MMF there were registered high levels of
cellular toxicity manifested by both apoptosis and cellular necrosis.
Association of TAC + SRL at this concentration led to apoptosis and
massive cellular necrosis with marked alteration of the cellular
viability. According to the data obtained in the study of the
cellular apoptosis induced by the IS on the adherent cultures of
hepatocytes isolated from the human cirrhosic liver, we established
as a study model for other cellular types the concentration of 1 uM
where the apoptotic effect is evident, but without any significant
toxic effect, manifested by the rate of cellular proliferation and cell
death (Figure 1).

3.2.2 Culture of non-parenchymal hepatic cells

For liver non-parenchymal cells, the level of apoptosis induced by
the IS at a concentration of 1 uM is similar to that registered for the
hepatocytes isolated from the cirrhotic liver, of approximate 5-7% of
the cellular population without significant variations according to the
type of IS. The most pronounced toxic effect is registered for the
association of TAC + SRL and is significantly higher compared to the
hepatocytes and is attributed to the cell necrosis.

3.2.3 3D Co-culture of hepatocytes and non-
parenchymal liver cells

In the co-culture systems the level of cellular apoptosis is low
between 4 and 6%, even at high doses of immunosuppression.

3.3 Quantification of the gene expression
for the significant genes for the cellular
apoptosis

3.3.1 In human hepatocyte cell cultures isolated
from cirrhotic liver

The following genes were analysed according to their
function: cellular receptors mediating a cellular apoptosis
(TNFRSF1A-TNFR1, TNFTRS10A-TRAILR1, TNFRSF10B-
TRAILR2, CD40 and FAS), genes specific to mithocondrial
apoptosis (BAK1, BAX, RIPK1, ASKI-MAP3K5, SMAC-
DIABLO, AIFM1, HTRA2) and effector proteins of apoptosis
(CASP3, CASP8, CASP9, CASP10, DFFB-CAD), as well as the
transcription factor significant for the cellular apoptosis NFkB1.
In Figure 2 are presented the results of the relative quantification
of the gene expression for the significant genes implicated in the
cellular apoptosis in the hepatocyte cultures isolated from the
cirrhotic liver following treatment with immunosuppressive
drugs. Gene expression analysis indicated that MMF induces
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25
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l
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FIGURE 2

(A,B,C,D) Relative gene expression quantification (fold

change) for significant genes involved in the process of cellular
apoptosis, in hepatocyte cultures isolated from the cirrhotic liver
after treatment with immunosuppressive drugs (1 uM).
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an antiapoptotic effect mediated by the decrease of the
membrane receptors expression of the apoptosis, decrease of
the gene expression that mediates cellular apoptosis, decrease of
the genes that mediates mithocondrial apoptosis (excepting
AJFM1), decrease of the effector proteins receptors of the
apoptosis especially DFFB-CAD and a significant decrease of
the transcription factor NFkB1. These results are concordant
with the effects demonstrated in the cytometry studies of the cell
cultures that indicated the lowest level of cellular apoptosis after
treatment of the hepatocytes with MMF and MMF + TAC.

In the non-parenchymal hepatic cell cultures there is an
unchanged expression for the studied genes with the
exception of the overexpression of the SMAC gene in cell
cultures treated with TAC. Results are also concordant to the
cytometry studies.

Quantification of the apoptosis gene expression in the 3D co-
culture of hepatocytes and non-parenchymal liver cells revealed a
favourable profile of the markers of cellular apoptosis in case of
the MMF and TAC combination. For this association there is a
significant underexpression of the TRAILR1, BAK, BAX and
SMAC-DIABLO genes, specific markers of mitochondrial
apoptosis and underexpression of the caspases 8, 9 and 10.
There is also an overexpression of RIPK1, specific marker for
necroptosis in the 3D cultures treated with TAC. There is also an
overexpression of AIFM1 concordant with the results registered
for the 2D hepatocyte cultures.

4 Discussions

LT is an established therapy associated with an excellent
improvement in patients’ life expectancy over 70% at
2016).
accelerated course of hepatic fibrosis may occur in LT

10 years (Jadlowiec and Taner, However, an

patients despite normal or slightly abnormal liver blood
tests (Gelson et al., 2010; Feng et al, 2018.), with
This
dysfunction is usually multifactorial (Kok et al., 2019;

concomitant allograft dysfunction. late graft
Tacob et al, 2021). Tailoring the immunosuppressive
regimen has been proposed as a strategy to regulate
fibrogenesis in the post-transplant period. Numerous
TAC
the

expression and/or activity of drug metabolizing enzymes

intrinsic and extrinsic parameters influence

pharmacokinetic parameters, and variations in

and transporters, in general supported by

(SNPs),
attention in the last years (Sakaeda, 2004). Of particular

single
nucleotide  polimorphisms received much
importance is the impact of variants in the genes encoding
P450 cytochromes 3A (CYP3A4 and 3A5), which control
TAC hepatic metabolism and intestinal absorption (Uesugi
et al, 2014). However, in our paper this SNP had no
influence on TAC trough levels and fibrosis occurrence

after LT.
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On the other hand, profile and Th1/Th2 ratio plays a
strong role in fibrosis occurrence and can be affected by the
activation of the hepatic stellate cells (Xu et al., 2012). Co-
culture of the hepatic stellate cells with T CD4" lymphocytes
lead to inhibition of the Th1 cells response and increase of the
Th2 response. In the presence of the SNP rs4794067,
representing a T to C substitution at position -1993 in the
promoter region of the TBX21 gene, associated with a reduced
promoter activity and a lower TBX21 (Suttner et al., 2009; Li
et al., 2011), as well as a shift of the Th1/Th2 ratio towards
Th2, activation of these cells leading to a more pronounced
fibrosis in this subgroup of patients. In addition, there is
of the Thl7 with of
proinflammatory citokines. Induction of Th17 cells, defined
as CD4" or CD8" IL17 producing cells, is highly dependent of
the signals of citokines produced by other T cells populations

activation cells eliberation

or dendritic cells (Tesmer et al., 2008). Th17 cell response is
the 1L23 IL21
IL17 production is antagonized by T-bet transcription
factor and by the IFN gamma, IL4 and IL2 citokines
(Bettelli et al., 2008). Thus, in the case of TBX21 -1993C
allele of the SNP rs4794067 there is association with the
predominance of the Thl7 cell activity. TBX21 SNP
rs4794067 was already associated with reumathoid artritis,

propagated by and citokines and

asthma or type 1 diabetes mellitus (Sasaki et al., 2004; Chae
et al., 2009), but no association was found with acute cellular
LT rejection (Thude et al.,, 2019).

The role of TBX21 as a determinant signal for maturation
of NK cells in late stages and their effector function is largely
accepted nowadays. Recent studies have shown that non-
parenchymal liver cells have important function in the
tolerance induction following LT (Knechtle and Kwun.,,
2009). Kupffer cells proved to have a dual performance in
the pathological changes that occur after LT, Thl cells
correlated with rejection and Th2 predominance favoured
graft acceptance and immunological tolerance (Li et al.,
2022).

Programmed cellular death occurs through different
pathways including autophagy, necroptosis and apoptosis.
There are lots of data that establish hepatocyte apoptosis as
a leading force for fibrogenesis in various causes of hepatocyte
injury (Guicciardi and Gores, 2010). Apoptotic hepatocytes
are eliminated by Kupffer and hepatic stellate cells.
Elimination of the apoptotic bodies by hepatic stellate cells
results in their activation and TGF-beta secretion, a key factor
in stimulation of liver fibrosis. Kupffer cells with phagocytated
apoptotic hepatocytes secrete TGF-beta leading to a pro-
apoptotic response through stellate cells activation. There
was demonstrated that patients with LT had significantly
higher apoptotic markers compared to subjects with normal
liver (Shojaie et al, 2020). This fact is linked to the
immunosuppressor agents used following transplantation
that have cytotoxic and pro-apoptotic effects. Studies of the
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CNIs on cellular death are conflictual. Cyclosporine proved to
increase hepatocyte expression of Bakl, a pro-apoptotic
protein, in a model of liver injury; however, it had also an
effect of preventing human gingival fibroblast apoptosis (Jung
etal., 2008; Rao et al., 2018). Tacrolimus had also both pro and
antiapoptotic effects in variate non-liver cellular lines
(Johnson et al., 2009). In the study by Lim et al. (Lim et al,,
2015), at therapeutic concentrations, none of the CNIs
promoted hepatocyte cell death.

Despite the presence of multiple publications investigating
functional and molecular cellular effects of MMF, cytotoxic
action of MMF remains weakly defined. In a study published
in 2008 (Chaigne-Delalande et al., 2008), mychophenolic acid
induced a caspase dependant apoptosis in a minor cellular
population. Recently, MMF therapy was associated with
decreased incidence of tumors compared to untreated
patients (Leckel et al, 2003). MMF treatment increased
apoptosis of epithelial cells in the gastrointestinal tract, as
well as apoptosis of the insular pancreatic cells, but reduced
apoptosis of the renal tubular epithelium, in the glomerular
and interstitial cells (Pardo-Mindan et al., 1999; Johnson et al.,
2009). In contrast with other drugs, MMF therapy improved
cellular viability and reduced apoptosis
hepatocytes, suggesting a hepatoprotector effect compared
to other immunosuppressor drugs (Smiley et al, 2000).

in primary

This effect was proved in our study in LT recipients with
reduced fibrosis if they received MMF (Iacob et al., 2015). On
the other hand, in other studies it was shown that the
hepatoprotective effect of MMF is lost if this is used
together with CNIs due to increased hepatocyte apoptosis.
Also, based on the literature data, immunosuppression
medication with serum concentrations over the therapeutic
levels (>10-100 times) induces hepatocyte apoptosis. In vitro
studies done by our team demonstrated the apoptotic and
necrotic effect of the immunosuppressive medication on both
cell populations hepatocytes and non-parenchymal liver cells.
Studies have investigated the level of apoptosis and necrosis
by different of
medication evident

induced in vitro concentrations

immunosuppression certifying an
relation of the toxic-necrotic and apoptotic effect with the
dose of the drugs. Gene expression studies have indicated an
antiapoptotic effect of MMF at doses close to the therapeutic
levels through action of several apoptotic pathways (decrease
of the cellular apoptosis receptors, of the genes specific to the
mithocondrial apoptosis, of the effectors of apoptosis such as
caspases or DFFB-CAD). In the co-culture systems, MMF +
TAC association has induced antiapoptotic effects, decreasing
the expression of the following genes: TRAILR1, BAK1, BAX,
SMAC and of the effector proteins of apoptosis CASPS,
CASP9 and CASP10.

Our results support the idea of using a low dose TAC and
MMF association in case a genetic profile with a high risk of

posttransplant fibrogenesis, such as the CC genotype of the
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TBX21 gene promoter SNP. Literature data demonstrated that
SRL at therapeutic levels did not lead to the death of hepatocytes.
Also, SRL proved to be less toxic compared to cyclosporine/TAC
+ MMF; in addition SRL + MMF led to a reduced apoptosis of
hepatocytes. Other studies (Iacob et al., 2007; Manzia et al., 2011)
have established also a reduced progression of posttransplant
fibrosis, of the inflammation and aminotransferases levels in
patients with chronic hepatitis C treated with low dose CNI
and MMF.

The goal of optimum immunosuppression is to increase
drug effectiveness while lowering the adverse effects, as well
as a long-term graft and recipient survival with a good quality
of life.

immunosuppression

needs
their:
comorbid conditions, transplantation indications, behavior

Every transplant  recipient an

regimen tailored to age,
of the allograft, complications related to immunosuppression
and post-LT physiologic conditions.

This study supports the role of MMF in liver fibrosis
modulation and apoptosis after LT in a clinical setting and
that

fibrosis progression in the allograft.

suggests tailoring immunosuppression could avoid
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Diagnostic and therapeutic
strategies for non-alcoholic fatty
liver disease
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Wei-dong Chen'?, Shizhen Zhao*, Yunfu Li** and Wenling Ye'*
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of Basic Medical Sciences, The People’'s Hospital of Hebi, Henan University, Kaifeng, China, 2Key
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Science, Inner Mongolia Medical University, Hohhot, China

The global incidence rate of non-alcoholic fatty liver disease (NAFLD) is
approximately 25%. With the global increase in obesity and its associated
metabolic syndromes, NAFLD has become an important cause of chronic
liver disease in many countries. Despite recent advances in pathogenesis,
diagnosis, and therapeutics, there are still challenges in its treatment. In this
review, we briefly describe diagnostic methods, therapeutic targets, and drugs
related to NAFLD. In particular, we focus on evaluating carbohydrate and lipid
metabolism, lipotoxicity, cell death, inflammation, and fibrosis as potential
therapeutic targets for NAFLD. We also summarized the clinical research
progress in terms of drug development and combination therapy, thereby
providing references for NAFLD drug development.

KEYWORDS

NAFLD, NASH, diagnostic, therapeutic strategies, drug development

1 Introduction

Non-alcoholic fatty liver disease (NAFLD) is a liver disease, which encompasses
diffuse non-alcoholic liver steatosis, non-alcoholic steatohepatitis (NASH), and other
features of liver damage, such as liver cirrhosis and hepatocellular carcinoma (Friedman
etal, 2018a). NAFLD is defined by the presence of steatosis in more than 5% of liver cells
and in the absence of excessive alcohol consumption (men > 30 g per day and women >
20 g per day) or other chronic liver diseases (Cobbina and Akhlaghi, 2017). In addition,
NASH can occur if steatosis is accompanied by inflammation and hepatocyte ballooning
(Yeh and Brunt, 2014). NAFLD has become increasingly common in recent years, and it is
now the leading cause of chronic liver disease in many countries. The pathogenesis of
NAFLD has not yet been fully elucidated; however, obesity, type 2 diabetes mellitus
(T2DM), and other metabolic disorders (Akhtar et al., 2019) play key roles in increasing
the incidence and prevalence of NAFLD. The global prevalence of NAFLD is
approximately 25.2%, and the overall prevalence of NASH is approximately 1.5%-
6.5%. People with obesity are more likely to develop NAFLD. Approximately 50%
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The pathophysiology and therapeutic strategies of NAFLD. The therapeutic targets of NAFLD can be divided into four categories: carbohydrate
and lipid metabolism-based, lipid toxicity and cell death-based, inflammation-based, and extracellular matrix deposition anti-fibrosis-based targets.

and 80% of patients with NAFLD and NASH, respectively, are
overweight. Patients with T2DM also have a high prevalence of
NAFLD (56%-59%), and the prevalence of NASH in patients
with T2DM is 37% (Younossi et al., 2019a). The prevalence of
NAFLD and NASH in patients with dyslipidemia has also
increased significantly (Wu et al, 2016). NAFLD is a
multisystem disease; however, the only clinical symptom is
liver disease. It also affects the cardiovascular, excretory, and
endocrine systems and carries the risk of extrahepatic malignant
tumors. The most common cause of death in NAFLD is
cardiovascular disease, followed by malignant tumors and
liver-related complications (Li and Ahmed, 2020).

The pathogenesis of NAFLD is un-clear, and the “two-hit”
theory is widely accepted in the early stage. This theory suggests
that lipid metabolism disorder triggers the “first blow” and causes
fatty degeneration of liver parenchymal cells. On this basis, a
“second blow” can occur, wherein oxidative stress and
mitochondrial dysfunction take place in the liver with over-
deposition of lipids, forming lipid peroxide products and
eventually damaging liver cells (Day and James, 1998).
Further research found, that the two-hit theory cannot fully
explain the pathogenesis of NAFLD, and therefore, the “multiple-
hit” theory has gradually attracted attention. At the same time,
available evidence suggests that genetic factors are also important
in the pathogenesis of NAFLD. Family studies show that the risk
of NAFLD is significantly higher in patients who have first-
degree relatives affected by this disease compared with the
normal population. (Del Campo et al, 2018). Over 100 loci
have been examined in genome-wide association studies and
candidate gene studies, and five genes (PNPLA3, TMG6SF2,
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GCKR, MBOAT7, and HSD17B13) have been identified as
reliably and robustly predisposing individuals to MAFLD.
(Valenti and Baselli, 2018; Sookoian and Pirola, 2019). All five
genes are involved in glucose and fat homeostasis regulatory
pathways. Although the current study of these mechanisms is
incomplete, these findings may provide some scientific
information for targeted therapy of NAFLD (Carlsson et al,
2020). Due to its complex pathogenesis and absence of specific
drugs, NAFLD treatment mainly involves lifestyle intervention.
However, the efficacy of this treatment is limited. This article
summarizes the diagnostic methods and therapeutic drugs in
development for NAFLD, including the targets that regulate each
pathway. This review also outlines the current state of NAFLD
drug development and combination therapy.

2 Diagnostic progress

The current diagnostic methods for NAFLD include
ultrasound diagnosis, computed tomography (CT), magnetic
resonance imaging (MRI), liver biopsy, and laboratory testing.
When NAFLD is suspected, the patient should first be evaluated
using non-invasive imaging. Although ultrasound has a high
detection rate for moderate and severe liver steatosis, its
sensitivity and specificity are low for mild liver steatosis.
Hence, ultrasound cannot be used to diagnose steatohepatitis
or fibrosis (Bril et al., 2015). CT can also be used to diagnose
NAFLD with the same level of sensitivity and specificity as
ultrasound. Hyodo et al. (Hyodo et al, 2017) found that the
multi-substance analysis algorithm of dual-energy CT allows for
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TABLE 1 Mechanism and Research Progress of drugs targeting carbohydrate and lipid metabolism.

Drug name

Dapagliflozin
Liraglutide

Oltipraz

Resmetirom (MGL-3196)

Elafibranor

6-ethylchenodeoxycholic
acid (OCA)

Semaglutide

Omega-3 polyunsaturated
fatty acids

Synbiotic

Licogliflozin

Vitamin D

Px-104

Cilofexor

EDP-305

Ervogastat (PF-06865571)
Saroglitazar

VK-2809 (MB07811)
TERN-501

ION224 (IONIS-
DGAT2x,)
ASC40(TVB-2640)
Tropifexor (LJN452)
Nidufexor (LMB763)
Seladelpar

MET-409

PXL065
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Drug targets

SGLT?2 Inhibitors. Improve steatosis and fibrosis

GLP-1 Receptor Agonist. Increase fatty acid
oxidation and reduce de novo lipogenesis

LXR Agonist. Inhibit fatty acid synthesis through
AMPK-S6K1 pathway and LXR-SREBP-1c
pathway in liver

Selective Thyroid Hormone Receptor f§ Agonist.
Reduce liver fat and lipoprotein

PPAR-a/§ Agonist. Improve insulin sensitivity,
glucose homeostasis, and lipid metabolism and
reduce inflammation

FXR Agonist. Induce the expression of intestinal
sex hormones, especially fibroblast growth factor
19. Improve liver blood index and reduce liver
fibrosis

GLP-1 Receptor Agonist. Increase fatty acid
oxidation and reduce de novo lipogenesis

Inhibit hepatic de novo lipogenesis and increase fat
oxidation

Improve insulin resistance by changing gut
microbiota

SGLT2 Inhibitors. Improve steatosis and fibrosis

Regulate oxidation, improve inflammation,
lipotoxicity, and fibrosis

FXR Agonist. Improve insulin sensitivity and liver

enzymes

FXR Agonist. Reduce hepatic steatosis and serum
bile acid

FXR Agonist. Reduce inflammation and liver fat
content

DGAT Inhibitors. Reduced liver fat fraction

PPAR-a/y Agonist. Improve insulin resistance and
increase lipid oxidation

Selective Thyroid Hormone Receptor f§ Agonist.
Reduce liver fat and lipoprotein

Selective Thyroid Hormone Receptor f§ Agonist.
Reduce liver fat and lipoprotein

DGAT Inhibitors. Reduced liver fat fraction

FASN Inhibitor. Reduce excessive fat in the liver
and inhibit inflammation and fibrosis

FXR Agonist. Reduced steatohepatitis, fibrosis, and
profibrogenic gene expression

FXR Agonist. Reduce steatosis, inflammation and
fibrosis

PPAR-§ Agonist. Improve glucose homeostasis,
lipid metabolism and reduce inflammation

FXR Agonist. Reduce hepatic steatosis,
inflammation and fibrosis

PPAR-y Agonist. Increase the levels of plasma
adiponectin, thus playing anti-inflammatory and
anti-fibrosis roles

NCT number

NCT05459701

NCT02654665

NCT02068339

NCT04951219,
NCT03900429

NCT02704403

NCT02548351

NCT02970942,NCT05067621

NCT00681408

NCT01791959

NCT03205150

NCT01571063,NCT01792115

NCT01999101

NCT02854605

NCT03421431

NCT03776175

NCT03061721,

NCT03863574

NCT04173065

NCT05415722

NCT04932512

NCT04906421

NCT02855164

NCT02913105

NCT03551522

NCT04702490

NCT04321343
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Current
research
progress

Phase 1V

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase /11l

Phase II/11l

Phase II/11l

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase Il

Phase I

Phase Il
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Status

Recruiting

Completed

Completed

Recruiting

Terminated

Not yet
recruiting

Completed/Not
yet recruiting
Completed
Completed
Completed
Completed
Completed
Completed
Completed
Completed
Completed
Recruiting
Recruiting
Recruiting
Recruiting
Terminated
Terminated
Terminated
Not yet

recruiting

Not yet
recruiting

Reference

https:/
clinicaltrials.gov
Khoo et al.
(2019)

https:/
clinicaltrials.gov

https://
clinicaltrials.gov
https://
clinicaltrials.gov

https://
clinicaltrials.gov

Newsome et al.
(2021)

Argo et al.
(2015)

Eslamparast

et al. (2014)
https:/
clinicaltrials.gov
https://
clinicaltrials.gov

Traussnigg et al.
(2021)

Patel et al.
(2020)

Ratziu et al.
(2022)

https:/
clinicaltrials.gov

https:/
clinicaltrials.gov
https:/

clinicaltrials.gov

https://
clinicaltrials.gov
https:/
clinicaltrials.gov
https://
clinicaltrials.gov
https:/
clinicaltrials.gov
https:/
clinicaltrials.gov
https://
clinicaltrials.gov
https://
clinicaltrials.gov
https://
clinicaltrials.gov
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TABLE 1 (Continued) Mechanism and Research Progress of drugs targeting carbohydrate and lipid metabolism.

Drug name Drug targets

ASC41 Selective Thyroid Hormone Receptor § Agonist.
Reduce liver fat and lipoprotein

Steroidal dual ligand for FXR and
GPBARI.Promote adipose tissue browning,
prevent liver injury caused by HFD.

BAR502

Dulaglutide GLP-1 Receptor Agonist. Increase fatty acid

oxidation and reduce de novo lipogenesis

InT-767 FXR Agonist. Restore lipid and glucose
metabolism, reduce insulin resistance and inhibit
TNF- a And NF- k B to attenuate the pro-

inflammatory response

Altenusin FXR Agonist. Reduce body weight and fat mass,
reduce blood glucose, and reverse HFD induced
liver lipid droplet accumulation and bullous

steatosis

Yangonin FXR Agonist. Activate FXR signal to inhibit
hepatic lipogenesis and gluconeogenesis, promote
lipid metabolism and glycogen synthesis, and

improve insulin sensitivity

Isotschimgine Improved steatosis and inflammation and fibrosis

NCT number Current Status Reference
research
progress
NCT05462353, Phase Il Not yet https://
NCT05118360 recruiting clinicaltrials.gov
NCT05203367 Phase | Not yet https://
recruiting clinicaltrials.gov
NCT03590626 Clinical phase ~ Completed Kuchay et al.
(2020)
Preclinical Completed Hu et al. (2018b)
study
Preclinical Completed Zheng et al.
study (2017)
Preclinical Completed Dong et al.
study (2019)
Preclinical Completed Li et al. (2021)
study

PPAR, peroxisome proliferator-activated receptor; GLP-1RA, glucagon-like peptide receptor agonist; SGLT, sodium-glucose cotransporter; FXR, farnesoid X receptor; TNF-a, a-tumor
necrosis factor; NF-kB, Nuclear factor kappa-B; HFD, High-fat diet; HSC, hepatic stellate cell; TG, triglyceride; MCD, methionine and choline deficient.

quantitative evaluation of liver steatosis. However, this is
expensive and involves exposure to radiation, which limits its
clinical application. MRI is the most sensitive detection method
and can detect approximately 5% of hepatocyte steatosis.
However, its accuracy may be affected by fibrosis and severe
steatosis (Lee and Kim, 2019). Liver biopsy is the “gold standard”
for NAFLD diagnosis, and can be used to accurately assess liver
cell inflammation, liver fibrosis, and liver steatosis (Nalbantoglu
and Brunt, 2014). When non-invasive imaging is not sufficient to
accurately diagnose NAFLD, liver biopsy can assist in the
diagnosis. Meanwhile, laboratory testing can predict NAFLD
early and assess the risk and prognosis of cardiovascular and
other dangerous events in patients with NAFLD; therefore, it is
also worthy of attention.

The most important histological feature of advanced
NAFLD is fibrosis (Chalasani and Younossi, 2018).
Therefore, the evaluation of liver fibrosis is essential. The
imageological examinations mentioned above do not reliably
reflect the progression of liver fibrosis in patients with NAFLD.
Consequently, there has been significant interest in developing
noninvasive biomarkers and clinical prediction rules. Simple
biochemical markers of fibrosis such as low albumin, prolonged
prothrombin time and thrombocytopenia are markers of
advanced cirrhosis. These biochemical markers are non-
invasive and inexpensive, but they are less reliable (Jennison
etal,, 2019). Currently, several methods have been developed to
assess hepatic fibrosis, such as the NAFLD Fibrosis Score (NES),
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Fibrosis-4 (FIB-4) Score and Enhanced Liver Fibrosis (ELF) test
(Shah et al., 2009). The NFS is based on six variables: age, BMI,
hyperglycemia, platelet count, albumin, and AST/ALT ratio.
FIB-4 index is an algorithm based on platelet count, age, AST,
and ALT (Kaswala et al.,, 2016). A previous study showed that
NES and FBI-4 were better than other indices such as AST to
Platelet Ratio Index (APRI) and AST/ALT ratio in predicting
advanced fibrosis (Imajo et al., 2016). The Enhanced Liver
Fibrosis (ELF) panel consisting of plasma levels of three
inhibitor ~ of
metalloproteinase 1, hyaluronic acid and N-terminal
procollagen III-peptide) have an AUROC of 0.90 with 90%
specificity and 80% sensitivity for detecting advanced fibrosis
(Angulo et al, 2007). In addition, ELF is approved for
commercial use in Europe.

matrix  turnover  proteins (tissue

3 Therapeutic targets and related
drugs for NAFLD

Studies show that the therapeutic targets of NAFLD can be
divided into four categories: carbohydrate and lipid metabolism-
based, lipid toxicity and cell death-based, inflammation-based,
and extracellular matrix deposition anti-fibrosis-based targets.
Various drugs can improve NASH by acting on different targets.
These therapeutic targets and their related drugs are
schematically depicted in Figure 1.
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3.1 Carbohydrate and lipid metabolism-
based targets

Excessive fatty acids in the liver lead to excess energy and the
production of lipotoxic metabolites by hepatocytes, thereby
damaging hepatocytes (Neuschwander-Tetri, 2010). Therefore,
reducing intrahepatic free fatty acids is a potential strategy for
NAFLD treatment, which can be achieved by increasing insulin
sensitivity, fatty acid oxidation, or fatty acid export and storage
by peripheral tissues and reducing de novo lipogenesis (DNL).
The research progress on drugs targeting carbohydrate and lipid

metabolism is summarized in Table 1.

3.1.1 Farnesoid X receptor agonists

The farnesoid X receptor (FXR) is a bile acid receptor that
regulates bile acid absorption, metabolism, and secretion and is
closely associated with the development of cholestasis, fatty liver
disease, cholesterol stones, enteritis and tumors (Koutsounas
et al., 2015). FXR shares a common architecture with classical
nuclear receptors, which are composed of an N-terminal ligand-
independent activation domain, conserved DNA-binding
domain (DBD), and C-terminal ligand-binding domain (LBD)
(Weikum and Liu, 2018). FXR agonists can improve insulin
sensitivity, inhibit DNL and reduce bile acid synthesis
(Neuschwander-Tetri et al.,, 2015; Harrison et al., 2018b). In
addition, FXR activation can inhibit sterol regulatory element-
binding protein 1c (SREBP-1c), a key transcription factor for
lipid regeneration that regulates triglyceride metabolism and
lipid regeneration (Watanabe et al., 2004). Therefore, FXR is
considered the most promising target for NAFLD treatment.

3.1.1.1 Obeticholic acid

Obeticholic acid (OCA) is a steroidal FXR agonist that has
completed phase Il clinical trials for NASH treatment. As its
safety and effectiveness are still not guaranteed, the FDA rejected
a new application for NASH treatment submitted by Intercept
Pharmaceuticals Inc. in 2019 (Younossi et al., 2021). Pruritus, a
common symptom of cholestatic diseases, and is a common side
effect of FXR agonists (Srivastava, 2014; Hirschfield et al., 2015;
Kowdley et al., 2018). Generally, mild pruritus occurs at the
beginning of OCA treatment and does not deteriorate over time
(Younossi et al., 2019b).

Recent studies show that low doses of OCA are a safe and
effective treatment for NASH and cholestatic liver disease. A
double-blind study showed that OCA can improve NASH
fibrosis [OR: 1.95 (1.47-2.59; p < 0.001)]. The probability of
improvement was 1.61 (1.03-2.51; p = 0.03) in the 10 mg OCA
dose group and 2.23 (1.55-3.18; p < 0.001) in the 25 mg OCA
dose group. However, in patients with NASH, 25 mg OCA
resulted in significant adverse events and drug discontinuation
reactions compared with 10 mg OCA [0.95 (0.6-1.5); p = 0.84]
(2.8 (1.42-3.02); p < 0.001]. OCA (5 mg) was associated with the
lowest risk of itching (Kulkarni et al, 2021). Another study
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showed that compared with the placebo, OCA increased the
liver transport of bound bile acid tracer 11C CSAR, thereby
increasing the transport of endogenous bound bile acids from
hepatocytes to bile ducts. Therefore, OCA shortens the exposure
time of hepatocytes to potentially cytotoxic bile acids and reduces
hepatocellular injury (Kjeergaard et al., 2021). In conclusion, as a
representative steroid FXR agonist, OCA should be considered in
terms of safety and selectivity.

3.1.1.2 Tropifexor

Tropifexor, also known as LJN-452, is a highly potent non-
steroidal FXR agonist. It can activate FXR and regulate FXR
target genes at very low doses and upon systemic exposure.
Studies show that the efficacy of tropifexor at a dose of <1 mg/kg
is superior to that 25 mg/kg OCA in the liver of insulin-resistant
NASH obesity models (islet amyloid liver NASH model and
chemical and dietary models of NASH stelic animal model)
(Hernandez et al, 2019). Some steroidal FXR agonists are
agonists of GPBARI (also known as TGR5), another bile acid
receptor that is the main cause of side effects, including pruritus
(Kowdley et al, 2018). Unlike steroidal drugs, non-steroidal
drugs do not usually interact with non-target proteins, such as
GPBARI; that is, they have higher selectivity. A previous study
showed that the ECsy of OCA on GPBARI was 0.918 uM,
whereas tropifexor had no detectable activity on GPBARI
(ECsp > 10 uM) (Tully et al., 2017). Moreover, in clinical
trials, itching was not observed in healthy volunteers within
2 weeks of daily administration (Badman et al., 2020). Phase I
clinical trials for the evaluation of the safety and efficacy of
tropifexor in treating primary biliary cirrhosis and NASH are
currently ongoing (Kowdley et al., 2020). The crystal structure of
the FXR-tropifexor complex has been resolved, and the
molecular mechanism of the combination of tropifexor and
FXR-LBD has been proposed (Jiang et al., 2021). In addition,
the highly selective structures of tropifexor to FXR and
GPBARI better
understanding of the development of new compounds

were analyzed, which provided a
targeting FXR (Jiang et al,, 2021). As a representative non-
steroidal drug, tropifexor is preferable to steroidal drugs in
terms of selectivity and is expected to become the first-line

drug for NASH treatment.

3.1.2 Peroxisome proliferator-activated receptor
agonists

Peroxisome proliferator-activated receptors (PPARs) are
ligand-activated receptors in the nuclear hormone receptor
family and include three subtypes: PPARa, PPARP/S and
PPARy. PPARa is highly expressed in the liver, skeletal
muscle, kidney, heart and vascular wall, but at relatively low
levels in fatty tissues and cartilage. It regulates fatty acid
metabolism, including absorption, transport and a-oxidation.
PPARP is widely expressed throughout the body and regulates
the fS-oxidation of free fatty acids, improving glucose
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homeostasis and exerting anti-inflammatory effects. PPARy is
expressed in adipose, vascular smooth muscle and myocardial
tissues in mammals. It can regulate adipogenesis and fatty acid
storage, and improve insulin sensitivity. Therefore, PPARs
agonists may be efficacious in NAFLD treatment. Among
them, PPAR-a agonists are expected to reduce the metabolic
overload of NASH. However, clinical trials of fibrates are not
satisfactory (Laurin et al, 1996; Basaranoglu et al, 1999;
Ferndndez-Miranda et al., 2008). Therefore, people begin to
study selective PPAR agonists, such as pioglitazone (PPAR- y
agonist), saroglitazar (PPAR- a/y agonist) (Kumar et al., 2020),
elafibranor (PPAR-a/§ agonist) (Ratziu et al.,, 2016).

3.1.2.1 Pioglitazone

Pioglitazone is a PPARy agonist that can increase levels of
plasma adiponectin, through anti-inflammatory and anti-fibrosis
action (Bajaj et al., 2004). To investigate the efficacy and safety of
long-term pioglitazone treatment for patients with NASH and
T2DM, 101 patients with prediabetes or T2DM were randomly
divided into 45 mg/d pioglitazone treatment and placebo groups
for 18 months in a randomized, double-blind, placebo-controlled
trial (NCT00994682). The results showed that 58%patients
treated with pioglitazone had a reduction of at least two
points on the NAFLD activity score without worsening
fibrosis, and 51% reached a resolution of NASH compared
with the placebo group. In addition, the group treated with
pioglitazone showed improvement in their fibrosis score,
hepatic triglyceride content, and insulin sensitivity (Cusi et al.,
2016). However, pioglitazone has some side effects, such as the
increased risk of body weight gain, fluid retention, bladder
of
hospitalization for heart failure. These side effects may be

cancer, bone fracture, and increased incidence
mitigated by altering the pioglitazone dose (Giles et al., 2008;
Satirapoj et al., 2018; Tang et al., 2018; Portillo-Sanchez and Bril,
2019). In summary, on the premise of biopsy-proven NASH,
pioglitazone can be used to treat NASH patients with or without

T2DM according to guidelines (Chalasani and Younossi, 2018).

3.1.2.2 PXL0O65
PXL065
R-stereoisomer of pioglitazone. It has anti-inflammatory and

is a mnewly patented deuterium-stabilized
anti-NASH properties related to pioglitazone and causes little
or no weight gain or fluid retention, thus, it may have a better
therapeutic effect on NASH than pioglitazone. To evaluate the
efficacy and safety of PXL065 in patients with NASH confirmed
by non-cirrhotic biopsies, a 36-week, randomized, double-
blind, placebo-controlled phase II clinical trial is in progress
(NCT04321343). In this trial, 123 participants were randomly
divided into three PXL065 treatment groups (7.5, 15, and
22.5mg) and a placebo group. The primary endpoint of the
trial was the relative change in the percentage of liver fat
content measured using MRI-PDFF at 36 weeks. The phase
II clinical trial of the PXL065 were completed in August 2022,
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but no results have been posted on ClinicalTrials.gov at
present.

3.1.3 Glucagon-like peptide receptor agonists
Glucagon-like peptide-1 (GLP-1) is an incretin mainly
produced by intestinal L cells. peptide-1
receptor (GLP-1R) agonists can enhance insulin secretion,
inhibit
dependent manner, and delay gastric emptying. It can also

Glucagon-like

glucagon secretion in a glucose concentration-
reduce food intake through central appetite inhibition by
activating the GLP-1 receptor, thereby reducing blood glucose
levels (Gupta et al., 2010). GLP-1R agonists are anti-diabetic
drugs that potentially affect on NAFLD. However, owing to a lack
of sufficient evidence, it is premature to consider them for the
specific treatment of liver disease in patients with NAFLD or
NASH, according to the guidelines of the American Association
for the Study of Liver Diseases in 2018 (Chalasani and Younossi,
2018).

3.1.3.1 Liraglutide

Liraglutide, the most widely used GLP-1R agonist, was
approved T2DM treatment in 2010 (Drucker et al., 2010). It
has been shown to have a potential benefit in preventing
cardiovascular events (Marso et al, 2016b). Several clinical
trials have reported the potential efficacy of liralutide in
patients with NAFLD. A phase II trial (NCT01237119)
evaluated the safety and efficacy of liraglutide in the treatment
of NASH. 52 patients with NASH were randomly assigned to the
liraglutide treatment group (1.8 mg daily) and the placebo
group. At week 48, there were fewer patients with fibrosis
progression and a higher proportion of patients with
improved steatosis and hepatocyte ballooning in the treatment
group than in the placebo group. Liraglutide was generally well
tolerated by subjects, and the most common side effects were
mild,
constipation, diarrhea, and loss of appetite (Armstrong et al.,
2016). A phase III trial (NCT02654665) comparing the effects of
liraglutide and lifestyle changes on weight loss in patients with

transient gastrointestinal adverse events, such as

NAFLD showed that once-daily liraglutide was as effective as diet
and exercise for over 26 weeks in adult patients with NAFLD and
obesity. Liraglutide could reduce weight and improve liver
steatosis, insulin resistance, and hepatocyte injury; however,
these improvements were not sustained after treatment
withdrawal (Khoo et al., 2019). Few trials have evaluated the
efficacy of liraglutide in patients with NAFLD, and larger trials
are needed to evaluate the potential of liraglutide in NAFLD
treatment.

3.1.3.2 Semaglutide

Semaglutide, a novel GLP-1R agonist, reduces cardiovascular
risk (Marso et al., 2016a) and levels of alanine aminotransferase
(ALT) and inflammatory markers (Newsome et al., 2019); it is a
potential treatment for NAFLD. A 72-week, double-blind, phase
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IT trial (NCT02970942) was conducted to evaluate the efficacy
and safety of semaglutide in patients with NASH. The
320 patients were randomly divided into three treatment
groups and three placebo groups. The patients in the
treatment groups were subcutaneously injected with 0.1, 0.2,
or 0.4 mg semaglutide once daily. The results showed that the
proportion of patients with NASH remission treated with
semaglutide was significantly higher than those treated with
the placebo (Newsome et al,, 2021). This study lays a good
foundation for larger trials to evaluate the efficacy of
Semaglutide on NAFLD in the future.

3.1.4 Omega-3 polyunsaturated fatty acids

The n-3 polyunsaturated fatty acid (n-3 PUFA) family
fatty
docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA),
stearic acid (SDA), docosahexaenoic acid (DPA), and «-
linolenic acid (ALA). Humans and other mammals can
synthesize EPA and DHA from ALA through a series of
desaturases and carbon chain-lengthening enzymes. However,

contains  several  long-chain acids  including

the conversion efficiency is low, and ALA cannot be synthesized
in the body and must be absorbed from food. Marine fish are
known sources of EPA and DHA (Siriwardhana et al., 2012).
N-3 PUFAs are a potential treatment for NAFLD as they can
inhibit hepatic DNL and increase fat oxidation. However, n-3
PUFAs supplementation also leads to a significant increase in
fasting and postprandial blood glucose concentration (Green
et al., 2020). Several trials have been conducted to study its
safety and efficacy in NAFLD treatment (Li et al., 2015; Eriksson
et al., 2018; Oscarsson et al., 2018; Manousopoulou et al., 2019;
Parker et al., 2019; Cansangdo et al., 2020; Climax et al., 2020). In
a randomized, double-blind, placebo-controlled trial, 78 patients
with NASH were randomly divided into a control group and a
PUFA therapy group (50 ml PUFA with a 1:1 ratio of dietary
DHA and EHA daily). The results showed that steatosis grade,
fibrosis stage, ballooning score, and necrotizing inflammatory
grade were significantly improved in the treatment group after
6 months of treatment compared to that in the control group (Li
et al., 2015). Moreover, in another randomized, double-blind,
placebo-controlled clinical trial, alkaline phosphatase (ALP) and
of
supplementation with fish oil containing DHA and EPA in
patients with NAFLD (Cansan¢ao et al., 2020). Thus, n-3
PUFAs supplementation may improve NAFLD in several ways.

liver fibrosis decreased significantly after 6 months

However, in a double-blind randomized controlled trial in
2019, 50 apparently healthy overweight men (BMI 25.0-29.9 kg/
m?; waist circumference >94 cm) between 18 and 60 years old
were randomly divided into a control group receiving olive oil
capsules and a PUFA therapy group receiving 1728 mg fish oil
per day (containing 588 mg EPA and 412 mg DHA) for 12 weeks.
The results showed that compared to the control, PUFA
treatment had no significant effect on liver fat or enzymes
(Parker et al., 2019). This suggests that n-3 PUFAs do not
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effectively reduce liver fat in overweight men. Moreover,
1,000 mg of EPA and DHA per day may not be sufficient to
reduce liver or visceral fat in apparently healthy men who are
overweight and have an increased risk of NAFLD.

Hence, the efficacy of n-3 PUFAs in NAFLD treatment may
be heterogeneous in terms of sex and age. Overall, the effects of
different treatment dosages, durations, age, sex, and race of the
subjects on the efficacy of n-3 PUFAs in the treatment of NAFLD
need to be further studied.

3.1.5 Synbiotics

Gut microbiota disorder is a pathogenic factor of NAFLD
because it is linked to NAFLD through microbial metabolites and
the gut-liver axis. NAFLD progression is regulated by the effect of
gut microbiota on intestinal epithelial barrier function, the Toll-
like receptor (TLR) signaling pathway, and choline metabolism
(Dong and Jacobs, 2019). Therefore, gut microbiota can be a
therapeutic target for NAFLD (Zhou and Fan, 2019). At present,
gut microbiota therapy is in development; large-scale and well-
organized RCT trials are needed to confirm the clinical efficacy of
gut microbiota therapy for NAFLD (Ma et al., 2017). Some drugs,
including antibiotics, probiotics, prebiotics, and synbiotics, can
potentially regulate gut microbiota and thus have a therapeutic
effect on NAFLD.

Synbiotics are biological agents that consist of probiotics and
prebiotics. Synbiotics may improve insulin resistance by altering
the gut microbiota, and trials investigating the efficacy of
in NAFLD treatment have been conducted
(Eslamparast et al., 2014; Mofidi et al, 2017
Bakhshimoghaddam et al., 2018; Scorletti et al.,, 2020). In a
24-week open-label, randomized controlled clinical trial
(IRCT2017020932417N2), 102 overweight [BMI 31.2 + 4.9 kg/
m® (mean + SD)] patients, including 50 males and 52 females,

synbiotics

with an average age of 40, were randomly divided into a control
group (no supplementation) and two intervention groups. The
patients were administered 300 g synbiotic yogurt containing 10°
colony-forming units of Bifidobacterium per mL and 1.5 g inulin
or conventional yogurt daily. The results show that compared
with the conventional and control groups, patients with NAFLD
in the synbiotic group had significantly improved liver steatosis
and liver enzyme concentration (Bakhshimoghaddam et al,
2018). Moreover, in another randomized, double-blind,
placebo-controlled clinical trial (NCT02530138), 50 lean
patients with NAFLD (BMI < 25) were randomly divided into
a synbiotic group, which was administered synbiotic capsules
containing 200 million bacteria of seven strains and fructo-
oligosaccharide, and a placebo group which was administered
maltodextrin capsules for 28 weeks. The results showed that
hepatic steatosis and fibrosis were significantly alleviated in
the synbiotic group compared to the placebo group (Mofidi
2017). The trials that
supplementation can improve NAFLD symptoms in patients

et al, two suggest synbiotic

with high, normal, or low BML
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TABLE 2 Mechanism and Research Progress of drugs targeting lipotoxicity and cell death.

Drug name Drug targets

Ornithine Aspartic Targeted oxidative stress. Ammonia-lowering action

Acid

Resveratrol Targeted oxidative stress. Regulate Sirtuin-1 autophagy pathway.
Reduce ER stress

Vitamin E Targeted oxidative stress. Improve inflammation and fibrosis

Silymarin Targeted endoplasmic reticulum stress. Improve inflammation and
fibrosis

Niacin Targeted oxidative stress. Improve hepatic steatosis, inflammation
and lipid accumulation

Anthocyanins Targeted oxidative stress. Decrease sembplc. Induced PPARa
Activity

Bicyclol Inhibition of MAPK and NF-kB signal path

Piceatannol Targeted oxidative stress. Reduce fat accumulation

Polydatin Targeted oxidative stress. Improve inflammation and fibrosis

NCT Current Status Reference
number research
progress
NCT05042245 Phase IV Recruiting  https://
clinicaltrials.gov
NCT02030977 Phase I1/11l Completed  Faghihzadeh et al.
(2014)
NCT01792115 Phase |l Completed  Podszun et al. (2020)
NCT02006498 Phase Il Completed  Wah Kheong et al.
(2017)
NCT04330326 Phase Il Unknown  https://
clinicaltrials.gov
NCT01940263 Phase | Completed  Zhang et al. (2015)
- Preclinical study Completed ~ Zhao et al. (2021)
- Preclinical study Completed ~ Yang et al. (2020)
- Preclinical study Completed  Li et al. (2018)

PPAR a, peroxisome proliferator-activated receptor o; MAPK, mitogen-activated protein kinase; NF-xB, nuclear factor-«B.

However, another randomized, double-blind, placebo-
controlled phase II trial conducted in 2020 (NCT01680640),
in which participants were given synbiotic agents containing
spp.
10-14 months, showed that synbiotic supplementation had no
effect on liver fat or fibrosis (Scorletti et al., 2020). This may be
because only one combination of probiotics and prebiotics was

fructo-oligosaccharides and  Bifidobacterium for

tested in this trial, which did not have a significant effect on
NAFLD.

In conclusion, more trials are needed to study the efficacy of
different combinations of synbiotics on NAFLD, as well as the
effects of race, sex, age, body type, and other factors on the
efficacy of synbiotics.

3.1.6 Thyroid hormone receptor 8 (THRp)
agonists

Thyroid hormone receptors (THRs), belong to the nuclear
receptor superfamily, are ligand-dependent transcription factors
regulated by endogenous thyroid hormones. THRs consists of
two subtypes, THRa, which is a major subtype in the heart and
bone, and THRp, which is a major subtype in the liver (Sinha
etal, 2019). Selective THR- f§ agonists mainly provide metabolic
benefits of thyroid hormones to the liver while avoiding
unwanted systemic effects caused by excessive thyroid
hormones in the heart and bones (Harrison et al., 2019).
Selective . THR f§ agonists are currently being developed
including resmetirom (MGL-3196), VK2809 (MB 07811),
TERN501, ASC41 for the treatment of NAFLD. It has been
proved that hypothyroidism

hypothyroidism are independent risk factors for NASH and

normal and  subclinical

advanced fibrosis, which is one of the reasons why THR f
agonists are still being studied (Kim et al., 2018).
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3.1.6.1 Resmetirom (MGL-3196)

In a 36-week randomized, double-blind, placebo-controlled,
phase 2 study (NCT02912260), 125 patients with NASH
and >10% hepatic steatosis confirmed by biopsy were
randomly assigned to Resmetirom (80 mg) and placebo
group. The results showed that compared with placebo,
resmetirom had statistically significant effects in reducing liver
enzymes, fat, (a), lipids,
inflammation and fibrosis markers, and improving NASH of

liver lipoprotein atherogenic
liver biopsy. Generally, Resmetirom is well tolerated, the most
common adverse events are nausea and diarrhea. This study
provides a theoretical basis for three ongoing phase 3 trials
(NCT04197479, NCT04951219, NCT03900429) to further
evaluate the efficacy and safety of resmetirom in the treatment
of NAFLD (Harrison et al., 2019). The results of the clinical trials

will guide the pharmacological treatment of NAFLD.

3.2 Lipotoxicity and cell death-based
targets

include free (unesterified)
fatty
lysophosphatidylcholine, sphingolipids, and ceramide (Farrell

Lipotoxic mediators may

cholesterol, saturated free acids, diacylglycerol,
et al, 2018). Lipotoxicity can induce endoplasmic reticulum
(ER) stress in hepatocytes, which restores ER homeostasis by
activating the unfolded protein response (UPR) (Lebeaupin et al.,
2018). If ER homeostasis cannot be restored, prolonged
activation of the unfolded protein response may initiate
apoptotic cell death by upregulating C/EBP homologous
protein (CHOP) (Hu H. et 2018). Mitochondrial

dysfunction and ER stress caused by lipotoxicity lead to an

al.,
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TABLE 3 Mechanism and Research Progress of drugs targeting inflammation.

Drugname Drug targets NCT Current Status Reference
number research
progress
Berberine Inhibit nod-like receptor family Pyrin domain containing 3 inflammasome  NCT03198572 Phase IV Recruiting  https://
activation and pyroptosis in nonalcoholic steatohepatitis via the ROS/TXNIP clinicaltrials.gov
Axis
Selonsertib ASK1 inhibitor. Improve inflammation and fibrosis NCT03053063 Phase Il Terminated Harrison et al.
(2020)
Namodenoson ~ ADORA3 Agonist. Induce a robust anti-inflammatory effect in the liver NCT02927314 Phase Il Completed  Safadi et al. (2021)
through de-regulation of the Wnt/B-catenin pathway
Amlexanox IKKe and TBKI1 inhibitor. Inhibit the activation of KCs and induce NCT01975935 Phase Il Completed  https://
polarization of KCs toward the M2 phenotype clinicaltrials.gov
JKB-121 TLR4 antagonist. Decrease fibrosis and inhibit hepatic stellate cell activation =~ NCT02442687 Phase I Completed  https:/

and collagen expression in vitro

clinicaltrials.gov

ASK1, apoptosis signal-regulating kinase 1; A3AR, A3 adenosine receptor; IKKe, IkB kinase epsilon; TBKI1, activator-binding kinase 1; TLR4, toll-like receptor 4.

imbalance between oxidants and antioxidants, resulting in
oxidative stress (Arroyave-Ospina et al, 2021). ER stress and
oxidative stress can lead to the activation of c-Jun N-terminal
kinase (JNK) and other pathways, thus resulting in apoptosis.
The synergistic effect of ER stress and oxidative stress leads to the
occurrence and development of NAFLD (Fujii et al., 2018). The
research progress on drugs targeting lipotoxicity and cell death is
summarized in Table 2.

3.2.1 Vitamin E

Oxidative stress is a promising therapeutic target in NAFLD.
Vitamin E is an effective antioxidant that reduces liver inflammation
(Nagashimada and Ota, 2019). A mate-analysis of the effect of
vitamin E supplementation on adult patients with NAFLD showed
that the value of liver enzymes was reduced by vitamin E
administration compared to the placebo (-5.71 IU/L, 95% CI:
-949 to -193 for AST and -737 IU/L, 95% CI:
—-10.11 to —4.64 for ALT) (Vadarlis and Antza, 2021). In an
experiment on the accumulation pathway of intrahepatic
triglyceride (IHTG) in the liver (NCT01792115), 20 patients with
NAFLD were randomly sorted into groups to receive 200, 400, or
800 IU/D vitamin E for 24 weeks; 50% of patients had a >25%
relative decrease in IHTG (Podszun et al., 2020). The antioxidant,
anti-inflammatory, and antiapoptotic properties and ease of use of
vitamin E make it a practical treatment choice for patients with
NAFLD (Perumpail et al., 2018). Vitamin E is a highly effective
antioxidant obtained through diet; it can inhibit the development of
oxidative stress and inflammation and thus, has a positive impact on
NAFLD. However, long-term use of vitamin E may lead to an
increase in all-cause mortality, so more accurate methods are still
needed to prove its safety (Perumpail et al., 2018).

3.2.2 Silymarin
Silymarin, a bioactive component of milk thistle, has anti-
inflammatory, anti-fibrosis, and antioxidant effects (Federico
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et al, 2017). Silymarin can reduce ER stress proteins
GRP78 and XBP-1, thereby relieving the NAFLD symptoms;
it can be used to treat diseases caused by ER stress (Sahin and
Bagci, 2020). A meta-analysis of silymarin in patients with
NAFLD showed that silymarin treatment resulted in a
statistically ~ significant reduction in transaminase levels
compared to a placebo (Kalopitas et al., 2021). According to
the clinical manifestations of NAFLD, a low-calorie diet and
physical activity supplemented with silymarin are the correct
methods for NAFLD treatment (Colica et al., 2017).

A randomized, double-blind, placebo-controlled
(NCT02006498)was conducted in adults with biopsy-
confirmed NASH and NAFLD activity scores (NAS) > 4.

Patients were randomly divided into two groups

trial

and
administered silymarin (700 mg; n = 49) or a placebo (n =
50) thrice daily for 48 weeks. The results showed that
silymarin could improve liver fibrosis compared to the
placebo, but the NAS score decreased by no more than 30%
in patients with NASH(Wah Kheong et al., 2017). A phase II trial
(NCT00680407) was conducted at five medical centers in the
United States to test a patented standardized silymarin
preparation (Legalon”, Rottapharm Madaus, Mylan) on
patients with NAS> 4. Patients were randomly divided into
26) or 700 mg
(n = 27)of silymarin or placebo (n = 25) three times a day for

groups that were administered 420 mg (n =

48 weeks. The primary endpoint in NAS was a histological
improvement of more than two points. The results showed
that after 48-50 weeks, 5/26 (19%) of participants in the
420 mg group, 4/27 (15%) in the 700 mg group, and 3/25
(12%) of placebo participants reached the primary endpoint
p =

significant benefit in terms of histological improvement

0.79), indicating that silymarin (Legalon °) had no
(Navarro et al, 2019). Silymarin alone did not significantly

improve NAS; however, it can resist the development of
fibrosis and reduce the level of aminotransferase. Therefore,
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TABLE 4 Mechanism and Research Progress of drugs targeting extracellular matrix deposition antifibrosis.

Drug name Drug targets NCT Current  Statue Reference
number research
progress
Belapectin gal-3 inhibitor. Reduce liver fibrosis and portal hypertension NCT04365868 Phase I Recruiting https:/
clinicaltrials.
gov
Aramchol SCD1 inhibitor. Directly inhibit HSCs and induce NCT04104321 Phase Il Recruiting https://
the protective gene PPARc clinicaltrials.
gov
Cenicriviroc CCR2/CCR5 dual inhibitor. Inhibit macrophage NCT03028740/ Phase II/11l Terminated/  Anstee et al.
accumulation in the liver and ameliorates fibrosis NCT02217475 Completed (2020); Ratziu
et al. (2020)
Pegbelfermin PEGylated analogue of FGF21. Improve insulin sensitivity, NCT02413372 Phase Il Completed Sanyal et al.
lipid and adiponectin concentrations, and biomarkers of fibrosis (2019)
NGM282 Non-tumorigenic analogue of FGF19. Retain the ability NCT02443116 Phase Il Completed Harrison et al.
to suppress CYP7A1 without activating STAT3 signalling (2018b)
PXS-5382 LOXL2 inhibitor.Decrease cell numbers, proliferation, colony NCT04183517 Phase | Completed https:/
formations and cell growth, induce cell cycle arrest and increase apoptosis clinicaltrials.
gov
Oxy210 hedgehog and TGEF- f§ signalling inhibitor. Attenuated expression of TGF-f- Preclinical Completed Hui et al. (2021)
induced pro-fibrotic genes in vitro study
HMGBI peptide  Induce anti-inflammatory macrophages and inactivate T cells Preclinical Completed Nojiri et al.
study (2021)
JT 003 AdipoR1/AdipoR2 dual agonist. improve insulin resistance in high fat diet - Preclinical Completed Xu et al. (2020)
induced NASH mice and suppress hepatic stellate cells activation in CCl study
TM5275 plasminogen activator inhibitor-1 inhibitor. Ameliorat the development of Preclinical Completed Noguchi et al.
hepatic fibrosis and suppressed the proliferation of activated hepatic stellate cells study (2020)
DZNep EZH2 Inhibitor. inhibit multiple histone methylation modifications - Biological Completed Zeybel et al.
Testing (2017)

CCR2/CCR5, C-C chemokine receptors type 2 and 5; gal-3, galectin-3; TGF- P, transforming growth factor-beta; AdipoR1/AdipoR2, adiponectin receptors 1/2; PAI-1, plasminogen

activator inhibitor-1; HSCs, hepatic stellate cells; LOXL2, Lysyl oxidase-like 2.

the combination of silymarin is a more feasible method for
NAFLD treatment. Therapeutic doses of silymarin have been
shown to be safe for humans, but more clinical trials for pregnant
women are needed. And it must be cautious when combined with
drugs with narrow therapeutic windows (Soleimani et al., 2019).
Further clinical trials are needed to better use silymarin.

3.3 Inflammation-based targets

Liver inflammation is caused by innate immune cells, mainly
macrophages. Monocytes are mainly recruited through CCR2-
CCL2 interaction (Baeck et al, 2012). Other chemokine
pathways, such as CXCR3-CXCL10, CCR1-CCL5, and CCR8-
CCL1, may also contribute to monocyte recruitment (Tacke,
2017). Ly-6C + monocyte infiltration is a key factor in NAFLD,
which promotes hepatitis and subsequent fibrosis progression.
Liver macrophages of patients with NASH have an obvious
inflammatory phenotype, which may be the result of excess
lipids and free fatty acids (Jindal et al., 2015). Accumulation
of liver macrophages and inflammation are considered hallmarks
of the progression of liver disease in patients with NASH.
Experimental evidence shows that inflammatory macrophages
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promote NASH progression through a variety of mechanisms,
including liver cell steatosis (Navarro et al., 2015), inflammatory
lymphocytes (Wehr et al., 2013), angiogenesis (Ehling et al.,
2014), and liver fibrosis (Ju and Tacke, 2016). The research
progress on drugs targeting inflammation is summarized in
Table 3.

3.3.1 Selonsertib

Selonsertib (formerly GS-4997) is a selective inhibitor of
apoptotic signal-regulated kinase 1 (ASK1) activated by
oxidative stress. Selonsertib acts on the effector kinases
p38 and c-Jun N-terminal kinase via the mitogen-activated
which

inflammatory and pro-fibrotic changes (Harrison et al., 2020).

protein  kinase pathway, regulates liver pro-
In a randomized, open-label, phase II trial, 72 patients were
randomly assigned to receive 24 weeks of treatment with six or
18 mg selonsertib alone, six or 18 mg selonsertib with 125 mg
simtuzumab, or 125mg simtuzumab alone. Simtuzumab, a
lysyl
oxidase-like molecule 2, has been proved to be ineffective at

humanized monoclonal antibody directed against

reducing hepatic fibrosis (Harrison et al., 2018a). Evaluation of

the treatment effectiveness involved liver biopsy, magnetic
resonance imaging (MRI), and non-invasive liver injury
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TABLE 5 Mechanism and research progress of combination therapy for NAFLD.

Drug name

Vitamin E and Pioglitazone

Vitamin E and Hydroxytyrosol
Pentoxiphylline and Vitamin E

Tropifexor and Cenicriviroc

Obeticholic acid and
atorvastatin

Cilofexor and Firsocostat

Omega-3 fatty acids and
probiotic

N-3 fatty acids and phytosterol
esters

Synbiotic and sitagliptin

Vitamin E and Vitamin D and
Silybin

Vitamin E, artichoke leaf
extract and metformin

Obeticholic acid and elafbranor

SUMOylation inhibitors and
FXR agonists

Metformin and genistein

Luteolin and lycopene

Glucagon-like peptide-1
receptor agonist and
obeticholic acid

Mechanism

Improve inflammation and steatosis

Improve oxidative stress, insulin resistance, and
steatosis

Reduce hepatic inflammation and fibrosis

Improve fibrosis and steatohepatitis

Ameliorate the OCA-induced side effects on plasma
lipoprotein spectrum

Improve fibrosis

Reduce liver fat, improve metabolism and
inflammation

Improve the efficacy on hepatic steatosis and
decrease the levels of inflammation

Improve the efficacy on steatosis and inflammation
of liver

Reduce hepatic inflammation and fibrosis

Improve inflammation and fat accumulation

Improve the interaction with lipid treatment and
insulin signal transduction, inhibit immune
response and reduce the formation of extracellular
matrix

SUMOylation inhibitors rescue FXR signaling and
thereby increasing the efficacy of OCA against HSC
activation and fibrosis

Reduce blood glucose and the level of TG in the liver
and affect the pathway of gluconeogenesis

Improve the cell viability and lipid accumulation of
HepG2 cells and primary hepatocytes induced by
PA, and improve weight gain and hepatocyte
steatosis

Reduce liver steatosis, inflammation and fibrosis

10.3389/fphar.2022.973366

NCT number Current Status Reference
research
progress

NCT01002547 Phase IV Completed  Bril et al. (2019)

NCT02842567 Phase |l Completed ~ Mosca et al. (2021)

NCT01384578 Phase Il Withdrawn ~ Kedarisetty et al.

(2021)

NCT03517540 phase IIb Completed  Pedrosa et al. (2020)

NCT02633956 Phase Il Completed  Pockros et al. (2019)

NCT03449446 Phase I Completed ~ Loomba et al. (2021)

NCT03528707 Clinical phase Completed ~ Kobyliak et al. (2018)

ChiCTR1800014419 Clinical phase ~ Completed  Song et al. (2020)

- Clinical phase ~ Completed ~ Sayari et al. (2018)

NCT04640324 Clinical phase ~ Completed  Federico and Dallio,

(2019)

IRCT2017040429278N1  Clinical phase =~ Completed =~ Majnooni et al. (2021)

- Preclinical Completed ~ Roth et al. (2019)
study

- Preclinical Completed ~ Zhou and Cui, (2020)
study

- Preclinical Completed ~ Zamani-Garmsiri
study et al. (2021)

- Preclinical Completed ~ Zhu et al. (2020)
study

- Preclinical Completed  Jouihan et al. (2017)
study

Sirtl, Sirtuinsl; AMPK, AMP-activated protein kinase; TG, triglyceride.

markers. After 24-week of treatment, selonsertib-treated patients
had higher rates of fibrosis improvement and lower rates of
fibrosis progression than that in patients treated with
simtuzumab alone. The proportion of patients with at least a
one-stage reduction in fibrosis after 24 weeks of treatment in the
18 mg selonsertib group was 13 of 30 (43%; 95% CI, 26-63);
compared to eight of 27 in the 6 mg selonsertib group (30%; 95%
CI, 14-50); and two of 10 in the simtuzumab-alone group (20%;
95% CI, 3-56) (Loomba et al., 2018). Selonsertib improved liver
fibrosis in a considerable number of patients with NASH and
stage 2 or three fibrosis, indicating its potential as a future
treatment for NAFLD. However, in two large, randomized,
phase III trials in patients with bridging fibrosis or
compensated cirrhosis due to NASH, treatment for 48 weeks
with the ASK1 inhibitor selonsertib was ineffective (Harrison
et al., 2020). Selonsertib monotherapy had no effect in these
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trials, but when used in combination with other drugs, there can
be a significant effect. Research is still underway into selonsertib

combination treatment.

3.3.2 Namodenoson

Namodenoson is a selective A3 adenosine receptor (A3AR)
agonist. It is highly selective for A3AR in pathological liver cells
and can produce powerful anti-inflammatory effects (Cohen
et al, 2011). The A3AR belongs to the family of the Gi-
protein associated cell membrane receptors. And the anti-
inflammatory mechanism of the A3AR agonist involves
deregulation of the NF-«B signaling pathway and induction of
apoptosis of inflammatory cells (Ochaion et al, 2008).
Namodenoson can also inhibit ischemia-reperfusion injury
and act as a protective agent in the liver (Ohana et al,, 2016).
Namodenoson exhibits a triple mechanism of action in the liver.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.973366

Fu et al.

It exerts anti-inflammatory and anti-fibrosis effects by activating
A3AR and relaxing the regulation of the NF-kB and Wnt/f-
catenin pathways (Fishman et al., 2019). A phase II double-blind
trial randomized 60 patients with NAFLD (ALT>60IU/L) (1:1:1)
and divided them into oral namodenoson groups administered
12.5mgb.d. (n = 21), 25mgb.d. (n = 19), or placebo (n = 20)
groups for 12 weeks (total follow-up: 16 weeks). The primary
efficacy endpoint was the normalization of serum ALT levels.
After 12 weeks of treatment, serum ALT levels decreased in a
dose-dependent manner with namodenoson over time. At week
12, 31.6% of the namodenoson 25 mg b.d. group and 20.0% of the
placebo group achieved ALT normalization (p = 0.405). At week
16, 36.8% and 10.0% (p = 0.038) patients achieved ALT
normalization in the namodenoson 25mgb.d. and placebo
groups, respectively. In addition, approximately one-quarter
(23.8%) of the 12.5mgb.d. group achieved normalization of
serum ALT levels at week 16 (Safadi et al., 2021). During the
entire phase II clinical trial period, namodenoson significantly
reduced liver fat and inflammation and was well tolerated
without serious adverse reactions. Various liver parameters,
ALT and AST
Namodenoson also has cardioprotective and neuroprotective

such as levels, improved significantly.
characteristics that may compensate NAFLD patients with
comorbid cardiovascular and diabetic diseases (Cross et al.,
2002). In conclusion, namodenoson can be a potential

treatment option for NAFLD.

3.4 Extracellular matrix deposition anti-
fibrosis-based targets

Hepatic fibrosis is characterized by the overexpression and
accumulation of extracellular matrix (ECM) proteins in the liver
as a result of the parenchymal cell damage caused by different
hepatotoxic agents and mechanisms. The main stroma-
producing cell types in liver fibrosis are hepatic stellate cells
(HSC:s), which are used for lipid storage, and which transform
into myofibroblasts (Tacke and Weiskirchen, 2021). However,
prolonged liver injury activates them from a resting state to a pro-
inflammatory/pro-fibrotic fibroblast-like phenotype, which can
contribute to ECM remodeling (Gabbia et al, 2021). The
pathways that activate HSCs are diverse, including
transforming growth factor (TGF)-B, the hormone fibroblast
growth factor 21 (FGF21) (Le et al, 2018) and newly
discovered pathways such as hedgehog, autophagy, free
cholesterol, YAP1, hepcidin, and nuclear/G-protein-coupled
receptor-mediated signals (Tsuchida, 2019).

In response to these mechanisms, drug targets can be divided
into two categories: inhibition of fibril formation and
enhancement of fibrinolysis. Cenicriviroc is an antagonist of
C-C motif chemokine receptor-2/5 (CCR2/5) and is anti-fibrotic
as it inhibits collagen activation, HSCs activation, and
proliferation (Puengel et al., 2017). However, studies on drugs
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that increase fibrinolysis are lacking. A recent study shows that
the HMGB one peptide can induce fibrinolysis (Nojiri et al.,
2021). Drugs targeting extracellular matrix deposition anti-
fibrosis and their research progress are summarized in Table 4.

3.4.1 Cenicriviroc

C chemokine receptor types 2 (CCR2) and 5 (CCR5) mediate
fibrosis by recruiting inflammatory monocytes and macrophages
and activating lymphocytes and hepatic stellate cells (Lefebvre
et al,, 2016; Tacke, 2018). Cenicriviroc (CVC), a dual antagonist
of CCR2/CCR5, has anti-inflammatory and anti-fibrosis effects
in animal models (Pedrosa et al., 2020). A randomized, double-
blind, multinational CENTAUR study randomly assigned
298 participants with NASH to take 150 mg CVC or a
placebo (NCT02217475). Of these
298 participants, 242 entered the second year of the trial, 24%

daily for 2 years
switched to CVC, and 17% remained on the placebo. Twice as
many CVC patients whose fibrosis improved in year one
maintained the benefit in year two compared with patients
receiving the placebo. However, over 2years, the same
proportion of patients taking CVC or placebo met the
primary endpoint of hepatic histology improvement in NAS
by more than two points with no fibrous deterioration.
Interestingly, patients with stage F2 or F3 fibrosis were more
likely to benefit from treatment. Moreover, the safety and
tolerability of CVC are similar to those of the placebo
(Friedman et al.,, 2018b; Ratziu et al., 2020). Based on these
results, the efficacy and safety of CVC will be comprehensively
evaluated in a global, multicenter, randomized, double-blind,
placebo-controlled study (AURORA, NCT03028740) in patients
with stage F2 or F3 NASH (Anstee et al., 2020). However, the
highly anticipated Phase III clinical trial of AURORA was
terminated in early 2021. This is due to the lack of validity of
some of its findings. At present, the combination therapy of CVC
and Tropifexor has entered the phase II clinical study and
achieved good results (Pedrosa et al., 2020). We do not know
whether CVC monotherapy is feasible and need to wait for
follow-up studies.

3.4.2 Belapectin

Galectins belong to the non-integrin f8-galactoside-binding
lectin family. Increased galectin-3 levels are strongly associated
with fibrosis, cancer, and inflammation. However, the exact
mechanisms of its action are currently unknown (Harrison
and Dennis, 2018; Al Attar et al.,, 2021). Belapectin (GR-MD-
02) is a galectin-3 inhibitor derived from plants. It had good anti-
fibrotic effects in mouse models and was well-tolerated and safe
in phase I clinical trials (Harrison et al., 2016).

The hepatic venous pressure gradient (HVPG) can be used to
assess improvements in portal pressure. Portal hypertension is
associated with mortality in patients with NASH. In a
randomized, double-blind, placebo-controlled phase II trial
(NCT02462967), patients with NASH, cirrhosis, or portal
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hypertension were randomly assigned to two groups. The

treatment groups were administered two or 8 mg/kg

belapectin (n = 54 each) biweekly and compared to the
54) for 52 weeks. These results did not

meet the primary or secondary endpoints for either dose. This

placebo group (n =

indicates that belapectin was not significantly correlated with
HVPG, the incidence of cirrhotic complications, or liver
histology. However, a subgroup analysis showed that 2 mg/kg
belapectin reduced HVPG and prevented the development of
new varices in another group of patients without esophageal
varices (Chalasani et al., 2020). The results of phase I and IIb
trials indicate that treatment should target patients with NASH
cirrhosis without esophageal varices. Moreover, a phase IIb/III
study will further investigate the benefits of belapectin in the
prevention of other liver-related complications.

3.4.3 3p-arachidinoyl amide cholic acid

3B-arachidinoyl amide cholic acid (Aramchol) is fatty acid-
bile acid conjugate that partially inhibits hepatic stearoyl-CoA
desaturase (SCD1) protein expression (Bhattacharya et al., 2021).
In animal experiments, Aramchol reduced hepatic steatosis and
improved steatohepatitis and fibrosis (Iruarrizaga-Lejarreta et al.,
2017; Aljohani and Khan, 2019). Aramchol was shown to be safe
and well tolerated in an early clinical trial and significantly
reduced liver fat in NAFLD patients (NCT01094158) (Safadi
et al., 2014).

In a 52-week, double-blind, placebo-controlled, phase 2b clinical
trial, 247 NASH patients were randomized to 400 or 600 mg/day
Aramchol or placebo (NCT 02279524). There was a significant
reduction in liver fat in the 400 mg group (p = 0.045) and a reduction
in liver triglycerides in the 600 mg group compared with placebo
(p = 0.066). However, aramchol 600 mg decreased liver triglycerides
without meeting the prespecified primary end point for statistical
significance. Happily, aramchol ameliorated liver histology in
patients with T2D or prediabetes with histologically confirmed
steatohepatitis and with high disease activity and precirrhotic
stages of fibrosis. (Ratziu et al., 2021). A Phase 3 trial is currently
underway, allowing patients to receive a different regimen
(Aramchol 300 mg bid) to achieve higher exposures in an
attempt to detect the magnitude difference observed in this study
(NCT04104321). We will continue to pay attention to the follow-up
experimental results of this drug and have certain expectations for it.

4 Combination therapy

Owing to the limited efficacy and side effects of
monotherapy, other methods are being investigated to treat
NAFLD. Moreover, there are various therapeutic targets for
NAFLD. An increasing number of studies have shown the
limitations of monotherapy and suggested instead developing
combination therapies. The advantages of combination therapy
include improving the response rate and reducing the side effects
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of drugs. For example, the response rate of drugs used in NASH
monotherapy is <32% compared with a placebo. Combination
therapy may increase the response rate by converting non-
responders or partial responders into responders. Additionally,
combination therapy may treat the side effects of a given drug
through the effects of additional drugs or by reducing its dose-
dependent side effects without compromising its efficacy, i..
adding another drug can allow for a reduction in the dose of the
original drug (Dufour et al., 2020). Many trials have investigated
combination therapies for NAFLD. The drug combinations for
NAFLD are listed in Table 5.

4.1 Combination of OCA and atorvastatin

Several studies have demonstrated the effectiveness of OCA
in NAFLD treatment (Kowdley et al,, 2018; Younossi et al.,
2019b; Kjeergaard et al., 2021; Kulkarni et al., 2021). However,
OCA can increase the concentration of serum total cholesterol
and low-density lipoprotein cholesterol (LDLc) and decrease the
concentration of high-density lipoprotein cholesterol (HDLc),
which limits its clinical application (Neuschwander-Tetri et al.,
2015). Statins can reduce LDL and triglyceride (TG) levels and
slightly increase HDL (McTaggart and Jones, 2008). Thus, a
combination of OCA and statins may alleviate the side effects of
OCA on the plasma lipoprotein spectrum.

A randomized, double-blind, placebo-controlled phase II
study (NCT02633956) was conducted to investigate the
efficacy and safety of OCA combined with atorvastatin in
NAFLD treatment. In this study, 84 patients with NASH were
randomly divided into three treatment groups (5, 10, or 25 mg
OCA once daily) and one placebo group for 16 weeks. Each
group was additionally administered atorvastatin (10 mg/day)
once a day beginning at week 4. In the fourth week, the mean
LDLc and mean LDL particle concentration (LDLpc) in all OCA
groups were higher than the baseline, and in the eighth week,
10 mg atorvastatin treatment resulted in LDLc and LDLpc levels
lower than the baseline in all OCA groups. Additionally,
atorvastatin improved the increase in serum total cholesterol
and the reduction in HDL caused by OCA(Pockros et al., 2019).
Thus, atorvastatin can ameliorate OCA-induced side effects in
the plasma lipoprotein spectrum. The combination of OCA and
atorvastatin seems to be a good choice for the treatment of
NAFLD, trials with larger sample sizes and longer study periods
are required to further evaluate the efficacy of combination
therapy with OCA and atorvastatin.

4.2 Combination of FXR agonists and
SUMOylation inhibitors

Hepatic stellate cells (HSCs) play key roles in the pathological
development of liver fibrosis (Kowdley et al, 2020). HSCs
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activation is a marker of liver fibrosis. Loss of lipid droplets (LDS)
is a key step in promoting HSC activation (Pawella et al., 2014;
Kory et al., 2016; Koyama and Brenner, 2017; Jiang et al., 2021).
Plinl was identified as an FXR target gene responsible for
stabilizing LDS in HSCs. Furthermore, FXR agonists can
stabilize LDS in HSCs by activating the FXR target gene plinl,
but SUMOylation gradually increases during the activation of
HSCs, thus inhibiting the FXR signaling pathway. Hence,
SUMOylation inhibitors can reduce FXR signaling, which
amplifies the effect of FXR agonists, thereby improving the
therapeutic efficacy of FXR agonists for activated HSCs and
liver fibrosis.

Compared to individual administration, a combination of
OCA and spectinomycin (SP, a SUMOylation inhibitor)
lipid  storage reduced all pre-fibrosis

Combined with OCA and SP
significantly decreased levels of serum ALT and AST, but

increased and

biomarkers. treatment
there was no significant decrease upon treatment with OCA
or SP alone (Copi¢ et al, 2018). Combined treatment
significantly reduced serum aminotransferase levels and
improved the histological characteristics of the liver, including
steatosis, inflammatory infiltration, ballooning, and a series of
liver fibrosis diseases. In addition, the SUMOylation inhibitor
ginkgolic acid had a significant effect on activated HSC when
combined with OCA. Overall, a combination of a SUMOylation
inhibitor and FXR agonist is a promising treatment for liver
fibrosis, including NASH, indicating another potential treatment
option for utilizing FXR against various types of liver fibrosis.

4.3 Combination of vitamin E and silymarin

Vitamin E exhibits antioxidant, anti-inflammatory, and anti-
apoptotic activities, along with a favorable clinical profile, making
it an appropriate therapeutic choice for NAFLD. However,
vitamin E does not affect liver fibrosis. Therefore, vitamin E
combined with other anti-fibrotic agents (silymarin) may
provide improved treatment for patients with NAFLD.

In a randomized clinical trial of silymarin with vitamin E for
NAFLD treatment, 36 patients were randomly divided into two
groups. The first group was administered 540.3 mg Silybum
marianum Gaerth in tablet form and 36 mg vitamin E once
daily (Eurosil 85°, MEDAS SL) and underwent lifestyle changes,
including eating a low-calorie diet. The second group only
underwent lifestyle changes. The results show that gamma
glutamine transpeptidase levels, fatty liver index, and liver
fibrosis scores decreased in both groups. However, the
patients in the first group who did not lose 5% of their
bodyweight still showed improvement in these parameters,
whereas the patients in the second group did not. Therefore,
both this drug treatment and lifestyle improvements can improve
disease status (Aller et al., 2015), i.e., a combination of silymarin
and vitamin E can improve liver function in patients with
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NAFLD. However, there are few clinical research results, and
further clinical trials are needed to determine the efficacy of
combination therapy.

5 Discussion

NAFLD has no obvious symptoms until it reaches an
advanced stage, at which point many patients are diagnosed.
Liver biopsy has long been the “gold standard” for diagnosing
NAFLD; however, it has well-known limitations, such as
sampling bias and serious complications. Therefore, in clinical
practice, it is best to adopt an accurate non-invasive method to
diagnose different disease stages. Non-invasive tests can also be
used as screening tools in the general population to identify high-
risk groups. In recent years, non-invasive methods for diagnosing
NAFLD have been widely developed, for example, serum
biomarkers and imaging techniques. In the current study, US
and H-MRI could be used to accurately diagnose NAFLD. US is
widely used in clinical practice owing to its low cost and
practicality. VCTE was the first FDA-approved elastography
model used to assess the severity of fibrosis. It has short
processing times and good reproducibility and can be
combined with biomarkers to further improve diagnostic
performance. More effective non-invasive biomarkers and
imaging techniques are needed in the future to diagnose
NAFLD and track disease progression.

Overall, studies show that it is not only the selection of a drug
that must be considered to maximize the effects of a treatment
scheme, other influencing factors determining the final outcome
should also be considered. Individualized therapy is the selection
of the best drug regimen based on individual patients’ factors. In
the case of NAFLD, the main considerations are the patient’s
characteristics,

disease state, physiological

characteristics at the molecular level.

and genetic

First, the pathophysiological state was considered, i.e., the
screening of appropriate target populations based on disease
status. For example, belapectin is more effective in patients with
NASH but without esophageal varices, so patients with NASH
without esophageal varices can be treated with belapectin.
Another example is vitamin E, which is indicated in patients
with NASH but without T2DM. In addition to the different
disease states, the stage of the disease of the target population
must be considered. For example, studies have confirmed that
CVC is more beneficial for patients with NASH at stages F2-F3.
Moreover, there is heterogeneity in drug therapy for patients with
NAFLD of different races, ages, sexes, and body types, and the
impact of these factors should be considered when selecting
participants.

It is also important to weigh efficacy against adverse effects.
For example, some adverse effects of pioglitazone are a major
cause of discontinuation, including fluid retention, fractures, and,
more seriously, an increased risk of hospitalization for heart
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failure. Pioglitazone should be administered with caution,
particularly in patients with heart disease. Therefore, when
individualizing medication, especially in special populations, a
thorough assessment of its efficacy and side effects should be
considered, including timing, dose, frequency, duration,
combination, and the need to change medication. This should
be evaluated regularly during treatment, and the continuation or
change of the treatment regimen should be decided based on the
results.

In addition, the determination of gene polymorphisms can
provide relevant information on treatment response. In recent
years, multiple genome-wide associations and large candidate
gene studies have enriched our knowledge of the genetics of
NAFLD. Notably, the I148M PNPLA3 variant has been
identified as a major co-genetic determinant of NAFLD (Wang
etal,, 2011; Valenti and Dongiovanni, 2017). Precision medicine can
modulate the activity of a specific gene (PNPLA3) in specific organs
in specific patient populations. And other NASH-related genes may
provide targets for future intervention strategies. In addition, a
genome-wide analysis study identified several loci associated with
response to OCA in NASH patients. These variant-associated
genetic variants may improve the effectiveness and accuracy of
selecting NASH patients for OCA therapy, as these variants can
increase NASH resolution (Gawrieh et al,, 2019). NASH patients
with these genetic variants may then be directed to individualized
treatment. However, more research and evidence are needed before
speculating whether genotyping can be used to guide treatment
decisions in patients at risk for NASH.

Finally, considering the complexity of the pathophysiology of
the disease and the heterogeneity of the individual, the detection
of specific biological markers should be considered when
administering drugs to identify genetic polymorphisms,
develop more precise dosing regimens and achieve better
therapeutic results (Dufour et al., 2020).

The pathogenesis of NAFLD is complex and involves many
factors. Due to the complexity of NAFLD pathophysiology, many
targets have potential therapeutic effects, including carbohydrate
and lipid metabolism, fibrosis, and inflammation. At present,
there have been many studies on NAFLD drugs, most of which
are monotherapies, and their efficacy is generally unsatisfactory.
Recently, an increasing number of studies have been conducted
on NAFLD combination therapy, and some drug combinations
have entered clinical phases II or III, indicating their feasibility.
Although combination therapy can be more effective than
monotherapy and could potentially reduce side effects, its
clinical application still has limitations.

The first limitation is the choice of drug. Many drugs are
potentially effective against NAFLD, and it is difficult to select a
suitable combination from a large number of possibilities.
Moreover, the selection of drugs should not be limited to
those that are effective against NAFLD; drugs that have no
individual efficacy but have synergistic effects with others
should not be excluded. Therefore, many studies are needed
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to screen and combine various drugs, which will be a lengthy
process. Second, although combination therapy can be more
efficacious, it may also produce further side effects. Therefore,
attention should be paid to both side effects and efficacy. In
addition, the increase in the types of drugs used in combination
therapy also brings some difficulties to the design of the trials,
including the allocation of trial groups and the selection of
participants. Despite these challenges, combined drug therapy
remains a promising treatment option for NAFLD.

It is worth mentioning that dual-target drugs are another
current research hotspot. These drugs can act on two or more
targets simultaneously and exhibit significant efficacy. Some
patients who are difficult to treat with single-target drugs can
respond well to these drugs. Therefore, the design and
application of dual-target drugs for NAFLD may be beneficial.

6 Conclusion

NAFLD pathogenesis is a complicated process that has not yet
been fully elucidated. In this review, we briefly introduced diagnostic
methods, therapeutic targets, and drugs related to NAFLD. In
particular, we focused on the role of carbohydrate and lipid
metabolism, lipotoxicity, cell death, inflammation, and fibrosis as
potential therapeutic targets for NAFLD. We also summarized the
clinical research progress in terms of drug development and
combination therapy. Numerous drugs have progressed into
clinical studies and have achieved excellent results in clinical
NAFLD treatment. However, owing to the complexity of NAFLD
and drug side effects, no effective drugs are available on the market.
Additionally, combination therapy may have curative effects on
NAFLD and NASH by affecting multiple pathways. In the near
future, renewed and sustained efforts must be made to provide
patients with NAFLD and NASH with safe and effective drugs.
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Background and Purpose: Irritable bowel syndrome (IBS) is usually associated
with chronic gastrointestinal disorders. Its most common subtype is
accompanied with diarrhea (IBS-D). The enteric nervous system (ENS)
modulates major gastrointestinal motility and functions whose aberration
may induce IBS-D. The enteric neurons are susceptible to long-term
neurotransmitter level alterations. The patchouli alcohol (PA), extracted from
Pogostemonis Herba, has been reported to regulate neurotransmitter release in
the ENS, while its effectiveness against IBS-D and the underlying mechanism
remain unknown.

Experimental Approach: In this study, we established an IBS-D model in rats
through chronic restraint stress. We administered the rats with 5, 10, and
20 mg/kg of PA for intestinal and visceral examinations. The longitudinal
muscle myenteric plexus (LMMP) neurons were further
immunohistochemically stained for quantitative, morphological, and
neurotransmitters analyses.

Key Results: We found that PA decreased visceral sensitivity, diarrhea
symptoms and intestinal transit in the IBS-D rats. Meanwhile, 10 and
20 mg/kg of PA significantly reduced the proportion of excitatory LMMP
neurons in the distal colon, decreased the number of acetylcholine (Ach)-
and substance P (SP)-positive neurons in the distal colon and restored the levels
of Ach and SP in the IBS-D rats.

Conclusion and Implications: These findings indicated that PA modulated
LMMP excitatory neuron activities, improved intestinal motility and alleviated
IBS-induced diarrheal symptoms, suggesting the potential therapeutic efficacy
of PA against IBS-D.
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1 Introduction

The irritable bowel syndrome (IBS) is a common
gastrointestinal disorder affecting physical symptoms and
social functioning. Although IBS is not associated with
serious complications or mortality, abdominal pain and
bloating  are  often  of chronic nature.  The
pathophysiological mechanisms of IBS remain unknown
(Niesler et al., 2021). Several factors have been implicated,
including the microbiota, the gut-brain axis (De Palma et al,,
2014; Thumann et al, 2019) and psychosocial and
environmental factors (Dunn and Adams, 2014; Zhu et al,,
2019; van Thiel et al, 2020). The microenvironment of
peripheral neurons in the gut wall is presumably involved
(Buhner et al., 2014), suggesting the importance local

transmitters in the mediation of abdominal pain,

TABLE 1 Antibodies used for immunohistochemistry.

discomfort and motility (Knowles et al., 2013). The
diagnostic criteria of IBS changed to the Rome IV, which
indicated that IBS with diarrhea (IBS-D) is the most common
subtype (Ford et al., 2020; Bb et al., 2021).

The digestive system is innervated through its connections
with the central nervous system (CNS) and by the enteric
nervous system (ENS) within the wall of the gastrointestinal
tract (Neunlist & Schemann, 2014). The ENS mainly
modulates gastrointestinal motility and functions like
secretion, absorption, permeability of epithelial cells and
immune activities (Furness & Stebbing, 2018). In the wall
of the gut, enteric neurons are susceptible to long-term
changes in neurotransmitter levels that ultimately impact
the gastrointestinal function (Altaf & Sood, 2008; Neunlist
& Schemann, 2014). Acetylcholine (Ach) and substance P (SP)

are the principal excitatory neurotransmitters (Clemens et al.,

Antigen Host Code Dilution Source
HuC/HuD Rabbit ab184267 1:500 Abcam

ChAT Goat AB144P 1:100 Chemicon
Substance P Rat MAB356 1:200 Chemicon
Mouse IgG Goat Alexa Fluor 488 1010-30 1:100 SouthernBiotech
Rabbit IgG Goat Alexa Fluor 555 4010-32 1:200 SouthernBiotech
Goat IgG Donkey Cy3 705-165-147 1:100 Jackson

Rabbit IgG DyLight 405 711-475-152 1:100 Jackson

Rat IgG Donkey Alexa Fluor 488 712-545-153 1:100 Jackson

Note: ChAT, choline acetyltransferase; IgG, immunoglobulin G; Cy3, indocarbocyanine.

TABLE 2 Primer sequences.

Gene Forward primer (5'-3") Reverse primer (5'-3")

SP TTAATGGGCAAACGGGATGC GCGCTTCTTTCATAAGCCACAG
ChAT TTGTGCAAGCCATGACTGAC ATGGTTGTCAATGGCCATGC
GAPDH TGAGCATCTCCCTCACAATTCC TTTTTGAGGGTGCAGCGAAC
TABLE 3 Antibodies used for western blot.

Antigen Host Code Dilution Source
ChAT Goat AB144P 1:1000 Chemicon
Substance P Rat MAB356 1:1000 Chemicon
Rabbit anti-Goat IgG (h + 1) HRP FDRO007 1:5000 Fudebio
Goat anti-Rat IgG (h + 1) HRP FDMO007 1:5000 Fudebio

Note: ChAT, choline acetyltransferase; IgG, immunoglobulin G; Cy3, indocarbocyanine.
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Evaluation of the IBS-D model. (A) Abdominal withdrawal reflex assessment in IBS-D rats. The AWR scores were used to assess visceral sensitivity in IBS-D rats at
baseline, day 14 and day 28. (B) The defecation area evaluated diarrhea symptoms at baseline, day 7, day 14, day 21, and day 28 in different groups. (C) The intestinal
transit rate revealed the changes in colon motility among model groups. Data are presented as mean + SD (n = 6). **p < 0.01 vs. controls, *p < 0.05 vs. controls.

2003). In the gastrointestinal tract, Ach transmits excitatory
signals through the receptors expressed by smooth muscle
cells. SP can cause contractions of the smooth muscles,
promoting intestinal peristalsis and provoking diarrhea
(Smith et al., 2007).

The patchouli alcohol (PA) is a tricyclic sesquiterpene extracted
from Pogostemonis Herba (Cho et al., 2015). PA has been associated
with different pharmacological effects, including anti-inflammatory,
antibacterial and anticancer properties (Hu et al., 2017). In addition,
PA regulates colonic smooth muscle activity through cholinergic
and non-cholinergic nerves. Zhou et al. (2018) reported that PA
might potentially treat IBS-D by influencing the neurotransmitter
release in the ENS. Although PA may affect the release of
gastrointestinal transmitters through multiple pathways and
targets, whether it would be of benefit for IBS-D is unknown.

2 Methods
2.1 Animals and treatments

Fifty-four male Sprague-Dawley rats were randomly
divided into six model groups and three control groups

Frontiers in Pharmacology

(n = 6 per group). Initially, rats in model groups were
stressed between 4:00 and 6:00 p.m. for 14 days. The
upper limbs, shoulders and chest were bound with a
medical elastic mesh bandage, the rats were restricted
from scratching the head and face, but other activities
were not restricted. After modeling, the rats were divided
into three model groups and three PA groups with low
(5mg/kg), medium (10 mg/kg), and high (20 mg/kg)
doses. PA groups received gavage administration for
2 weeks, while control and model groups received an equal
volume of Tween 80.

2.2 Visceral sensitivity assessment

Behavioral responses to colorectal distention (40 and
60 mmHg) were assessed by measuring the abdominal
withdrawal reflex (AWR) on day 14, day 21, and day
28 after modeling, as previously described (Williams
et al., 1988). Briefly, rats were anesthetized with diethyl
ether after fasting for 12h. Then, a catheter was
inserted through the anus and the outer end of the
distention balloon was secured by taping the attached
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FIGURE 2

Effects of patchouli alcohol (PA) in IBS-D rats. (A) Abdominal withdrawal reflex assessment in different groups after PA. The AWR scores were
used to assess visceral sensitivity at day 21 and day 28 after PA. (B) The defecation area evaluated diarrhea symptoms at day 7 and day 14 after PA. (C)
The intestinal transit rate revealed the changes in colon motility among PA groups. Data are presented as mean + SD (n = 6). *p < 0.05, **p < 0.01, vs.

controls; #p < 0.05, #“p < 0.01, vs. models.

tubing to the rat’s tail. After adaption for 1h, animal
responses to colorectal distention were blindly examined
by two investigators.

2.3 Evaluation of defecation

On day 14, day 21, and day 28 after modeling, rats were
placed individually in clean cages with food and water ad libitum.
The defecation area was monitored within 4 h and evaluated with
the Tmage] Software.

2.4 Intestinal transit

After modeling, rats fasted for 24 h with free access to
water on day 14, day 21, and day 28. Then, they received 1 ml
of powdered carbon (Activated Carbon Powder) via gastric
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gavage. Thirty minutes later, rats were euthanized and the
bowel was removed. The length of the intestinal tract from the
gastroduodenal junction to the anus and the length of the tract
containing the carbon were measured. The intestinal transit
rate was calculated through the following equation: length of
the intestinal tract containing the carbon/length of the
intestinal tract x 100%.

2.5 Tissues preparation

The colon was dissected and placed in ice-cold Krebs
solution. The Krebs solution was pretreated with 95%
oxygen and 5% CO, for at least 30 min. Then, the colon
was cut into several segments and flushed with ice-cold
Krebs solution to clean the fecal matter. The longitudinal
muscle myenteric plexus (LMMP) was separated and placed
on polylysine glass slides. Cold paraformaldehyde (PFA) was
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Substance P (SP) was altered in IBS-D rats. SP proteins photographed by laser confocal microscopy. Immunofluorescence results of SP positive
neurons in the proximal and distal colon of IBS-D rats at day 14, day 21, and day 28. HUC/D (Red), SP(Green). Scale Bar = 100 ym

added in 0.1 M of sodium phosphate buffer saline (PBS) and
LMMP was bathed for 4-6 h at 4°C. After fixture, the samples
were washed with PBS and cryoprotected overnight with 30%
sucrose dissolved in PBS at 4°C. The longitudinal muscle strips
were separated with the same procedure and placed at liquid
nitrogen for RNA extraction.

2.6 Immunohistochemistry

After cryoprotection, LMMP was rinsed with PBS and cut
into 10 * 10 mm pieces. Tissue wholemounts were placed in
5% bovine serum albumin and 0.3% Triton X-100 in PBS for
2 hatroom temperature. Later, LMMP samples were exposed
to primary antibodies diluted in PBS at 4°C for 21-24 h. The
wholemounts were washed with PBS supplemented with
0.05% tween-20 (TPBS) for 5 min and rinsed three times
with PBS (5min each time). Then, the samples were
incubated with secondary antibodies for 2h at room
temperature. After incubation, tissue wholemounts were
rinsed with TPBS for 15 min, washed with PBS (5 min
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each time) and coverslipped with fluorescence decay-
resistant medium. Concerning choline acetyltransferase
(ChAT) Sp
wholemounts were heated by water-bath for antigen

and immunohistochemistry,  tissue
retrieval. Briefly, samples were placed in 0.01 M citrate
buffer (pH 6.0) and heated for 100°C.

After being washed three times with PBS, the samples

10 min at

were cut into pieces and blocked in 10% donkey serum
albumin and 0.3% Triton X-100 in PBS. Primary and
secondary antibodies used in this study are provided in
Table 1.

2.7 Quantitative analysis

The quantitative analysis for immunoreactive neurons
was performed according to the neuronal density (neurons/
obtained 10X
microscope objective. The Image] software was used to

mm?®). Images  were using a

calculate the proportion of ChAT-positive and SP-

positive neurons.
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(A) SP-immunoreactive varicosities in the distal and proximal colon. (B) SP mRNA expression in model groups. RNA was isolated with TRIzol
reagent and qRT-PCR was utilized to analyze the gene expression of SP. The GAPDH gene was defined as internal reference. Data were presented as

mean + SD (n = 6). *p < 0.05, **p < 0.01, vs. controls.

2.8 Morphological analysis

The morphometric analysis of HuC/D-immunoreactive
neurons was performed in an area (um?®) with 100 neuronal
cell bodies. Regarding the SP-immunoreactive neurons, an
average area of 400 nerve varicosities from each animal
(2,400/group) was used for morphometric analysis.

2.9 The mRNA quantification

The total RNA was extracted from LMMP preparations through
the TRIzol Reagent method (GIBCO, US). The concentration of
mRNAs was evaluated by quantitative polymerase chain reaction
(gPCR) analysis. The qPCR was performed using CFX 96 Real-Time
Detection System (Bio-Rad, Germany). The concentration was
normalized for RNA loading using GAPDH primers. Sequences
of the PCR primers are listed in Table 2.

2.10 Western blot

The LMMP layers were frozen in liquid nitrogen and
stored at —80°C until processed. Then, cell lysis was
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performed with ice-cold RIPA lysis buffer and protease
inhibitor cocktail. The total protein concentrations in the
extracts were measured with a BCA protein assay kit
(Pierce). The membranes were blocked for 1h at room
temperature with nonfat dry milk in Tris-buffered saline
(TBS) supplemented with 0.1% tween-20 and incubated
overnight 4°C.  After
repeated washing, the membranes were incubated with a
horseradish anti-rabbit
secondary antibody at room temperature for 2h and
visualized with a chemiluminescence substrate. Primary
and secondary antibodies used in this study are provided in
Table 3.

with  primary antibodies at

peroxidase-conjugated

2.11 Statistical analysis

Data are presented as mean * standard deviation (SD).
Group comparisons were performed using the one-way
ANOVA test. Values of p < 0.05 were considered
statistically significant. Tukey’s post hoc test was then
used to compare significant differences between groups.
Statistical analysis was performed using GraphPad Prism
software.
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Effects of patchouli alcohol (PA) on substance P (SP). SP
proteins photographed by laser confocal microscopy
Immunofluorescence results of SP positive neurons in the
proximal and distal colon of PA groups. HUC/D (Red),
SP(Green). Scale Bar = 100 ym

2.12 Patchouli alcohol

Patchouli alcohol (purity >99%) was kindly provided by
the Mathematical Engineering Academy of Chinese Medicine,
and the quality of PA was confirmed by melting point, infrared
spectroscopy, 'H and 'C NMR, and mass spectrometry.
DMSO was used to dissolve PA. DMSO <0.5% in all
experiments.
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3 Results

3.1 Patchouli alcohol improved intestinal
symptoms in Irritable bowel syndrome
with diarrhea rats

3.1.1 Visceral sensitivity

As shown in Figure 1A, the AWR scores of the model
group were significantly increased at day 14 and day
28 compared to the control group (p < 0.01), indicating
the occurrence of visceral hypersensitivity. As shown in
Figure 2A, at day 28 the AWR scores of each PA group
were significantly reduced compared to the model group (p <
0.05 and p < 0.01).

3.1.2 Diarrhea symptoms

As shown in Figure 1B, the defecation area in the model
group was significantly increased at day 21 and day
28 compared to the control group (p < 0.01), indicating
that the defecation frequency increased in the model
group. As shown in Figure 2B, the defecation area in each
PA group significantly decreased compared to the model
group (p < 0.01).

3.1.3 Intestinal transit

As shown in Figure 1C, the intestinal transit rate was faster in
the model group than the control group. The rate in the model
group was 65.9 + 0.87%, while the rate in the control group was
59.5 £ 4.0% (n = 6, p = 0.032). As shown in Figure 2C, the
intestinal transit rate significantly decreased after treatment
with PA.

3.2 Patchouli alcohol improved intestinal
motility by modulating excitatory
neurotransmitters

3.2.1 Substance P

As shown in Figures 3, 4A, immunofluorescence results
showed that SP-immunoreactive neurons were significantly
increased in the model group compared to the control group
(p < 0.05). As shown in Figure 4B, the QRT-PCR analysis
revealed significantly increased SP expression in the distal
and proximal colon of the IBS-D group compared with the
control group (p < 0.05). As shown in Figure 5, Figure 6A,
after treatment with PA for 14 days, the area of SP-
the  distal
proximal colon was significantly decreased in the PA

immunoreactive  varicosities  in and
group compared with the IBS-D group (p < 0.01). As

shown in Figure 6B, the expression of SP mRNA in
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(A) SP-immunoreactive varicosities in the distal and proximal colon of PA groups. (B) SP mRNA expression in PA groups. RNA was
isolated with TRIzol reagent and qRT-PCR was utilized to analyze the gene expression of SP. The GAPDH gene was used as
internal reference. Data are presented as mean + SD (n = 6). *p < 0.05, **p < 0.01, vs. controls. “p < 0.05, vs. models, #“p < 0.01, vs.

models.

the distal colon significantly
decreased in the PA group compared with the IBS-D
group (p < 0.05).

As shown in Figures 11, 12A, western blot revealed a
band LMMP
preparations, representing a post-translational modification

of SP. The expression of SP in the proximal colon of the model

and proximal was

specific at approximately 40kDa in

group was significantly increased compared with the control
group (p < 0.05). The expression of SP in the distal colon was
not significantly elevated. After administration of PA for
14 days, SP levels were downregulated in the distal and

proximal colon.
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3.2.2 Choline acetyltransferase

As shown in Figures 7, 8A, the proportion of ChAT
positive neurons in the distal colon of IBS-D rats was
significantly increased (p < 0.01). At the same time, there
was no significant difference in the proximal colon between
the two groups. As shown in Figure 8B, the qRT-PCR analysis
revealed significantly increased ChAT expression in the distal
colon of IBS-D rats (p < 0.05). As shown in Figure 9 and
Figure 10A, the proportion of ChAT positive neurons in the
distal colon was significantly decreased after treatment with
PA (p < 0.01), and as shown in Figure 10B, ChAT mRNA
expression levels was significantly decreased in the PA group
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D28

Choline acetyltransferase (ChAT) is altered in IBS-D rats. ChAT proteins photographed by laser confocal microscopy. Immunofluorescence
results of ChAT positive neurons in the proximal and distal colon of IBS-D rats at day 14, day 21, and day 28. HUC/D (Red), ChAT (Green). Scale Bar =

50 pm.

compared with the IBS-D group (p < 0.05). On the contrary,
the expression of ChAT in the distal colon of IBS-D rats
increased (p < 0.05). The expression of ChAT in the proximal
colon was not significantly elevated. After administration of
PA for 14 days (D28), the expression of ChAT in the proximal
colon decreased.

As shown in Figures 11, 12B, western blot found a significant
difference regarding the expression of ChAT between the high
dose group and the model group after PA administration (p =
0.003). A significant difference was also found between the model
group and the control group (p = 0.003). At D28, the expression
of ChAT in the distal colon of high, medium and low dosing
groups was significantly downregulated (p = 0.001, p < 0.01 and
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p < 0.01, respectively). High dose of PA treatment significantly
decreased ChAT protein expression in the proximal colon
comparing to the model group.

4 Discussion

Different physiological activities of the intestine depend
The ENS
innervation of the large intestine (Bayliss & Starling,

on neurons. is a critical controller of the

1901), but its relevance in gastrointestinal diseases has

largely been overlooked (Furness, 2012; Knowles et al,
2013; Spencer & Hu, 2020). Previous studies identified
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the relationship between intestinal activity and neurons in
different regions of the colon (Costa et al., 2013). Li et al.
(2019) designed a Ca’" imaging approach revealing that
different regions of the gut exhibited specific motility
patterns regulated by myenteric neurons. Hibberd et al.
(2018) found that optogenetic control of enteric neurons
can increase gut motility and fecal output. However, local
effects of myenteric neurons on intestinal function have
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been insufficiently investigated in drug development. In this
study, we focused on the neuronal activities of the myenteric
plexus, which innervates the longitudinal and circular
the We
implemented technique isolating LMMP preparations to

muscles in intestine. used a previously

observe the morphological changes of the entire colon

(Huang et al,, 2021). Immunoreactivity for ChAT and SP
identified the corresponding neurons in the myenteric

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.943119

Chen et al.

Proximal colon

Distal colon

Control

IBS-D

PA (5mg/kg)

PA (10mg/kg)

PA (20mg/kg)

FIGURE 9

Effects of patchouli alcohol (PA) on choline
acetyltransferase (ChAT). ChAT proteins photographed by
laser confocal microscopy. Immunofluorescence results of
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plexus (Sang & Young, 1996; Sang et al., 1997). The aim of
the present study was to investigate the ENS remodeling in
rats with IBS-D and the potential mechanisms of PA for IBS-
D treatment. In the wrap-restraint stressed IBS-D rats, the

total number of neurons increased in the myenteric plexus
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of the distal colon, as indicated by an increased number of
varicosities and an augmented expression of ChAT and SP.
Previous studies found that stress increased colonic motility
in animals and human volunteers (Williams et al., 1988). In
animal models, diarrhea associated with stress may be
We
further investigated the effects of PA, demonstrating that

related to a local imbalance of neurotransmitters.

PA significantly decreased the number of neurons, reduced
varicosities and restored the expression of SP and ChAT to
normal levels. These findings suggested that PA might
restore the local imbalance of neurotransmitters in the
colonic myenteric plexus.

Our rat model of IBS-D was optimized through wrap-
restraint stress as a single inducing factor. After 2 weeks, the
IBS-D rats were characterized by an increased defecation
area and augmented AWR responses to rectal distention,
mimicking some clinical traits of IBS-D. This model can be
reproducible and could therefore be utilized to investigate
IBS-D and the mechanism of action of potential drugs.
Interestingly, our study indicated that PA was beneficial
in IBS-D rats by ameliorating intestinal transit and visceral
hypersensitivity.

PA is an active ingredient of Pogostemonis Herba, an
herb used for vomiting, diarrhea and other gastrointestinal
diseases. Studies have shown that patchouli alcohol extracted
from patchouli can produce antifungal and anti-
inflammatory pharmacological effects, enhance the body’s
resistance; PA also has a bidirectional effect on the stomach
and intestines, promote gastric acid secretion, enhance
gastrointestinal activity, regulate digestive function, while
calming the smooth muscle of the gastrointestinal tract, and
the of  the

gastrointestinal substances;

alleviate spasmodic contraction
tract caused by irritating
Reduce the activity of enzymes that reflect gastrointestinal
inflammation, prevent ulcerative gastroenteritis, protect the
gastrointestinal mucosal barrier. (Chen et al., 1998; Hu et al,,
2017; Liu et al., 2017). Previously, we showed that PA exerted
an inhibitory effect on the spontaneous contraction of the
colonic longitudinal smooth muscle in IBS-D rats (Sah et al,,
2011). In this study, we showed that PA can downregulate the
expression of ChAT by influencing proximal and distal
colonic myenteric neurons.

At present, many animal models of IBS-D have been

studied. Different animal models may reflect several

pathological aspects of the disease, resulting in
heterogeneous and inconsistent results. For example, the
proportion of ChAT-immunoreactive neurons was

significantly increased in the model of water avoidance
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(A) The proportion of ChAT positive neurons in the distal and proximal colon of PA groups. (B) ChAT mRNA expression in PA groups.
RNA was isolated with TRIzol reagent and gRT-PCR was utilized to analyze the gene expression of ChAT. The GAPDH gene was used as
internal reference. Data are presented as mean + SD (n = 6). *p < 0.05, **p < 0.01, vs. controls. “p < 0.05, vs. models, “*p < 0.01, vs.

models.

stress (MAS), compared with controls. At the same time, no
difference was found regarding the total number of neurons
(Aubert et al., 2019).

The IBS-D disorder is closely related to an abnormal
activation and proliferation of gastrointestinal neurons.
Recent studies have demonstrated that the proliferation
of gastrointestinal neurons is finely balanced. On the one
hand, apoptotic neurons are efficiently removed by
macrophages. On the other hand, the homeostasis of
gastrointestinal neurons mainly depends on enteric glial
cells with neuronal stem/progenitor properties (ENPCs).
The
participate in

enteric glial cells interact with neurons and

the of
motility (Rao et al., 2017). In the gastrointestinal tract of

regulation gastrointestinal
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mice, ENPCs can replace about 90% of neurons in around
2 weeks. Selective knockdown of PTEN gene in glial
cells contributed to the regeneration of neurons (Kulkarni
2017). If
selectively  knocked

and cells
the
(Kulkarni et al., 2017). In a rat model of constipation
irritable bowel syndrome (IBS-C), the total number of
the of

inhibitory neurons significantly. The

et al, nestin glial were

out, neurons proliferated

and
total
number of neurons per high-power field increased, while

neurons and subtypes excitatory

changed

the  proportion of  cholinergic  acetyltransferase
immunoreactive neurons and activated vasoactive
intestinal peptide positive neurons decreased. The

proportion of NOS positive neurons increased, suggesting
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that these changes might be relevant in the pathogenesis of
IBS-C (Fei et al., 2018).

The intestinal neurons, along with the microbiota,
immune and glial cells have a key role in IBS-D (Collins
et al, 2014; Neunlist et al., 2014; Sharkey, 2015; Veiga-
Fernandes & Pachnis, 2017; Yoo & Mazmanian, 2017;
Chandrasekharan et al., 2019). In a series of recent
the mouse and human gut advanced our
understanding of the ENS (Amit et al, 2018;
Drokhlyansky et al., 2020; Elmentaite et al., 2021; May-
Zhang 2021). A
analysis revealed different myenteric neuron classes in the

studies,

et al, single-cell  transcriptome
small intestine of the mouse (Morarach et al., 2021). A

comprehensive atlas of the cellular landscape across the
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human  intestine  was  suggested by  different
studies (Elmentaite et al,, 2021; Holloway et al., 2021).
Another
evidence revealing the role of the ENS on immune cells.

research provided new compelling
IL-6 secreted by enteric neurons was able to influence the
number and phenotypes of regulatory T cells, which in
turn modulated the structure and activity of ENS (Yan
et al.,, 2021). In the future, the role of ENS in IBS-D will
be further clarified. The

technology such

use of more advanced

as transcriptomics and
neuroimmunology will shed more light on enteric neural
circuits and their relevance in gut motility, helping us to
explore novel strategies to prevent or treat gastrointestinal

diseases.
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Effects of patchouli alcohol (PA) on substance P (SP) and choline acetyltransferase (ChAT) protein expression. SP and ChAT proteins were
quantified by western blot. p-actin was used as internal reference. (A) SP protein in the distal and proximal colon of PA groups. (B) ChAT protein in the
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Xiaoyu Wen'2*

*Department of Hepatology, The First Hospital of Jilin University, Changchun, Jilin, China, Center of
Infectious Diseases and Pathogen Biology, The First Hospital of Jilin University, Changchun, Jilin,
China, *Department of Infectious Diseases and Immunology, Shanghai Public Health Clinical Center,
Fudan University, Shanghai, China, “Unit of Psychiatry, Department of Public Health and Medicinal
Administration, and Institute of Translational Medicine, Faculty of Health Sciences, University of Macau,
Macao, Macao SAR, China

Objective: To determine the therapeutic effect of pulmonary arterial
hypertension (PAH) agents for portal pulmonary hypertension (POPH).

Design: Systematic review and meta-analysis.

Background: POPH is a serious complication of end-stage liver disease with a
low survival rate. Liver transplantation (LT) is an effective treatment. Due to the
presence of POPH, some patients cannot undergo LT. After PAH treatment,
patients with POPH can obtain good hemodynamics and cardiac function for
LT, but there are no standard guidelines.

Methods: Two independent researchers searched PubMed, EMBASE, Cochrane
Library, and Web of Science for studies published from inception to
27 September 2022, focusing on the changes in hemodynamics and cardiac
function in all patients with POPH to understand the effect of PAH treatment on
the entire population of POPH patients. Among these, we specifically analyzed
the changes in hemodynamics and cardiac function in moderate and severe
POPH patients. After collecting the relevant data, a meta-analysis was carried
out using the R program meta-package.

Results: A total of 2,775 literatures were retrieved, and 24 literatures were
included. The results showed that in all POPH patients (n = 1,046), the following
indicators were significantly improved with PAH agents: mPAP:

Abbreviations: 6MWD, 6-minutes walking distance; 95%CI, 95%confidence interval; CO, cardiac
output; ERA, endothelin receptor antagonist; LT, liver transplantation; MELD, model for end-stage
liver disease; mPAP, mean pulmonary artery pressure; NYHA, New York heart association; PAH,
pulmonary arterial hypertension; PAWP, pulmonary arterial wedge pressure; PDE-5,
phosphodiesterase type 5; POPH, portal pulmonary hypertension; PVR, pulmonary vascular
resistance; RAP, right atrial pressure; RCT, randomized controlled trial; RHC, right heart
catheterization; RV, right ventricle; SvO2, mixed venous oxygen saturation; TPG, transpulmonary
gradient; WHO FC, WHO functional classification.
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(MD = -9.11 mmHg, p < 0.0001); PVR: (MD = -239.33 dyn-s-cm™, p < 0.0001);
CO: (MD = 1.71L/min, p < 0.0001); cardiac index: (MD = 0.87 L/(min-m?), p <
0.0001); 6MWD: (MD = 43.41 m, p < 0.0001). In patients with moderate to
severe POPH (n = 235), the following indicators improved significantly with PAH
agents: mPAP (MD = -9.63 mmHg, p < 0.0001); PVR (MD = -259.78 dyn-s.cm™>,
p < 0.0001); CO (MD = 1.76 L/min, p < 0.0001); Cardiac index: (MD = 1.01L/
(min-m?), p = 0.0027); 6MWD: (MD = 61.30 m, p < 0.0001).

Conclusion: The application of PAH agents can improve cardiopulmonary
hemodynamics and cardiac function in patients with POPH, especially in
patients with moderate to severe POPH, and the above changes are more
positive.

Systematic Review Registration: https://inplasy.com, identifier
INPLASY202250034.
KEYWORDS

portal pulmonary hypertension, pulmonary arterial hypertension, portal hypertension,

curative effect, meta-analysis

1 Introduction

Pulmonary arterial hypertension (PAH) is a clinical and
pathophysiological syndrome of altered pulmonary vascular
structure or function caused by a variety of etiologies and
pathogenesis, leading to increased PVR (pulmonary vascular
resistance) and pulmonary arterial pressure, which progresses
to right heart failure or even death. The pathology is
characterized by the proliferation of endothelial cells, smooth
muscle cells, and fibroblasts in the vascular wall, leading to
pulmonary artery stenosis and occlusion (Tuder et al., 2013).
The increase in pulmonary vascular resistance may lead to severe
PAH. Portal pulmonary hypertension (POPH) is a clinical
symptom with elevated pulmonary artery pressure based on
portal hypertension (with or without chronic liver disease). In
1951, Mantz and Craige (Mantz and Craige, 1951) identified the
first case of POPH. The Sixth World Conference on pulmonary
hypertension (Xu and Jing, 2018) in 2018 classified POPH as
Group 1 PAH. According to the 2016 practice guideline of the
International Society for LT (Liu and Li, 2016), POPH is graded
according to mPAP (mean pulmonary artery pressure) measured
by RHC (right heart catheterization), which can be classified as
mild (25 mmHg < mPAP <35 mmHg), moderate (35 mmHg <
mPAP < 45 mmHg) and severe (mPAP > 45 mmHg).

The incidence of POPH varies in different studies,
accounting for 5%-10% (Badesch et al., 2010) in PAH, 1%-
2% (Mancuso et al.,, 2013) in patients with portal hypertension,
and 2%-6% (Savale et al., 2017) in patients with LT.
Unfortunately, the survival rate is low. The median survival
time of untreated POPH has been reported to be as low as
6 months (Robalino and Moodie, 1991), with a 5-year survival
rate of 14%-28% and a 5-year survival rate of 35%-45% after
treatment with pulmonary vasodilators alone (Krowka et al,
2000; Bremer et al., 2007; Gali¢ et al., 2009; Johnson et al., 2012).
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Currently, LT is considered to be an attractive treatment as it can
cure potential liver diseases (Safdar et al., 2012), and it has been
proven that pulmonary vascular diseases may be reversible in
some POPH patients who survive transplantation (Scott et al.,
1993; Csete, 1997; Schott et al., 1999; Krowka et al., 2000).
However, the presence of PAH was found to increase
mortality and prolong the time of hospitalization for LT
(Krowka et al., 2016). Patients with mild POPH have mostly
survivable conditions after transplantation, while patients with
moderate and severe POPH have a mortality rate as high as 50%-
100% after transplantation. Due to the high perioperative
mortality, moderate and severe diseases are contraindications
to LT, but if patients can obtain good right heart function and
hemodynamics (mPAP <35 mmHg and PVR <400 dyn-s-cm )
after pulmonary vasodilator therapy, some can successfully
undergo LT. Therefore, PAH treatment is essential in patients
with POPH, especially in patients with moderate and
severe POPH.

At present, there are no formal guidelines on the clinical
management of POPH. Because POPH is pathologically similar
to other forms of PAH, the current clinical treatment of POPH is
related to the treatment of PAH. The meta-analysis we conducted
aimed to complement the existing clinical studies of POPH to
evaluate the effectiveness and safety of specific treatment for
pulmonary hypertension in patients with portal pulmonary
hypertension to provide a basis for rational clinical drug use.

2 Materials and methods
2.1 Search strategy and study selection
conducted

This meta-analysis was following  the

recommendations of the Preferred Reporting Items for
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Systematic Reviews and Meta-Analyses (PRISMA) and was
registered in INPLASY (registration number:
INPLASY202250034; https://inplasy.com). Two researchers
(RHZ and TFL) searched PubMed, EMBASE, Web of Science
and the Cochrane library for clinical studies related to the
application of PAH treatment in patients with POPH. The
search was conducted from the time the database was created
to 27 September 2022. The following terms were applied to
search the title and abstracts: “portalpulmonary hypertension” or
“portal pulmonary hypertension” or “POPH” or “PPHTN.”
The titles and abstracts of retrieved studies were screened
independently by two researchers, who then read the full text of
the potentially included studies to select those for inclusion in
the meta-analysis. All selected studies needed to meet the
following criteria according to the PICOS acronym:
Participants (P): POPH patients identified by RHC and
identified as POPH patients in each study; Intervention (I):
Specific treatment of PAH (including prostacyclin and its
analogs, endothelin receptor antagonists, phosphodiesterase
5 inhibitors, soluble guanylate cyclase stimulants, etc.),
of whether LT was drug
treatment; Control (C): Baseline hemodynamic (mPAP, PVR,
PAWP wedge TPG
(transpulmonary gradient), SvO2 (mixed venous oxygen

regardless performed after

(pulmonary  arterial pressure),
saturation), CO (cardiac output), Cardiac index, RAP (right
atrial pressure) or cardiac function [EMWD (6-min walking
distance), NYHA (New York Heart Association) grade, WHO
FC (WHO functional classification), efc.] were available in the
study; Outcome (O): There are corresponding follow-up values
in the study: hemodynamics (mPAP, PVR, PAWP, TPG, SvO2,
CO, cardiac index, RAP), cardiac function (6MWD, NYHA
grade, WHO FC, efc.) and other relevant data. Study (S): RCTs,
prospective studies and retrospective studies were included.
Exclusion criteria included the following: 1) Studies
with <5 patients with POPH; 2) On-English articles; 3)
Review, comments, conference paper, guidelines, editorial,
letter, note, poster, erratum, replies, short surveys, clinical
trials registration, meta; 4) Pediatric research; and 5)
Incomplete data. Any discrepancies in the selection process
of the included studies in the meta-analysis were resolved by
consensus through discussion with a third researcher (XYW).

2.2 Data extraction and quality assessment

The following information was independently extracted by
two researchers (YMS and WB): author name, year, country,
study duration, study design, sample size, mean age, severity of
underlying liver disease, etiology, treatment regimen,
hemodynamic indices (mPAP, PVR, PAWP, TPG, SvO2, CO,
cardiac index, RAP), 6MWD, NYHA grade, WHO FC, survival
rate, adverse events, efc.). Study quality was assessed using the
NIH Quality Assessment Tool for Case Series Studies or
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Controlled Intervention Studies (https://www.nhlbi.nih.gov/
Quality
assessment consisted of 9 parts for case series studies and

health-topics/study-quality-assessment-tools).

14 parts for controlled intervention studies. The results were
marked as Yes, NO, Other (cannot determine, CD; not
applicable, NA; not reported, NR) (Supplementary Table SI).
Any discrepancies in these processes were resolved by consensus
through discussion with a third researcher (XYW).

2.3 Statistical analyses

Meta-analysis was conducted using a meta-package
(version 5.1-0) in the R program (version 4.1.1). Mean and
standard deviation (SD) were used to calculate the pooled
results using a random-effects model, and for studies with
median and interquartile ranges, they were transformed to
mean and SD to combine data. The heterogeneity of the
studies was evaluated using I°, and a value of I* above 50%
indicated high heterogeneity. Subgroup and meta-regression
analyses were performed to explore potential sources of
heterogeneity. For changes in indicators with significant
heterogeneity and more than 3 studies, the sources of
heterogeneity were discussed according to the following
age =55 <55;
size >20 and <20; proportion of women >50% and <50%;

categorical ~ variables: and sample

prostacyclin and its analogs and nonprostacyclin and its

(e.g.
phosphodiesterase 5 inhibitors). Meta-regression analysis

analogs endothelin  receptor antagonists and
was performed by the following continuous variables: the
effects of baseline mPAP and PVR on the changes in mPAP
and PVR in all patients with POPH and patients with moderate
and severe POPH. Publication bias was evaluated by funnel
plots and Egger’s test. A statistically significant level was set as

p < 0.05 (two-tailed) for all tests.

3 Results
3.1 Basic characteristics

Figure 1 shows the selection process of studies included in the
meta-analysis. A total of 2,775 literatures were introduced into
the search strategy. Of these, 24 literatures and 27 studies met the
inclusion criteria (Krowka et al, 1999; Hoeper et al.,, 2005;
Reichenberger et al., 2006; Sussman et al., 2006; Ashfaq et al.,
2007; Fix et al., 2007; Hoeper et al., 2007; Gough and White, 2009;
Hemnes and Robbins, 2009; Melgosa et al., 2010; Cartin-Ceba
et al., 2011; Halank et al., 2011; Hollatz et al., 2012; Awdish and
Cajigas, 2013; Savale et al., 2013; Khaderi et al., 2014; Fisher et al.,
2015; Legros et al., 2017; Sitbon et al., 2019; DuBrock et al., 2020;
Preston et al., 2020; Savale et al., 2020; Rossi et al., 2021; Sadd
et al,, 2021). Of these studies, 9 were in Europe [4 in Germany,
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FIGURE 1

Flow chart of the selection of studies for inclusion in the meta-analys

3 in France, 1 in Italy and 1 in Spain), 12 in the United States, 1 in
Canada, and 1 in Europe/the United States/Brazil (the only RCT
(randomized controlled trial) (Sitbon et al, 2019)] (Detail
informations were shown in Table 1). Among the included
studies, 3 were prospective studies (Gough and White, 2009;
Cartin-Ceba et al.,, 2011; Awdish and Cajigas, 2013), 1 was an
RCT (Sitbon et al.,, 2019), 1 was an open-label study (Preston
et al., 2020), and the others were retrospective studies.

The basic characteristics of the studies are shown in Table 1.
A total of 1,046 POPH patients with a mean age of 54.49 years
were included in these studies. Among them, women accounted
for 44.16%. The most common cause of portal hypertension was
alcoholic liver disease (49.15%) (Table 2). Patients in the study
received various PAH-specific treatments (Table 1), including
analogs (epoprostenol,
remodulin, inhaled iloprost), endothelin receptor antagonists

prostacyclin and its treprostinil,

(ambrisentan, macitentan, bosentan), and phosphodiesterase
5 inhibitors (sildenafil, tadalafil). There were 15 literature on
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the treatment of patients with moderate and severe POPH (n =
235), including 18 studies (Table 1).

3.2 Effect of PAH-specific treatment on
pulmonary hemodynamics in all patients
with POPH

In all POPH patients, the following indices were significantly
improved after PAH treatment: mPAP (MD = —9.11 mmHg, p <
0.0001); PVR (MD = —239.33 dyn-scm ™, p < 0.0001); PAWP
(MD = 1.36 mmHg, p = 0.0303); TPG (MD = -13.81 mmHg, p <
0.0001); and SvO2 (MD = 5.16%, p < 0.0001). After 6 months of
PAH treatment, mPAP (MD = -7.5 mmHg, p <0.0001) and PVR
(MD = -176.66 dyn-scm™, p < 0.0001) were significantly
improved, and the change in PAWP (MD = 0 mmHg, p =
0.9938) was not obvious. After 1 year of PAH treatment, PVR
(MD = -236.54 dyn-s-=cm™, p = 0.0433) improved significantly,
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TABLE 1 Characteristics of the 27 included studies.

Author
name

Rossi.R

Sadd.C J**

Sadd.C J**

DuBrock.H M**

Savale.L

Preston.I R

Sitbon.O

Legros.L

Fisher.] H
Khaderi.S**
Savale.L

Awdish.R L A

Hollatz.T J**

Halank. M**

Cartin-
Ceba.R**

Melgosa.M T

Hemnes. A R**
Gough.M $**

year

2021

2021

2021

2020

2020

2020

2019

2017

2015
2014
2013
2013

2012

2011

2011

2010

2009
2009

Country

Italy

United States

United States

United States

France

NA

Europe/the
United States/
Brazil

France

Canada
United States
France

United States

United States

Germany

United States
Spain

United States

United States

Frontiers in Pharmacology

Patients,n

64

24

25

637

31

43

20

20

34
21

Male
(%)

65.63

37.5

72

31.25

58.4

41.94

51.16

65

60

42.86
47.06
52.38

45.45

35.71

53.85
66.67

50
36.36

Mean Mean
age MELD
(Years)

60 10
52.8 13
56.2 12,5
495 19.5
55 11.5
62.6 11.1
58 8.5
5225 11.75
54.5 15.25
45 NA
50 NA
55 125
51.4 154
55.75 105
56.5 10.88
51 11.1
51 14.3*
50.36 13.73

239

Child-
pugh
A/B/
C/-

or
mean
points
7.5

NA

NA

NA

328/
192/57/-

13/
18/-/-

20/3/-/20

8/10/2/-

3/71317
NA
19/9/-/-
5/11/5/-

NA

12/-1-12

8/-/-15
NA

NA
0/714/-

10.3389/fphar.2022.991568

PAH PAH therapy

Therapy, n

64 Sildenafil:38; Macitentan +
Sildenafil:26

24 Sildenafil monotherapy:4; Sildenafil +

epoprostenol:6; Sildenafil +
treprostinil:5; Treprostinil:3; Sildenafil
+ ambrisentan:3; Sildenafil +
bosentan:1; Sildenafil + inhaled
iloprost:1; Ambrisentan
monotherapy:1

25 Sildenafil:14; Sildenafil +
epoprostenol:4; Sildenafil +
treprostinil:5; Sildenafil +
ambrisentan:1:Sildenafil +
macitentan:1

16 Sildenafil:5; Sildenafil + epoprostenol:
3; epoprostenol:2; Ambrisentan +
Tadalafil:1; NO:1; Ambrisentan:1;
Ambrisentan + epoprostenol:1;
Remodulin + sildenafil:1;
Remodulin:1

574 sildenafil:239; tadalafil:97; bosentan:
90; ambrisentan: 36; maci-tentan: 2;
bosentan + sildenafil:31; bosentan +
tadalafil:15; ambrisentan + sildenafil:
17; ambrisentan + tadalafil:24;
macitentan + tadalafil:2

23 Ambrisentan:23
43 macitentan:43
20 sildenafil:10; bosentan:5; bosentan +

sildenafil:3; bosentan + tadalafil:1;
ambrisentan:1; associated IV
epoprostenol:2

20 sildenafil:19; tadalafil:1

7 IV EPO:6; sildenafil:1

34 bosentan:34

21 Prostacyclin IV:14; Prostacyclin
inhaled:1; PDEI:5; ETRA:1

11 Sildenafil:2; treprostinil:4; Sildenafil +

epoprostenol:3; Sildenafil + inhaled
iloprost:1; bosentan + Sildenafil +
epoprostenol:1

14 ambrisentan + sildenafil:1;
ambrisentan + tadalafil:1;
ambrisentan:12

13 ambrisentan:13

12 inhaled iloprost:9; bosentan + inhaled
iloprost:3; add sildenafil:1

10 Sildenafil:10

11 sildenafil:11

(Continued on following page)
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TABLE 1 (Continued) Characteristics of the 27 included studies.

Author year Country Patients,n Male Mean
name (%) age
(Years)
Ashfaq.M** 2007  United States 8 75 524
Ashfaq.M** 2007  United States 12 41.67 51.8
Hoeper.M M** 2007  Germany 13 38.46 44
HoeperM M** 2007  Germany 18 50 48
Fix.O K** 2007  United States 19 63.16 49.9
Reichenberger** 2006  Germany 12 33.33 55
Sussman.N** 2006  United States 8 62.5 45.75
HoeperM M** 2005  Germany 11 45.45 51.55
Krowka.M J** 1999  United States 7 71.43 45.43

10.3389/fphar.2022.991568

Mean Child- PAH PAH therapy
MELD pugh Therapy, n
A/B/
C/-
or
mean
points
11.9 7.3 6 Epoprostenol:5; Bosentan +
epoprostenol:1
15.2 8.9 10 Epoprostenol:8; Bosentan + diltiazem
+ epoprostenol:1; Diltiazem:1
12 10/3/-/—- 13 inhaled iloprost:9; bosentan + inhaled
iloprost:4
10 18/—/—1- 18 bosentan:16; Sildenafil + bosentan:2
15.25 6/8/5/- 19 Epoprostenol:10; Epoprostenol +
Sildenafil:7; Sildenafil:2
NA 7/5/-/- 12 sildenafil:7; sildenafil + inhaled
iloprost:5
17.38 NA 8 Epoprostenol:8
NA 11/-/-/- 11 bosentan:11
NA 3/3/1/- 7 Epoprostenol:7

Note: PAH, Pulmonary hypertension; *:Mean MELD, in 7 patients; NA:Not available. **: 18 studies on the treatment of patients with moderate and severe POPH.

while mPAP (MD = -3.46 mmHg, p = 0.2176) did not improve
significantly (Detail informations were shown in Table 3,
Supplementary Figure S1).

3.3 Effects of PAH-specific treatment on
cardiac hemodynamics and cardiac
function of all patients with POPH

In all POPH patients, the following indices were significantly
improved after PAH treatment: CO: (MD = 1.71 L/min, p <
0.0001); cardiac index: (MD = 0.87 L/(min-m?), p < 0.0001); RAP
(MD = —1.22 mmHg, p = 0.0479); 6MWD (MD = 4341 m, p <
0.0001). Three studies (Hollatz et al., 2012; Preston et al., 2020;
Rossi et al., 2021) reported changes in right ventricular function
or size. Hollatz et al. (2012) followed up eight patients and found
no change in right ventricular size in two patients. The expansion
degree of five patients was reduced, and that of one patient was
increased. In right ventricular function, six patients improved,
and two remained unchanged. Preston et al. (2020) followed
patients and found reduced right ventricular enlargement in six
patients and enlargement in three patients. In terms of right
ventricular function, eight patients improved, and two worsened.
Rossi et al. (2021) found that after 6 months of sildenafil
application, overall RV performance improved significantly in
patients with POPH, with significant increases in RV volume
(+33%), RV ejection fraction (+31%), and RV work index

Frontiers in Pharmacology

(+17.5%). After PAH treatment, except for the unclear change
in 6MWD at 3 months (MD = 33.56 m, p = 0.0657), 6MWD at
6 months (MD = 22.97m, p = 0.0004) and 6MWD at 1 year
(MD = 66.84 m, p < 0.0001) were significantly improved. Four
studies (Hoeper et al., 2005; Hoeper et al., 2007; Swanson et al.,
2008; Savale et al., 2013) showed that the proportion of patients
with NYHA grade III/IV decreased after PAH treatment. Three
studies (Gough and White, 2009; Fisher et al., 2015; Preston et al.,
2020) reported a decrease in the proportion of WHO FC III/IV
patients (Detail informations were shown in Table 3,
Supplementary Figure SI).

3.4 Effects of PAH-specific treatment on
cardiopulmonary hemodynamics and
6MWD of patients with moderate and
severe POPH

In patients with moderate to severe POPH, except for the
insignificant improvement in SvO2 (MD = 3.36%, p = 0.1714)
and RAP (MD = -0.53 mmHg, p = 0.6473), the following indices
were significantly improved after PAH treatment: mPAP
(MD = —963mmHg, p <  00001); PVR
(MD = -259.78dyn-s-cm™, p < 0.0001); PAWP (MD =
245 mmHg, p = 0.0217); TPG (MD = -14.86 mmHg, p <
0.0001); CO (MD = 1.76 L/min, p < 0.0001); Cardiac index
(MD = 1.01 L/(min-m?), p = 0.0027); 6MWD (MD = 61.30 m,
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TABLE 2 Characteristics of the 27 Included Studies: etiology of liver Disease.

First year patients,n ALD Viral ALD
author (HCV/ +
HBYV) viral
Rossi.R 2021 64 11 32 (-/-) 7
Sadd.C J 2021 24 11 3 (3-/) 4
Sadd.C J 2021 25 10 4 (4/-) 6
DuBrock H M 2020 16 7 7 (71-) 0
Savale.L 2020 637 370 83 (-/-) 100
Preston.I R 2020 31 10 11 0
Sitbon.O 2019 43 24 9 (9/-) 3
Legros.L 2017 20 13 2 (21-) 1
Fisher.] H 2015 20 11 2 (-/-) 0
Khaderi.S 2014 7 2 3(3/-) 0
Savale.L 2013 28 20 4 (4/-) 3
AwdishR L A 2013 21 NA NA NA
Hollatz.T J 2012 11 5 1(1/-) 3
Halank.M 2011 14 8 1(-/1) 0
Cartin-Ceba.R 2011 13 6 3 (3/-) 0
MelgosaM T 2010 12 2 5 (4/1) 0
Hemnes. A R 2009 10 0 7 (71-) 1
GoughM S 2009 11 4 2(2/-) 4
Ashfag.M 2007 8 0 3 (3/-) 0
Ashfag.M 2007 12 0 4 (4/-) 0
HoeperM M 2007 13 6 2 (-/-) 0
Hoeper.M M 2007 18 11 3 (=/-) 0
Fix.O K 2007 36* 7 9 (9/-) 10
Reichenberger 2006 12 7 2 (=/-) 0
Sussman.N 2006 8 4 1(1/-) 1
HoeperM M 2005 11 7 1(1/-) 0
Krowka.M ] 1999 7 0 1(1/-) 2

Autoimmune Cryptogenic Cholestatic Metabolic Other
(AIH/

PBC/PSC)

0 0 0 8 6
0 1 1 3 1
0 2 0 2 1
2 (1/-/1) 2 0 1 2
21 (=/—/-) 15 0 22 26
6 (-/4/-) 0 0 5 1
4 (-11/-) 0 0 2 1
1 (~/—/-) 0 0 0 3
1 (~/—/-) 0 0 2 4
0 2 0 0 0
1 (~/—/-) 0 0 0 0
NA NA NA NA NA
0 0 1 0 1
1 (-/1/-) 3 0 0 1
1 (=/—/-) 0 0 1 2
2 (-/2/-) 0 0 0 4
1 (-/1/-) 0 0 0 1
0 0 0 0 1
0 1 3 0 1
0 3 1 0 4
4 (=1-1-) 0 1 0 0
2 (=1-1-) 0 2 0 0
3 (-/2/-) 3 1 0 3
3 (=1-1-) 0 0 0 0
0 2 0 0 0
0 2 1 0 0
3 (1/-12) 1 0 0 0

Note: ATH, autoimmune hepatitis; ALD, alcoholic liver disease; HBV, hepatitis B virus; HCV, hepatitis C virus; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis; *:

Epoprostenol group:19 + Nonepoprostenol:17.

P <0.0001). The 6SMWD (MD = 66.67 m, p < 0.0001) also showed
significant improvement after 1 year of PAH treatment (Detail
informations were shown in Table 4, Supplementary Figure S2).

3.5 Effect of PAH treatment on the survival
rate of patients with POPH

The survival rates of POPH from the date of diagnosis of
POPH wereasfollows (Sadd etal.,2021): after PAH treatment,
the 1-year survival rate was 74.5%, the 3-year survival rate was
59.3%, and the 5-year survival rate was 35.9%; after PAH
combined with LT, the 1-year survival rate was 95.8%, the
3-year survival rate was 90.9%, and the 5-year survival rate
was 90.9%.

Frontiers in Pharmacology

From the date of PAH treatment, the survival rates for
POPH were as follows: the 6-month survival rate after PAH
treatment alone (Melgosa et al., 2010) was 91%, and three
studies (Hoeper et al., 2007; Melgosa et al., 2010)showed
that the 1-year survival rates were 77%, 83% and 94%,
respectively. Two studies (Hoeper et al., 2007) showed that
the 2-year survival rates were 62% and 89%, respectively, and
two studies (Hoeper et al., 2007) showed that the 3-year survival
rates were 46% and 89%, respectively.

Starting from the date of LT, three studies (Ashfaq et al.,
2007; DuBrock et al., 2020; Sadd et al., 2021) eported 1-year
survival rates of 69%, 86.9% and 90.9%, respectively, one
study (Ashfaq et al., 2007) showed a 2-year survival rate of
80.8%, two studies (DuBrock et al., 2020; Sadd et al., 2021)
showed 3-year survival rates of 53.8% and 86.9%, and three
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TABLE 3 Changes of hemodynamics and 6 MWD in all patients with POPH.

10.3389/fphar.2022.991568

Number of Merge results 95%CI F (%) p-Value

studies
Overall mPAP change 25 -9.11 (-10.97,-7.26) 54 <0.0001
Changes in mPAP at 6 months 3 -7.5 (-10.40,-4.59) 0 <0.0001
Changes in mPAP at 1 year 3 -3.46 (—8.97,2.04) 0 0.2176
Overall PVR change 25 -239.33 (-272.28,-206.37) 77 <0.0001
Changes in PVR at 6 months 3 —-176.66 (—247.89,-105.43) 11 <0.0001
Changes in PVR at 1 year 3 —-236.54 (—465.96,~7.13) 0 0.0433
Overall PAWP change 14 1.36 (0.13,2.59) 74 0.0303
Changes in PAWP at 6 months 3 0 (-1.12,1.13) 0 0.9938
Overall TPG change 5 -13.81 (~15.95,-11.67) 29 <0.0001
Overall SVO2 change 8 5.16% (3.19%,7.14%) 38 <0.0001
Overall CO change 19 1.71 (1.28,2.14) 54 <0.0001
Overall Cardiac index change 11 0.87 (0.61,1.12) 93 <0.0001
Overall RAP change 12 -1.22 (-2.44,-0.01) 62 0.0479
Overall 6MWD change 16 43.41 (29.48,57.34) 39 <0.0001
Changes in 6MWD at 3 months 3 33.56 (-2.18,69.30) 16 0.0657
Changes in 6MWD at 6 months 4 22.97 (10.37,35.56) 0 0.0004
Changes in 6MWD at 1 year 7 66.84 (47.48,86.20) 0 <0.0001

Note: 6MWD, 6-minutes walking distance; 95%CI, 95%confidence interval; CO, cardiac output; mPAP, mean pulmonary artery pressure; PAWP, pulmonary wedge pressure; PVR,
pulmonary vascular resistance; RAP, right atrial pressure; SvO2, mixed venous oxygen saturation; TPG, transpulmonary gradient.

TABLE 4 Changes of hemodynamics and 6MWD in patients with moderate and severe POPH.

Number of Merge results 95%CI F (%) p-Value

studies
Overall mPAP change 17 -9.63 (-12.49,-6.78) 62 <0.0001
Overall PVR change 17 —259.78 (-301.56,-218.01) 23 <0.0001
Overall PAWPchange 7 245 (0.36,4.54) 76 0.0217
Overall TPG change 4 -14.86 (-16.23,-13.50) 0 <0.0001
Overall SVO2 change 4 3.36% (~1.46%,8.19%) 30 0.1714
Overall CO change 15 1.76 (1.16,2.36) 58 <0.0001
Overall Cardiac index change 4 1.01 (0.35,1.67) 83 0.0027
Overall RAP change 6 —-0.53 (-2.83,1.76) 57 0.6473
Overall 6GMWD change 8 61.3 (41.38,81.21) 0 <0.0001
Changes in 6MWD at 1 year 7 66.67 (38.58,94.76) 0 <0.0001

Note: 6MWD, 6-minutes walking distance; 95%CI, 95%confidence interval; CO, cardiac output; mPAP, mean pulmonary artery pressure; PAWP, pulmonary wedge pressure; PVR,
pulmonary vascular resistance; RAP, right atrial pressure; SvO2, mixed venous oxygen saturation; TPG, transpulmonary gradient.

studies (Ashfaq et al., 2007; DuBrock et al., 2020; Sadd et al,,
2021) showed 5-year survival rates of 53.8%, 67.63% and
86.9%, respectively.

3.6 Stop PAH treatment

After PAH combined with LT, twelve studies reported that
the proportion of successful cessation of PAH treatment after LT
(n=77) was 53.25% (n = 41), and one study (Khaderi et al., 2014)
had a recurrence of POPH after LT.
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3.7 Adverse reactions after PAH treatment

A total of 12 studies reported adverse reactions after
medication, and four studies (Krowka et al., 1999; Sussman
et al., 2006; Ashfaq et al, 2007; Hoeper et al., 2007) noted
adverse reactions after prostacyclin application. Six studies
(Hoeper et al., 2007; Cartin-Ceba et al., 2011; Halank et al,
2011; Legros et al., 2017; Sitbon et al., 2019; Preston et al., 2020)
reported adverse reactions after the application of endothelin
receptor antagonists. One study (Fisher et al., 2015) reported
adverse reactions after the application of PDE-5 inhibitors.
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3.8 Subgroup analysis

The results showed that PAH treatment could improve
cardiopulmonary hemodynamics and cardiac function, but
there was significant heterogeneity (I° > 50%) in the changes in
overall mPAP, PVR, PAWP, CO, cardiac index, and RAP in
enrolled patients with POPH and the changes in overall mPAP,
PAWP, CO, cardiac index and RAP in patients with moderate and
severe POPH. For the index changes with obvious heterogeneity
and >3 studies (overall changes in mPAP, PVR, PAWP and CO,
cardiac index and RAP in all patients with POPH, and overall
changes in mPAP and CO in patients with moderate and severe
POPH), the sources of heterogeneity were discussed according to
the following categorical variables: age, sample size, proportion of
women and drug type, and no obvious sources of heterogeneity
(Supplementary Tables S2, S3 for detailed data). A meta-regression
analysis of the change in overall mPAP and PVR in all POPH
patients and in patients with moderate and severe POPH using the
continuous variables baseline mPAP and PVR was performed to
explore the sources of heterogeneity. The results showed that in all
POPH patients, baseline mPAP was negatively correlated with the
change in PVR (f = -10.91558, z = —2.00480, p = 0.04498;
Supplementary Table S4); in the meta-regression analysis of
patients with moderate and severe POPH, the baseline PVR
was positively correlated with the change in PVR (8 = 0.00331,
z = 3.29822, p = 0.00097; Supplementary Table S5), and no
statistical significance was found in other regression analyses.

3.9 Publication bias detection

Funnel plots were made for the outcome indicators (overall
changes in mPAP, PVR, PAWP, CO, cardiac index, RAP and
6MWD in all patients with POPH and overall changes in
mPAP, PVR and CO in patients with moderate and severe
POPH) with >10 studies to test publication bias. The results
showed that there was no publication bias in the remaining
index studies, except for an asymmetric scatter distribution
corresponding to the change in overall PVR in all POPH
patients, which was publication biased (t = -2.45; p =
0.0222; Supplementary Figure S3).

4 Discussion

At present, there are no clear guidelines for the specific
treatment of POPH. Clinical practice is guided by PAH
guidelines and expert opinions to carry out multidisciplinary
treatment for patients with POPH. Due to the poor prognosis of
POPH patients, few RCTs have been performed for POPH. In
this meta-analysis, only one study was a randomized trial of
macitentan. This meta-analysis mainly comes from retrospective
studies and prospective observational studies.
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4.1 PAH-specific treatment can
significantly improve pulmonary
hemodynamics in patients with POPH

Ideally, the optimal regimen of PAH-targeted drugs for
POPH should reduce pulmonary artery pressure and PVR
without obvious damage to liver function and improve right
heart function and symptoms. In this meta-analysis, we first
counted the effects of PAH treatment on mPAP, PVR, PAWP
and TPG in all patients with POPH: mPAP decreased by
9.11 mmHg, PVR decreased by 239.33dyn-s-cm™, TPG
decreased by 13.81 mmHg and PAWP
1.36 mmHg, which were statistically significant. In current

increased by

clinical practice, mPAP is used to stratify the severity of
patients with POPH. If mPAP >35mmHg, PAH therapy
should be started for POPH. mPAP and PVR were used to
assess the hemodynamics of POPH and the risk of mortality after
LT. It has been reported that the posttransplant mortality in
patients with moderate and severe POPH was 50%-100%
(Krowka 2000). the
2016 international guidelines for LT practice (Krowka et al,
2016) stated that if PAH targeted leads to
mPAP <35mmHg and PVR <400 dyn-scm™>, MELD
exception can be considered; if treated POPH fails to bring
mPAP down <35mmHg, but with normal PVR
(<240 dyn-s-«cm™) and RV function, the MELD exception can
also be considered. Regarding PAWP, Swanson et al. (2008)
found in their analysis that PAWP <10 mmHg was associated

et al, In terms of treatment,

therapy

to

with death after transplantation; therefore, lowering PAWP by
PAH treatment is beneficial for patients. TPG is calculated as the
mean pulmonary artery pressure minus the left atrial pressure; if
the TPG is high enough, it will lead to right ventricular pressure
overload. Under normal circumstances, the right ventricle is a
thin-walled chamber responsible for volume transmission. In the
acute phase, the right ventricle is poorly adapted to the increased
pressure load, which is more likely to cause right ventricular
dysfunction. Overall, the above indicators improved in a
“statistically significant” way (p < 0.05), indicating that PAH-
specific treatment can

significantly improve pulmonary

hemodynamics in patients with POPH.

4.2 PAH-specific treatment significantly
improved cardiac blood flow and cardiac
function in patients with POPH

The meta-analysis found a 1.71 L/min increase in CO, a
0.87 L/(min-m?) increase in cardiac index, a 1.22 mmHg decrease
in RAP, a 5.16% increase in SvO2, and a 43.41 m increase in
6MWD. The amount of blood delivered to the heart during liver
graft reperfusion increased significantly, which may cause right
heart failure in the already stiff and poorly compliant right
ventricle (De Wolf et al., 1993; Ramsay et al., 1997; Martinez-
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Palli et al., 2005). The increase in CO and cardiac index after
PAH treatment before LT is relatively beneficial to patients. RAP
is also an indicator of right ventricular function. Recent registry
data from trials evaluating early and long-term PAH disease
management have shown that mean RAP is a predictor of
survival (Krowka et al, 2012). Usually, patients with POPH
often suffer from fatigue and insufficient exercise tolerance,
which are thought to be related to insufficient cardiac output
After PAH-specific treatment,
CO, cardiac RAP and
SvO2 improved, the 6MWD increased, and the proportion of
patients with NYHA and WHO FC III/IV decreased, indicating
that PAH-specific treatment can significantly improve the

and tissue perfusion.

hemodynamics such as index,

hemodynamics and cardiac function of patients with POPH.
In the meta-analysis, we also compared the phased changes
in mPAP, PVR and 6MWD.Interestingly, mPAP improved
significantly after 6 months of PAH treatment, but its
improvement at 1year was not statistically significant. The
reasons are as follows: 1) Hemnes and Robbins (2009) only
followed 5 patients at 1 year, which was a small sample size; only
2 of these 5 patients received sildenafil 50 mg tid po, and the
remaining patients received 20-25 mg, which is a low dose. Of
note, although there was no statistically significant difference in
hemodynamics at the first year, the mPAP decreased or remained
unchanged in 4 of 5 patients, and the PVR decreased in 3 of
5 patients. 2) Reichenberger et al. (2006) followed 12 patients
with RHC after 1 year of sildenafil treatment, five of whom had
received prostacyclin drugs for several months before sildenafil
application. 3) Hoeper et al. (2005) found that although the
change in mPAP was not statistically significant after 1 year of
bosentan treatment, the follow-up value decreased by 10%
compared with the baseline. Therefore, although there was no
“statistically” improvement in mPAP after 1year of PAH
treatment, the overall trend was improved. Next, although the
6MWD improved after 3 months of PAH treatment, the
difference was not statistically significant. There was a
of
application. The lack of improvement in the 6MWD is related
to the fact that the 6MWD may not accurately reflect the
with
comorbidities. In addition, the short treatment time, ascites,

statistical improvement after 6 months and 1 year

cardiopulmonary limitations of patients severe
indication, sarcopenia, anemia and encephalopathy and other
factors (Fisher et al., 2015) also make it difficult to confirm the

improvement of 6MWD in some patients with POPH.

4.3 PAH drugs have more positive effects
on cardiopulmonary hemodynamics and
cardiac function in patients with moderate
and severe POPH

In this meta-analysis, there were 18 studies on the treatment
of moderate and severe POPH, comparing them with the changes
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in all POPH, and more positive changes in hemodynamic and
functional status were found in patients with moderate and
severe POPH treated with PAH-specific therapy. According to
this result, early and appropriate PAH treatment was
recommended for patients with moderate and severe POPH,
considering its severity and poor prognosis. PAH treatment can
reduce mPAP to <35 mmHg, allowing such patients to qualify for
the MELD exception score earlier; thus, registering the waiting
list for LT will be beneficial for obtaining good survival rates
after LT.

4.4 Drug discontinution after PAH
treatment

In this meta-analysis, more than half of the patients were able
to stop PAH therapy after PAH therapy combined with LT.
Although some patients still needed to continue treatment, they
were able to maintain a good quality of life and functional status.
This suggests that PAH treatment is very meaningful for patients
with POPH. Khaderi et al. (2014) identified a patient with
recurrence of POPH after LT, who was also the only patient
with recurrent cirrhosis and portal hypertension after LT. This
patient had pulmonary arterial hypertension that resolved after
transplantation but recurred at the time of relapse of portal
hypertension, suggesting an unexplained susceptibility to POPH.

4.5 Some adverse drug reactions may
occur after PAH treatment

Krowka et al. (1999) found that patients treated with
epoprostenol might experience different levels of facial flushing,
jaw pain, dyspareunia and calf discomfort. One patient had a lower
platelet count after medication. Sussman et al. (2006) reported
facial flushing, nausea, anorexia and diarrhea during the
application of epoprostenol and postoperative bleeding in
2 patients. This may be related to the anticoagulant effect of
epoprostenol. In the study of Ashfaq et al. (2007), one patient
discontinued epoprostenol due to intolerance. Hoeper et al. (2007)
found that all patients tolerated inhaled iloprost well without side
effects except for mild flushing, headache and cough. Several
studies have reported that patients treated with ERA are prone
to liver enzyme elevation, which usually recovers after dose
reduction or discontinuation. Preston et al. (2020) found an
asymptomatic elevation of AST (275 IU/L, more than five times
the ULN) in one patient, which led to the discontinuation of
ambrisentan, and the liver enzyme improved without sequelae.
Hoeper et al. (2007) reported that liver aminotransferase increased
to more than three times the upper limit in one patient after
administration of bosentan and returned to normal after halving
the dose. Sitbon et al. (2019) also reported that liver
aminotransferase increased to three times or more in one
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patient after the application of macitentan. Therefore, in patients
with POPH, ERA drugs should be used with caution if liver
enzymes are elevated. Even if a patient has normal liver
function, liver function needs to be monitored regularly after
the application of ERA. Three studies (Cartin-Ceba et al., 2011;
Halank et al., 2011; Preston et al., 2020) reported that patients
developed edema after the application of Ambrisentan, which
disappeared after discontinuation of the drug. Legros et al
(2017) reported a patient with moderate cytolysis after
bosentan application. Fisher et al. (2015) reported that some
patients experienced dyspepsia, loose stool, back pain and
myalgia after PDE5 inhibitors, but the incidence was less than
10% and was generally well tolerated.

4.6 Heterogeneity analysis of statistical
results

This meta-analysis shows that PAH treatment can improve
cardiopulmonary hemodynamics and cardiac function, but there
is significant heterogeneity in some statistical results (I > 50%).
We conducted a subgroup analysis but did not find a source of
significant heterogeneity. This may be related to the following
factors: the included studies were mainly retrospective; different
studies were conducted in various periods, and the treatment
regimens and follow-up times were inconsistent. Subsequently,
we performed a meta-regression analysis to explore the source of
heterogeneity. The results showed that in all POPH patients, the
baseline mPAP was negatively correlated with the change in
PVR. However, in patients with moderate and severe POPH, the
baseline PVR was positively correlated with the change in PVR,
while no statistical significance was found in the other regression
analyses, suggesting that PVR may be an indicator affected by
multiple factors, and the factors affecting changes in
cardiopulmonary outcome indicators may be different for
patients with different degrees of POPH, which needs to be

further explored in our future studies.

4.7 Limitations of the meta-analysis

There were some limitations in this meta-analysis: 1) Only
one of the 24 included studies was an RCT. Patients with POPH
are usually excluded from prospective studies of pulmonary
hypertension because of their frequent concomitant liver
disease. Thus, compared with randomized controlled trials,
the quality of the included studies is poor, since they mainly
include observational cohort studies and retrospective case
studies. 2) Most studies had relatively small samples. 3)
Different studies were conducted at different periods, with
different treatment schemes and inconsistent follow-up times;
for this, we performed statistical analysis on some studies that
had the same follow-up time. 4) Due to the lack of data regarding
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the severity of liver diseases (e.g., MELD score, Child-Pugh
grade, efc.), in some studies, it was impossible to determine
whether the efficacy of drugs used by patients was affected by
their liver diseases. 5) We made a funnel chart for the publication
bias test, and the results showed that the distribution of scattered
points corresponding to the study of PVR changes was
asymmetric in all POPH patients. Therefore, the results of this
meta-analysis should be interpreted with caution.

5 Conclusion

In conclusion, PAH-specific treatment in POPH can significantly
improve cardiopulmonary hemodynamics and cardiac function. As
multiple drug regimens were used in clinical studies and the duration
of treatment varied between studies, it is difficult to propose a specific
PAH drug or drug combinations, as well as dosing regimen or
duration of treatment. Considering the poor prognosis of
untreated POPH patients, it is unlikely that placebo control will be
used in future studies. More prospective studies or larger multicenter
studies in the POPH population should be performed to confirm the
current findings and adequately control for important confounding
factors to expand our understanding of the effectiveness, safety, cost
and optimal timing of PAH treatment in POPH patients and assist in
formulating guidelines in the future. In addition, better drug regimens
and treatment timing should be selected according to the clinical
characteristics of patients.
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Correlation between adenoma
detection rate and other quality
indicators, and its variability
depending on factors such as
sedation or indication for
colonoscopy

Andrei Lucian Groza'*, Bogdan Silviu Ungureanu?>3,
Cristian Tefas'*, Bogdan Miutescu® and Marcel Tantau®*

uliu Hatieganu University of Medicine and Pharmacy, 3rd Department of Internal Medicine, Cluj-
Napoca, Romania, 2Research Center of Gastroenterology and Hepatology, University of Medicine and
Pharmacy of Craiova, Craiova, Romania, *Department of Gastroenterology, University of Medicine and
Pharmacy of Craiova, Craiova, Romania, “Regional Institute of Gastroenterology and Hepatology “Prof.
dr. Octavian Fodor”, Cluj-Napoca, Romania, *Department of Gastroenterology and Hepatology,
“Victor Babes" University of Medicine and Pharmacy, Timisoara, Romania

Colorectal cancer (CRC) is an important worldwide public health burden and
colonoscopy is the main diagnostic and most importantly, preventive method.
For this reason, many countries have implemented national or regional CRC
screening programs. High-quality colonoscopy is a prerequisite to effectively
detect premalignant lesions, like adenomas. The quality of colonoscopy is
assessed using several quality indicators, the main one being adenoma
detection rate (ADR). In Romania, despite CRC having the highest incidence
of all cancers, there is no national screening program and quality in
colonoscopy is not routinely assessed. We therefore wanted to evaluate the
actual level of quality in colonoscopy in a region of Romania. Our study was
conducted in two private endoscopy clinics over a period of 7 months.
1,440 consecutive colonoscopies performed by five physicians were
included in the study. We found that the quality level is above the minimum
one recommended by international societies and that the ADR calculation
method does not significantly influence its value. Furthermore, ADR correlated
well with other quality indicators such as polyp detection rate (PDR) and
adenoma per colonoscopy (APC). An interesting finding was that ADR was
higher among colonoscopies performed without sedation. Thus, our data
encourage endoscopists to adopt a sedation-free colonoscopy in their
practice without an impact on the quality of the procedure.

KEYWORDS

adenoma detection rate, screening colonoscopy, quality indicators, adenoma per
colonoscopy, colorectal cancer, sedation
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Introduction

Colorectal cancer (CRC) is one of the worldwide leading
causes of cancer death and colonoscopy is the most important
method of screening and diagnosis. To provide accurate
results, endoscopists must be sure that they have performed
a high-quality colonoscopy. The quality of colonoscopy is
routinely assessed in countries where there are national
CRC screening programs, using several quality indicators.
The (ADR),
representing the proportion of screening colonoscopies in

main one is adenoma detection rate
which at least one adenoma has been detected. However,
there is uncertainty in the literature regarding the inclusion
or exclusion criteria of patients whose ADR is reported. The
American Society of Gastrointestinal Endoscopy (ASGE)
defines ADR as the proportion of screening colonoscopies
in average-risk individuals aged 50 years or older in which at
least one adenoma has been detected (Rizk et al., 2015). The
minimum standard proposed by ASGE is 30% for male and
20% patients. The European Society of
Gastrointestinal Endoscopy (ESGE) reports the ADR to the

total number of screening and diagnostic colonoscopies in

for female

individuals aged 50 years or older, mentioning some exclusion
criteria like workup of previously detected lesion or follow-up
in inflammatory bowel disease (Kaminski et al.,, 2017). The
minimum standard proposed by ESGE is 25% regardless of
gender.

In Romania, despite CRC having the highest incidence of all
cancers, there is no national screening program, thus screening is
conducted opportunistically. In addition, quality in colonoscopy
is not routinely assessed and there are no national guidelines for
quality assessment.

In this study we wanted to determine the proportion of
screening colonoscopies and the current level of quality in
endoscopy in a region in Romania, based on the quality
indicators recommended by ESGE. We also wanted to
establish if there are any statistical differences in calculating
ADR depending on the indication for colonoscopy, and to
compare it with other newly proposed quality indicators like
adenoma per colonoscopy (APC) and adenoma per positive
participant (APP).

Materials and methods

We conducted a prospective observational study in two
private endoscopy clinics from two cities in northwestern
Romania (Cluj-Napoca and Zalau), between July 1 and
31 December 2021.

We recorded all colonoscopies performed by five
endoscopists with at least 5years of experience and a
minimum of 300 colonoscopies per year. The exclusion
criteria were emergency colonoscopies, patients without a
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clear indication for colonoscopy, patients with indication
for sigmoidoscopy or patients with a specific therapeutic
indication. All endoscopies were performed using HD
with
magnification. In both clinics the data were recorded

equipment virtual chromoendoscopy  and
electronically in a different system than the main patient
record system, due to the lack of a standardized endoscopy
reporting system.

The recorded data were related to patients’ demographics
and quality of the procedures. The quality indicators we
followed were time slot for colonoscopy, reason for
(defined

adequate or inadequate, based on the Boston Bowel

admission, quality of bowel preparation as
Preparation Score), cecal intubation rate, use of sedation,
number of detected polyps and their histology. Based on
these parameters we calculated the polyp detection rate
(PDR), ADR, APC, APP.

Endoscopists were not aware of the recorded parameters, but
they agreed to participate in this study to find out their level of

performance.

Definition of quality indicators

We used both definitions from ESGE and ASGE
guidelines in calculating PDR, ADR, APC and APP to see if
there are differences determined by certain indications for
colonoscopy, keeping in mind that ASGE reports ADR only
for screening colonoscopies, while ESGE reports it for all
colonoscopies with a screening or diagnostic indication
(Table 1).

Summarizing these guidelines, we also defined high-quality
colonoscopy as an examination complete to cecum in a patient
with adequate bowel preparation (Boston Bowel Preparation
Score >6), performed by a physician with an appropriate
ADR, who carefully inspected the colonic mucosa (withdrawal
time of at least 6 min) and applied the correct therapeutic
procedures.

Statistical analysis

Statistical analysis was performed using Graph Pad
(GraphPad  Software, CA, United States).
Descriptive statistics were reported as mean + standard
deviation (SD), median (interquartile range) and range for

San  Diego,

continuous variables and as frequency and percentages for
discrete variables. The two-tailed Mann-Whitney U test was
the
Kruskal-Wallis H test for more than two variables. Violin

used to compare two continuous variables and

plots were created to also evaluate the visual differences

between two patient groups. Correlations were realized using
heatmap (colors range from bright blue for strong positive

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1041915

Groza et al.

TABLE 1 ESGE and ASGE definitions of quality indicators.

10.3389/fphar.2022.1041915

ESGE definition ASGE definition

PDR Number of screening or diagnostic colonoscopies in patients aged 50 yearsor | Number of screening colonoscopies in patients aged 50 years or older in
older in which one or more polyps were detected, divided by the total

number of diagnostic colonoscopies

ADR Number of screening or diagnostic colonoscopies in patients aged 50 years or = Number of screening colonoscopies in patients aged 50 years or older in
older in which one or more adenomas were detected, divided by the total | which one or more adenomas were detected, divided by the total number

number of diagnostic colonoscopies

which one or more polyps were detected, divided by the total number of
screening colonoscopies

of screening colonoscopies

APC Number of detected adenomas in screening or diagnostic colonoscopies in | Number of detected adenomas in screening colonoscopies in patients aged
patients aged 50 years or older divided by the total number of diagnostic | 50 years or older divided by the total number of screening colonoscopies
colonoscopies

APP Number of detected adenomas in screening or diagnostic colonoscopies in | Number of detected adenomas in screening colonoscopies in patients aged

patients aged 50 years or older divided by the number of diagnostic
colonoscopies in which one or more adenomas were detected

50 years or older divided by the number of screening colonoscopies in
which one or more adenomas were detected

Exclusion
criteria bowel disease

Colonoscopies with a therapeutic indication or follow-up of inflammatory | Patients with family history of CRC or advanced adenoma, or patients with

other conditions that classified them as high-risk patients for CRC.

Total number of
patients
examined
during the study
period

(N=2356)

Excluded - Patients without a clear indication for
or with a
(N=916)

No clear indication for colonoscopy (n=542)
Indication for resection of previously detected
lesions (n=324)

Indication for dilation (n=12)

Other therapeutic indications (n=33)
Emergency colonoscopy (n=5)

Total number of patients included in the study
(N=1440)

ADR/PDR
calculation groups
ESGE group (N=872)
Patients aged 50 years or older with

indication for diagnostic or screening
colonoscopy

ASGE group (N=79)

Patients aged 50 years or
older with indication for
screening colonoscopy

FIGURE 1
Flow chart of exclusion criteria and ADR/PDR calculations
groups.

correlations to bright olive, for strong negative correlations) and
Spearman’s correlation coefficient (rho). A p-value of less than

0.05 was statistically significant.
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TABLE 2 List of recorded indications for colonoscopy.

Patients Percentage (%)
Lower gastrointestinal bleeding 281 19.51
Abdominal pain 240 16.67
Post polypectomy follow-up 148 10.28
Diarrhea 121 8.40
Post CRC follow-up 106 7.36
Constipation 97 6.74
Screening (positive family history) 95 6.60
Screening (average risk population) 91 6.32
Other reasons 89 6.18
Proctalgia 53 3.68
Abnormality on imaging study 41 2.85
IBD follow-up 36 2.50
Screening (positive FOBT) 21 1.46
Anemia 21 1.46

Results

During the study period a total of 2,356 colonoscopies were

performed in the two clinics, 1,440 of which were included in the
study. The most frequent exclusion criterion was the lack of an
indication for colonoscopy. A flow chart of exclusion criteria and
study groups is represented in Figure 1.

A list of the recorded indications for colonoscopy is shown in

Table 2. The percentage of screening colonoscopies (all ages) was
14.38%, 6.32% of which were patients with a family history of
CRC or advanced adenoma, and 1.46% were patients with
previously positive FOBT.
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TABLE 3 Physician characteristics.

10.3389/fphar.2022.1041915

Physician 1 Physician 2 Physician 3 Physician 4 Physician 5

Age, years 47 42 37 57 36
Experience, years 18 14 10 30 9
Number of colonoscopies performed during the study period 243 813 252 381 667
Cecal intubation rate 92.15% 98.20% 96% 98.73% 93.25%
ADRysgr 36.67% 49.46% 37.39% 40.48% 50.47%
PDRgsr 40.00% 52.72% 43.48% 40.48% 62.46%
APCgsgr 0.80 1.01 0.59 0.86 1.05
APPgsr 2.18 2.03 1.58 2.12 2.08
ADRpsGe — 70.59% 42.86% — 49.09%
ADRAsGE male — 91.67% 25.00% — 38.46%
ADRASGE female — 20.00% 66.67% — 58.62%
PDR s — 76.47% 42.86% — 58.18%
APCsce — 212 0.71 — 0.84
APP 565 - 3.00 1.67 — 1.70

TABLE 4 Characteristics of the patients in ESGE group.

Physician 1 Physician 2 Physician 3 Physician 4 Physician 5
N =30 N = 368 N =115 N =42 N =317
Age 62.50 + 7.83 62.76 + 7.86 61.58 + 7.07 66.10 + 10.65 62.67 £ 8.15 0.183
61 (55-69.25) 62 (57-68) 61 (56-66) 65 (59-71.50) 62 (56-68)
51-77 50-100 50-83 52-110 50-88
Gender, male 11 (36.7%) 153 (41.6%) 44 (38.3%) 20 (47.6%) 148 (46.7%) 0.411
Sedation <0.0001
Midazolam 21 (70%) 340 (92.4%) 111 (96.5%) 34 (81%) —
Propofol 6 (20%) 11 (3%) — 6 (14.3%) —
No 3 (10%) 17 (4.6%) 4 (3.5%) 2 (4.8%) 317 (100%)
Sedation, yes 27 (90%) 351 (95.4%) 111 (96.5%) 40 (95.2%) 0 (0%)
Rate of adequate bowel preparation 94.11% 86.11% 80.50% 97.46% 87.61% 0.002

Time slot for colonoscopy was 1h for all examinations,
regardless of the indication.

The overall rate of adequate bowel preparation (Boston
Bowel Preparation Score >6) was 90.34%, with lower scores
among patients who used a single dose administration of
purgative.

Withdrawal time was recorded in less than half of the
diagnostic procedures, so we did not include it in the study.

Frontiers in Pharmacology

Characteristics of the endoscopists are shown in Table 3.
Only three of them had performed more than 300 examinations
during the study period.

For the calculation of PDR, ADR, APC and APP
872  patients ESGE definition and
79 patients according to ASGE definition were included.

according  to

Further on we will refer to these patients as the ESGE and
ASGE groups.
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TABLE 5 Characteristics of the patients in ASGE group.

10.3389/fphar.2022.1041915

Physician 2 Physician 3 Physician 5
N=17 N=7 N =55
Age 61.18 £ 4.92 57.86 £ 4.53 60.51 + 6.25 0.366
61 (56.5-65) 58 (53-60) 61 (56-66)
54-70 53-66 50-79
Gender, male 12 (70.6%) 4 (57.1%) 26 (47.3%) 0.241
Sedation <0.0001
Midazolam 2 (11.8%) 7 (100.00%) -
No 15 (88.2%) - 317 (100%)
Sedation, yes 15 (88.2%) 7 (100.00%) 0 (0%) <0.0001
Rate of adequate bowel preparation 86.59% 85.66% 87.18% 0.002
2 A 55- ns B e
g § 1 70
s 3 50
: :
[5) @ o
= o 45 2
(=] 50—
"4
< a
40 B
404
35 T T
Male Female ———7—7—
Male Female
Age
C D
Experience| - 1.2 ns 2.4 ns
Colonoscopies 2.2
1.0+ =
SR
8 @204
FIGURE 2 &' 0.8 a
Heatmap of correlations between the indicators of o & 1.8
endoscopists. <
0.6 1.6 L
0.4 1.4 ’ '
Male Female Male Female
The ESGE group of patients had a mean age (+SD) of 62.72 FIGURE 3
(+8.05) years. In this group the overall PDR was 54.02% and Comparison between sedated and non-sedated patients. (A),
ADR was 47.36%. After applying the Kruskal-Wallis H test, no ADR; (B), PDR; (C), APC; (D), APP. ****, p-value <0.0001.

significant  differences noted between physician
subgroups regarding age and gender of the patients, only
regarding sedation and rate of adequate bowel preparation.
One did not the
others used sedation in over 90% of the procedures, as seen
in Table 4.

The ASGE group of patients had a mean age (+SD) of

60.42 (+5.86) years. Regarding age and gender, no differences

were

endoscopist use sedation, while

Frontiers in Pharmacology

252

were observed between patients. Use of sedation was different
depending on the evaluated endoscopist, as seen in Table 5.

In the ESGE group there was a strong positive correlation
between ADR and PDR (rho = 0.90) and between ADR and APC
(rho = 0.90), but without a significant p-value due to the small
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Comparison between male and female patients. (A), ADR; (B),
PDR; (C), APC; (D), APP. ns, p-value >0.05

number of endoscopists included in our study (0.083 > 0.05).
(Figure 2).

In the same group we observed significant differences
between sedated and non-sedated patients: better ADR
(median of sedated vs. non-sedated, 49.46 vs. 50.47), PDR
(52.72 vs. 62.46), APC (1.01 vs. 1.05) and APP (2.03 vs. 2.08)
were obtained for non-sedated patients (Figure 3). Cecal
intubation rate (CIR) was higher when colonoscopies were
performed with sedation: OR = 20.62 (95% CI, 6.64-64.18),
p-value <0.0001.

Among the patients in the ESGE group, taking gender into
account (376, 43%, male vs. 493, 57%, female), no differences were
observed for PDR (p-value = 0.1233), ADR (p-value = 0.0945), APC
(p-value = 0.0977) or APP (p-value = 0.1364), (Figure 4).

In the ASGE group we noted significant differences between
sedated and non-sedated patients: a higher ADR (median of
sedated vs. non-sedated, 49.09 vs. 70.59), ADR for male patients
(38.46 vs. 91.67), PDR (58.18 vs. 76.47), APC (0.84 vs. 2.12) and
APP (1.7 vs. 3.0) in the case of non-sedated patients. A higher
ADR was noted for female (58.62 vs. 20.00) sedated patients
(Figure 5).

In the ESGE group we also wanted to see which of the
indications for colonoscopy significantly influence quality
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indicators. The one with the highest impact on PDR and
ADR calculations are diarrhea, screening (especially in case of
positive FOBT), and proctalgia. (Table 6).

We also conducted crude and adjusted linear regression
analysis to fully examine the association between ADR and
different indications for colonoscopy. As such, ADR was
negatively associated with diarrhea and positively associated
with the indication for screening in the adjusted analysis.
Their coefficients barely changed and, most importantly, kept
the direction of the association as in unadjusted analysis
(Table 7).

Discussions

The demographic data of the patients included in the study
were very similar between all five endoscopists, both in terms of
average age and gender, with a higher percentage of women
examined.

The characteristics of the physicians were different both in
terms of age and years of experience, but also in terms of the
average number of colonoscopic examinations per year. We did
not identify a correlation between the ADR value and any
physician characteristics, although in previous similar studies
they represented an important variable in the calculation of ADR
(Lee et al., 2014; Jover et al., 2016; James et al., 2018). A slightly
higher ADR was observed in younger doctors, with a higher
average number of colonoscopies per year.

The most common indications for colonoscopy were lower
digestive bleeding and abdominal pain. The percentage of
screening examinations was low compared with other similar
studies (Gupta et al., 2010; Boroff et al., 2017), the number of
screening colonoscopies for patients with average risk of CRC
representing only 6.32% of the total examinations included in the
study. In the mentioned studies, the percentage of screening
colonoscopies varied between 8.4% and 49.2%. For this reason,
the calculation of ADR according to ASGE definition generated
results with few statistically significant data. To be able to
correctly calculate the ADR according to the ASGE definition,
a follow-up for at least 1 year of each endoscopist under the given
conditions would be necessary, or it would be necessary to
introduce automatic digital calculation of the ADR. The only
statistically significant conclusion from the ASGE patient group
was that the ADR is higher among examinations performed
without sedation than those performed with sedation. The same
could be observed in the ESGE group. In the literature, there are
conflicting data regarding the influence of sedation on ADR. In
some studies ADR was significantly higher when colonoscopies
were performed with sedation (Khan et al., 2020; Zhang et al.,
2020), and in others ADR was not influenced by sedation
(Bannert et al., 2012; Lee et al.,, 2014; Zhao et al., 2020) but
the frequency of major complications increased among sedated
patients (Zhao et al., 2020). We have not found studies in which
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FIGURE 5

Comparison between sedated and non-sedated patients. (A), ADR; (B), ADR for female; (C), ADR for male; (D), PDR; (E), APC; (F), APP. **, p-

value <0.01.

sedation negatively influences ADR, and the data we obtained
may represent a particularity that deserves to be studied further
or may be a false positive finding determined by the limitations of
the study. Cecal intubation rate was higher when colonoscopies
were performed with sedation which is in accordance with the
data from the literature. There is a new measure of quality in
colonoscopy that is being studied, called Performance Indicator
of Colonic Intubation (PICI), which is defined as the rate of cecal
intubation without significant discomfort and use of minimal
sedation (Nass et al., 2021). The study of this indicator shows that
there is an interest in reducing the amount of sedation during
colonoscopy, or in performing as many examinations as possible
without sedation, while maintaining the comfort of the patient
and the quality of the examination. Our data may be of interest
for the further study of PICIL

Frontiers in Pharmacology

The ESGE group of patients was the reference group in this
study. In this group overall PDR was 54.02% and ADR was
47.36%, significantly higher than the minimum values
recommended by ESGE (Kaminski et al., 2017). The rate of
adequate bowel preparation was lower than the minimum
recommended standard by ESGE in three out of five
examiners and we would have expected it to generate lower
PDR and ADR values, but we did not find a positive correlation
between these indicators. We tried to find an explanation for the
increased ADR and PDR values and thus performed an analysis
of the indicators related to the indication for colonoscopy. We
found that ADR was negatively associated with diarrhea and
positively associated with screening. None of the other
indications for colonoscopy had a significant influence on its
calculation. This means that the calculation method proposed by
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TABLE 6 Correlation between the indication for colonoscopy and PDR, ADR, APC, and APP calculation.

Examination reason

N total = 872 number (percentage)

10.3389/fphar.2022.1041915

Anemia 15 (1.72%) 0.147 0.182 0.151 0.434
Constipation 61 (7.00%) 0.610 0.590 0.627 0.979
Diarrhea 62 (7.11%) 0.004 0.003 0.002 0.013
Abdominal pain 139 (15.94%) 0.303 0.286 0.371 0.664
Lower gastrointestinal bleeding 128 (14.68%) 0.932 0.827 0.894 0.565
Abnormality on imaging study 35 (4.01%) 0.056 0.050 0.050 0.049
Proctalgia 28 (3.21%) 0.056 0.046 0.054 0.167
Screening (positive FOBT) 19 (2.18%) <0.001 <0.001 <0.001 <0.001
Screening (average risk population) 80 (9.17%) <0.001 <0.001 <0.001 0.001
Screening (positive family history) 40 (4.59%) 0.023 0.034 0.052 0.532
Post CCR follow-up 92 (10.55%) 0.718 0.737 0.858 0.733
Post polypectomy follow-up 123 (14.11%) 0.291 0.312 0.217 0.216
Other reasons 50 (5.73%) 0.203 0.234 0.354 0.374

TABLE 7 Crude and adjusted linear regression models for ADR calculation.

Examination reason

N total = 872 number (percentage)

Crude coefficients

Adjusted coefficients

B (95% CI) p-value B (95% CI) p-value
Anemia 15 (1.72%) ~1.34 (-3.88,1.21) 0.303 — -
Constipation 61 (7.00%) 0.48 (-0.82,1.77) 0.472 — -
Diarrhea 62 (7.11%) -1.73 (-3.0,-0.44) 0.008 —-1.47 (-2.74,-0.19) 0.025
Abdominal pain 139 (15.94%) -0.05 (-0.95,0.86) 0.920 — -
Lower gastrointestinal bleeding 128 (14.68%) 0.15 (=0.79,1.08) 0.757 — -
Abnormality on imaging study 35 (4.01%) 0.43 (-1.25,2.12) 0.613 — -
Proctalgia 28 (3.21%) -1.15 (-3.02,0.73) 0.229 — -
Screening (positive FOBT) 19 (2.18%) 3.12 (0.87,5.38) 0.007 3.19 (0.95, 5.43) 0.005
Screening (average risk population) 80 (9.17%) 1.92 (0.78,3.06) 0.001 1.88 (0.74, 3.02) 0.001
Screening (positive family history) 40 (4.59%) -0.3 (-1.88,1.28) 0.707 — -
Post CCR follow-up 92 (10.55%) -0.12 (-1.19,0.96) 0.834 — -
Post polypectomy follow-up 123 (14.11%) -0.54 (~1.49,0.4) 0.261 — -
Other reasons 50 (5.73%) —-0.66 (—2.08,0.76) 0.361 — -

CI, confidence intervals.

ESGE does not increase the ADR or PDR values, compared to the
method proposed by ASGE. On the contrary, in our patient

group, these indicators were higher when reporting was done
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only at screening colonoscopies.

The negative influence of

diarrhea on ADR may be due to the overuse of colonoscopy

in cases of infectious or functional diarrhea.
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Time slot for colonoscopy was higher than the minimum
standard recommended by ESGE (30 min for clinical and
primary screening colonoscopy; 45 min for colonoscopy
following positive FOBD) (Kaminski et al., 2017), and perhaps
this led to a more thorough examination of the colonic mucosa,
with more frequent detection of polyps and a higher ADR.

There were no differences in the calculation of ADR, PDR,
APC and APP regarding patient gender, so we consider that it is
not necessary to establish a minimum target of these indicators
according to gender, contrary to ASGE recommendations (Rizk
et al.,, 2015).

Limitations of the study

Considering that this was an observational study, it was not
possible to impose the parameters that had to be followed and
thus indicators such as withdrawal time or indication for
colonoscopy were poorly recorded. This led to the exclusion
of many patients from the study.

The total number of examinations as well as the number of
endoscopists was low and some of the results had no statistical
significance. Nevertheless, the power test was done and assuming
an alpha level of 0.05, the correlations between the endoscopists
indicators yielded the power between 84% and 95% for the
different analysis.

The study followed the activity of endoscopists over a
period and not several of consecutive examinations. Thus,
significant differences appeared between physicians in terms
of the number of examinations performed, which led to results
without statistical significance in some instances. We believe
that for a correct ADR calculation it is necessary to include at
least 300 consecutive diagnostic colonoscopies for each
physician, and in our study only three endoscopists met
this condition.

Conclusion

Even if in Romania the quality in colonoscopy is not
routinely monitored, according to our data, endoscopists seem
to exceed the minimum standards recommended by

international  societies. The lower rate of screening
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Background: Inadequate bowel preparation (IBP) has a critical influence on the
colonoscopy procedure and is associated with significantly lower rates of detection
of colorectal lesions. Constipation is an important risk factor of IBP, and some studies
have attempted to address the bowel cleansing for constipated patients. However,
there is still lack of consensus to guide the clinical work of bowel preparation (BP) for
patients with constipation. Therefore, we aimed to perform a network meta-analysis
to compare the overall efficacy of various regimens for BP in constipated patients.

Methods: We performed a comprehensive search of PubMed, MEDLINE, EMBASE,
Cochrane, and Web of science to identify randomized controlled trials (RCTs) of
bowel preparation regimens in constipated patients, update to January 2021. Two
investigators independently evaluated articles and extracted data. The odds ratio
(OR) with a 95% confidence interval (Cl) was used to combine dichotomous data of
the primary outcome which was defined as adequate bowel preparation (ABP). Rank
probability was used to exhibit the outcome of the network meta-analysis.

Results: Eleven studies that included 1891 constipated patients were identified as
suitable for inclusion. The proportion of ABP was associated with the administration
of intensive regimen (OR 2.19, 95% CI 1.16-4.17, p = .02, 12 = 84%). Moreover, an
intensive regimen had a significant efficacy and light heterogeneity when the same
basic laxative program was used (OR 4.06, 95% Cl 3.04-5.43, p < .0001, 12 = 0%). In
the network meta-analysis, the protocol of a normal regimen + A (normal regimen
plus advanced intestinal regulation) had a significant effect for bowel preparation
compared with a normal regimen + IR (normal regimen plus irritating laxative
regimen) (OR 5.21, 95% CI 1.18-24.55), H PEG (4L- polyethylene glycol) (OR 8.70,
95% Cl 1.75-52.56), and normal regimen (NR) (OR 7.37, 95% Cl 2.33-26.39). In the
remaining protocols, no significant difference was observed in any comparison. No
significant severe adverse events (AEs) associated with bowel preparation were
reported in included studies.

Conclusion: Intensive regimens could improve bowel cleansing quality for patients
with constipation, and advanced intestinal regulation regimens may be superior to
others.
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1 Introduction

Colonoscopy is considered the most valuable screening tool
for gastrointestinal disease especially for colorectal cancer and
precancerous lesions as successful colonoscopy can improve the
mortality rate of colorectal cancer through detection and
resection of tumors at an early and treatable stage; about every
1% increase in the adenoma detection rate will decrease 3%
incidence and 5% mortality in colorectal cancer (Corley et al.,
2014). The success of colonoscopy to find colorectal lesions is
associated with the quality of the bowel visibility, and IBP
significantly decreases the rate of detection of colorectal lesions
with about .53 odds ratio in early adenomas and .74 odds ratio in
advanced adenomas comparing inadequate with adequate bowel
preparation (Sulz et al., 2016).

With a global
manifestation gastrointestinal dysmotility in clinic, and its

prevalence of 15%, constipation is a
prevalence would steadily rise after the age of 50 years, which is
the recommended age to perform colonoscopy for colorectal lesion
screening (Bharucha and Lacy, 2020). However, constipation is an
important risk factor for inadequate bowel preparation (IBP) and
difficulty in colonoscopy which may lead to lesion missing, patient
suffering, and time cost (Takahashi et al., 2005). A meta-analysis
which included 67 studies and 75,818 patients finds that
constipation adds the risk of IBP nearly up to twofold (Gandhi
etal., 2018). There is little resolution when patients have IBP on the
colonoscopy procedure, thus optimizing that the bowel preparation
(BP) regimen is the critical measure to ensure the examination
quality. In clinical practice, we empirically reinforce the BP
program such as increasing laxative amount or adding adjuvants
to address the BP of constipation, but the efficacy is under debate.
Some RCT studies have been designed to verify the effect of
“empirical” intensive regimens, and they provide some optional
choices for clinical work (Hassan et al., 2019). However, these
options have extremely diverse, and there is still lack of arbitrary
and objective evidence to recommend a special regimen; even some
RCTs have attempted to address the obstacle by comparing a series
of BP regimens (Saltzman et al., 2015; Hassan et al., 2019).

Therefore, we aimed to perform a network meta-analysis as it
allows us evaluating the indirectly comparative efficacy of multiple
treatments in individual RCTs to determine the ideal bowel
preparation regimen for constipated patients.

2 Methods

We performed a systematic review and network meta-analysis
according to the Cochrane Handbook (https://training.cochrane.org/
handbook) and reported according to Preferred Reporting Items
(Liberati et al, 2009). The registration number is
CRD42021238380 in PROSPERO. We claim that there is no ethical
approval or patient consent was required.

Search methods

The databases of PubMed, MEDLINE, EMBASE, Cochrane, and
Web of science were searched, update to January 2021. The search
strategy identified in [All Fields] with the term: (prepar* OR clean*)
AND (bowel* OR colon* OR intestin*) AND (colonoscopy) AND
(constipat* OR fecal impaction), and the article type was restricted in
“trail.”

Frontiers in Pharmacology

10.3389/fphar.2022.964915

2.1 Inclusion and exclusion criteria

Inclusion criteria: 1) studies were randomized controlled trials and
report ABP, 2) subjects should be constipated adult patients (as
diagnosed by a clinician, or using any recognized diagnostic
criteria) that prepare to colonoscopy, 3) study purpose should be
related with bowel preparation quality, 4) study interventions were
pharmacological therapies, and 5) outcome should include
dichotomous data about ABP.

Exclusion criteria: 1) studies not adhering to the inclusion criteria,
2) studies with only an abstract or commentary, and 3) studies that

include other interventions like diet, education, and exercise.

2.2 Outcome assessment

The primary outcome is ABP, which is defined as follows: 1) total
score more than 6 of the Boston Bowel Preparation Scale (BBPS), 2)
total score less than 6 of the Ottawa Bowel Preparation Quality Scale
(OBPS), 3) grade between 1 and 2 of the Aronchick Scale, and 4) grade
1 or 2 of the bowel preparation quality grading score.

The secondary outcome is the adverse events and tolerability of
different bowel preparation regimens.

2.3 Data extraction

Two investigators independently extracted the intent-to-treat data
from eligible studies. Disagreements were resolved by discussion with
an additional reviewer. The data included the first author, country,
publication years, recruitment criteria, intervention, assessment,
sample size, age, sex, adequate preparation number, and adverse
events.

2.4 Assessment of quality

Two independent investigators assess the methodological quality
of the included studies, and disagreements will be resolved by
consensus and discussion with a senior investigator. The Cochrane
risk of bias tool will be used to assess the risk of bias at the individual
study. Using this tool, studies will be classified to be at high, low, or
unclear risk of bias based on seven items (https://training.cochrane.
org/handbook): 1.
concealment, 3. blinding of participants, 4. blinding of outcome

random sequence generation, 2. allocation

data, 5. incomplete data, 6. selective reporting, and 7. other biases.

2.5 Statistical analysis

The estimated effects of OR with 95% CI were used to evaluate
dichotomous data by Review Manager version 5.3 (The Cochrane
Collaboration, Oxford, UK). Heterogeneity was calculated with
12 statistics. A fixed-effects model was used only in 12< 50%. Single
study deletion was used to assess the sensitivity of estimated effects.

Bayesian network meta-analysis with convergence estimate was
used to compare all possible comparisons by Stata SE 15
(StataCorp. College Station, Texas, USA) and Gemtc (GitHub). The
parameters of the network meta-analysis were set as follows: 4 of
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Prisma flowchart.

chains, 20,000 of the tuning iterations, 50,000 of simulation iterations,
10 of thinning interval, 10,000 of inference samples, and 2.5 of
variance scaling factor. p < .05 was judged as statistically
significant. If the study has two or more intervention arms, we
divide the “shared” group into two or more equal groups
(reasonably independent comparisons) according to the Cochrane
handbook (https://training.cochrane.org/handbook).

3 Result
3.1 Search result

The search strategy identified a total of 627 citations; after
removing 239 duplicates and 323 obviously irrelevant articles, we
retrieved 65 articles for full-text appraisal (Figure 1). Finally,
11 articles were included in qualitative synthesis; 54 studies did
not meet the inclusion criteria because of the reasons listed in
Figure 1, most often because the participant was not a constipated
person. It is worth mentioning that seven studies that included
868 patients were excluded because there was no primary outcome,
and these study characteristics are shown in Supplementary
Table SI.

3.2 Study characteristics

Fourteen regimens were studied for intestinal cleansing in
1,891 patients from 11 studies (Arezzo, 2000; De Salvo et al., 2006;
Lee et al., 2010; Tajika et al., 2012; Tian et al., 2012; Pereyra et al., 2013;
Parente et al., 2015; Li et al., 2017; Yu et al., 2018; Zhong et al., 2018;
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Chancharoen et al., 2019). The test groups usually choose the regimen
of conventional laxatives plus additional stimulant laxatives,
prokinetic drugs, or advanced intestinal regulation such as using
probiotics and dietary fiber, and the control group usually chooses
low-dose laxative such as 2 L polyethylene glycol (PEG) or sodium
phosphate (NaP). More information about study characteristics is
summarized in Table 1.

3.3 Risk of bias in included studies

A majority of bias items showed low risk and unclear risk, but
most studies showed a high risk in the item of performance bias since
the fact that experimenters or medical workers must give the details of
a BP plan to ensure the compliance of participants. More details are
shown in Figure 2 and Supplementary Table S2.

3.4 Direct meta-analysis

We first divided the BP regimens into “intensive regimen”
(combination of extra preparation program with conventional
single laxative) and “standard regimen” (conventional single
laxative like PEG and NaP). In total, 789 (77.5%) participants in
the intensive group achieved ABP and 554 (63.5%) in the standard
group. The estimated effect for the primary outcome was significantly
higher in the intensive regimen (OR 2.19, 95% CI 1.16-4.17, p = .02,
12 = 84%) (Figure 3A).

We observed that the studies of Arezzo (2000), De Salvo et al.
(2006), and Parente et al. (2015) conducted a completely different
program in comparison which is not consistent in the use of laxative,
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TABLE 1 Main characteristics of included studies.

Year

Country

Constipation criterion

BP quality
assessment

10.3389/fphar.2022.964915

BP regimen

Arezzo, A 2000 Germany = Asked if he or she experienced constipation Non-validate score Senna + MgSO, 40 NA
(NA)
4L PEG 43 NA
(NA)
NaP 48 NA
(NA)
De Salvo, L 2006 Italy Rome II Non-validate score Senna + MgSOy 36 614 + 12.0
(NA)
2L PEG + bisacodyl 40 60.5 + 10.9
(NA)
NaP 25 61.9 £ 12.6
(NA)
Lee, H 2010 Korea Rome III BP quality grading Probiotic 14 days + NaP 515) 40.5 + 11.4
NaP 535) | 4224117
Tajika, M 2012 Japan <2 bowel movements per week more than a Aronchick’s criteria Mosapride+2L PEG 16 (11) = 67.3 £8.6
year
2L PEG 5 4) 67.8 + 10.1
Tian, Xia 2012 China Asked if he or she experienced constipation BP quality grading Probiotic 3 days + mosapride 86 (40) NA
3 days +2L PEG
Mosapride 3 days +2L PEG 82 (44) NA
2L PEG 80 (42) NA
Pereyra, 2013 Argentina Rome II BP quality grading NaP 22 59 £ 132
Lisandro (NA)
NaP + bisacodyl 20 57 £ 11.1
(NA)
4L PEG 15 60 + 13.8
(NA)
2L PEG + bisacodyl 20 59 £ 109
(NA)
Parente, 2015 Italy Rome III OBPS 2L PEG + simethicone + citrates 193 60 13
Fabrizio + bisacodyl (105)
4L PEG 189 59 + 14
(113)
Li, Y 2017 China 1 or 2 on the Bristol Stool Form Scale BBPS 2L PEG + bisacodyl 234 52.1 +9.8
(160)
2L PEG 233 522 +£9.7
(156)
Yu, Z. B 2018 China Rome III BBPS Lactulose 2 days+2L PEG 36 NA
(NA)
2L PEG + senna 36 NA
(NA)
2L PEG 36 NA
(NA)
Zhong, Shishun | 2018 China Chinese chronic constipation guide BBPS Testa triticum tricum 7 days 93 (61) @ 529 +12.3
+3L PEG
3L PEG 97 (60) = 53.3 +12.6
Chancharoen, A = 2019 Thailand = Rome III or a score of 1 or 2 on the Bristol OBPS 4L PEG + pre-2L PEG 37 (23) 57.6 £ 9.4
Stool Form Scale
4L PEG 39 (25) 592 +72

BP, bowel preparation; BBPS, Boston Bowel Preparation Scale; OBPS, Ottawa Bowel Preparation Scale; NaP, sodium phosphate; PEG, polyethylene glycol; NA, not available; NP, number of patients; f,
female; M+SD, mean + standard deviation.
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FIGURE 2
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and Pereyra et al. (2013) also had the same question in a certain way.

Hence, we performed the analysis based on the same basic laxative
program (4L PEG, 2L PEG or NaP) after removing inconsistent data.
The result still indicated that the intensive regimen has a significant
efficacy compared with the standard regimen when the same basic
laxative program was used (OR 4.06, 95% CI 3.04-5.43, p <.0001, 12 =

0%) (Figure 3B).
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Sensitivity analysis proved that all estimate effect maintained

stability in the process of single study deletion (Supplementary

Table S3).

We seemingly observed potential asymmetry in the funnel plots

(Figures 3C,D). In order to further evaluate the publication bias, we

conducted Begg’s and Egger’s tests, and the results suggested no

evidence proving publication bias (p > .1) (Supplementary Table S4).
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H+pre PEG

H PEG

NR+ir

PEG+P

PEG+A+P

FIGURE 4

Network of comparisons for the Bayesian meta-analysis. Each

circle represents a type of regimen. Each line represents direct
comparison between two regimens. The width of the linking line is
proportional to the number of studies. NR, normal regimen such as
using low-volume PEG or NaP; NR + IR, NR plus irritating laxative
regimens; NR + A, NR plus advanced intestinal regulation; PEG + P, PEG
plus prokinetic agents; PEG + A + P, PEG plus advanced intestinal
regulation and prokinetic agents; H PEG, high-volume PEG; H + pre-
PEG, H PEG plus once pre-using of PEG.

3.5 Network meta-analysis

3.5.1 Regimens and sample size

In order to further explore the efficacy of different schemes, we
classified them into seven types according to the mechanisms and
eliminated the program of Senna + MgSO, because its effectiveness
was as low as 27.6%. The seven types include normal regimen such as
using low-volume PEG or NaP (NR), NR plus irritating laxative
regimens (NR + IR), NR plus advanced intestinal regulation (NR +
A), PEG plus prokinetic agents (PEG + P), PEG plus advanced
intestinal regulation and prokinetic agents (PEG + A + P), high-
volume PEG (H PEG), and H PEG plus once pre-using of PEG (H+
pre-PEG).

The sample size and comparisons of each regimen showed
the network map that was made by Stata software (Figure 4). The
circle represented different regimens, and the size of the circle
was proportional to the regimen sample. The lines indicated
direct comparisons between regimens, and the thickness of the
line was proportional to the weight of each regimen comparing
others.

3.5.2 Quality assessment

The result of inconsistency factors was .53 with 95% CI .84-2.40,
and the Random Effects Standard Deviation of Consistency model and
the Inconsistency model kept a good consistency (.70 with 95% CI
0.31-1.51, .65 with 95% CI 0.22-1.47, respectively). Hence, we selected
a consistency model for the network meta-analysis. In addition, a
favorable convergence efficiency was provided by all PSRF values
which were limited to 1.
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3.6 Efficacy and rank probability analysis

Except for NR + A, any comparison of remaining six regimens
showed no significant difference in the ABP rate. However, we found
that the NR + A regimen showed significant superior efficacy than NR
+ IR (OR 5.21, 95% CI 1.18-24.55), H PEG (OR 8.70, 95% CI
1.75-52.56), and NR (OR 7.37, 95% CI 2.33-26.39) (Table 2).

In the ranking table, NR + A (33% with Rank 1 and 39% with Rank
2) and PEG + A + P (38% with Rank 1 and 27% with Rank 2) had
priority of ranking top; other probability data are shown in Table 3.

3.7 Adverse events and tolerability with bowel
preparation

In general, each regimen has a low rate of AEs and good
tolerability although the definition was not according to a
homogeneous standardized role. Only one serious adverse event
(intestinal occlusion) was reported in the 4L PEG group, but it was
not considered as the cause of colonic lavage solution (Parente et al.,
2015). Other AEs mainly include gastrointestinal symptoms and are
often mild and transient. Statistically significant difference was not
obvious for secondary outcomes, except vomiting (OR 0.60, 95% CI
0.38-.97) (Table 4). However, we found that the AEs of vomiting were
rare, and sensitivity analysis indicated two studies (Tajika et al., 2012;
Zhong et al,, 2018) which contributed to the major advantage of
vomiting, meaning the difference was unstable.

4 Discussion

Constipation is a frequent risk factor of poor BP quality, and
empirically strengthening bowel cleansing is a common clinical coping
strategy (Hassan et al, 2019). In the article, we systematically
investigated the efficacy and safety of the additional BP program
for constipated patients to find the best solution. To our knowledge,
this study is the first conducted network meta-analysis to address this
clinical problem.

Two reviewers independently undertook a contemporaneous and
exhaustive literature search which included searching the “grey”
literature and clinicaltrials.gov, and recruited 11 studies which
provide binary information about ABP or IBP but excluded seven
articles that only provide the bowel score. The main reason for our
choice is that IBP is more clinically meaningful premonition in the
omission of intestinal lesions than the difference of bowel score (Clark
et al, 2014). In addition, there was substantial variation in the
definition of the bowel cleansing score which will cause great
heterogeneity in the statistical process.

In total, 1,891 patients were studied for intestinal cleansing
from 11 studies. To our knowledge, this is the largest meta-analysis
of bowel preparation in patients with constipation. In the
traditional meta-analysis, our results found that intensive
regimens could acquire a high rate of ABP (OR 2.19, 95% CI
1.16-4.17) although there is major heterogeneity (I2 = 84%).
Moreover, pairwise results also exhibited significant superiority
(OR 4.06, 95% CI 3.04-5.43) in intensive regimens but only with
light heterogeneity (I2 = 0%) when we eliminate the studies that
compare double intervention factors: intensive measure and
inconsistent laxative, meaning that large heterogeneity comes
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TABLE 2 Network meta-analysis of adequate bowel preparation.

NR + A
1.01 (.10, 11.29)

1.97 (.12, 32.99)

PEG + A+ P

1.94 (.07, 48.21)

H + pre-PEG

PEG + P

NR + IR

10.3389/fphar.2022.964915

H PEG

NR

2.16 (.28, 17.20)

5.21 (1.18, 24.55)

2.09 (.17, 28.98)

5.14 (.56, 48.51)

1.10 (.05, 21.70)

2.66 (.21, 48.70)

243 (.38, 16.92)

8.70 (1.75, 52.56)

7.37 (2.33, 26.39)

8.66 (.87, 96.40)

7.43 (.96, 55.09)

4.42 (49, 45.30)

3.80 (.32, 48.70)

4.09 (.55, 33.15)

347 (.68, 19.02)

1.67 (.49, 6.02)

1.43 (.59, 3.41)

85 (.24, 2.71)

NR, normal regimen such as using low-volume PEG or NaP; NR + IR, NR plus irritating laxative regimens; NR + A, NR plus advanced intestinal regulation; PEG + P, PEG plus prokinetic agents; PEG
+ A + P, PEG plus advanced intestinal regulation and prokinetic agents; H PEG, high-volume PEG; H + pre-PEG, H PEG plus once pre-using of PEG.

Effect estimates presented as odds ratio (OR) with 95% confidence interval (CI).
pvalue < .05 are in bold.

TABLE 3 Rank probability of bowel preparation regimens.

Regimen Rank 1 Rank 2 Rank 3 Rank 4 Rank 5 Rank 6 Rank 7
NR + A 33 39 2 07 01 0 0
PEG + A + P 38 27 2 1 02 01 02
H + pre-PEG 2 16 23 21 07 07 .06
PEG + P 09 17 03 29 08 04 03
NR + IR 0 01 05 23 46 18 .06
H PEG 0 0 01 05 15 28 5
NR 0 0 01 05 21 41 32

NR, normal regimen such as using low-volume PEG or NaP; NR + IR, NR plus irritating laxative regimens; NR + A, NR plus advanced intestinal regulation; PEG + P, PEG plus prokinetic agents; PEG
+ A + P, PEG plus advanced intestinal regulation and prokinetic agents; H PEG, high-volume PEG; H + pre-PEG, H PEG plus once pre-using of PEG.

TABLE 4 Secondary outcomes of intensive regimen vs. standard regimen.

Outcome N1 (E/S) N2 (E/S) OR 95% Cl 12 (%)
Nausea 115/902 135/767 75 57-1.00 19
Vomiting 32/709 45/578 60 38-97 11
Bloating 96/902 101/767 72 40-1.30 61
Abdominal pain 70/902 50/767 121 83-1.79 32
Tolerability 786/874 600/723 1.19 56-2.54 68

N1, number of intensive regimens; N2, number of standard regimens; E/S, event/sample size; OR, odds ratio; CI, confidence interval; 12 >50% indicates high heterogeneity.

from the difference of basic purgative. As a control group, the
“standard regimen” includes the two most common laxatives in
clinical practice (Parra-Blanco et al., 2014; Hassan et al., 2019):
PEG scheme and NaP scheme that indicate that constipated
patients could usually benefit from extra bowel preparation in
practice. Meanwhile, all intensive regimens show the same safety
as the standard regimen despite the fact that adverse events were
not reported according to a homogeneous standardized role. Those
outcomes are inspiring and therefore likely to be important in
medical field, in order to help inform treatment decisions.
However, it remains confusing until we explain the effectiveness of
the specific regimen. Thus, in the subsequent Bayesian network meta-
analysis, which integrates the superiority of direct and indirect
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evidence, we tried to explore the effects of different regimens for
prokinetics, intestinal regulation, combined stimulant laxatives, and
high-dose laxative regimens. The first enlightening result is that NR +
A, PEG + A + P, and H+ pre-PEG had the three top ranks which
indicated that advanced intestinal regulation or pre-bowel preparation
could maximize the benefits of cleansing quality for constipation. Five
RCTs provide five different pre-bowel preparations including PEG
(Chancharoen et al., 2019), lactulose (Yu et al., 2018), testa triticum
(Zhong et al., 2018), and two probiotic products (Bacillus subtilis and
Streptococcus faecium in the study of Lee et al. (2010) and Clostridium
butyricum in the study of Tian et al. (2012)). Both lactulose and PEG
which could increase the water amount of stool are commonly used
osmotic laxatives in the treatment of chronic constipation (Lee-
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Robichaud et al., 2010). By taking additional laxatives on the basis of
the standard bowel preparation program, RCTs of both PEG
(Chancharoen et al.,, 2019) and lactulose (Yu et al., 2018) exhibit
improvement in the bowel quality in constipation. In addition, a
multicenter retrospective study from Japan found that the improved
rate by using short-duration PEG was 72.6% for chronic constipation
whose previous bowel preparation had been fair or poor (Yoshida
et al., 2020). Despite differences in results, at least on some options,
dietary fiber and probiotics were commonly considered as functional
supplements/food that could improve defecation in constipated
patients (Ford et al., 2014). Correspondingly, the three RCTs (Lee
et al, 2010; Tian et al, 2012; Zhong et al., 2018) in our study
demonstrate that taking probiotics or dietary fiber in advance can
improve the quality of bowel preparation. However, in view of the
huge and complex of human flora, the role of probiotics, prebiotics,
and synbiotics in intestinal function is still being further explored. For
example, insoluble fibers can increase a regulatory stool frequency but
wheat dextrin and finely ground wheat bran would decrease stool
water content and bowel sensation, potentially aggravating
constipation symptoms (Gill et al, 2021). Therefore, raising
knowledge of functional supplements/food with different
characteristics may help us choose the ideal product for prebowel
preparation.

Another issue worth exploring is the duration of constipation
management since preparation time ranges from 1 day to 2 weeks. It
seems to be mechanism oriented, because high-dose laxatives can
empty the intestines in a short time, while low-dose laxatives or
functional supplements need more time to adjust intestinal
function. Considering patient tolerance, symptom-oriented
management may be able to guide the preparation time because if
patients feel that difficult defecation is relieved, they are more likely to
preparation (Safder et al, 2008).

Unfortunately, there is a lack of enough explanation of specific

achieve qualified bowel
relationship between the disease severity and bowel preparation.
The RCTs in our study also provide insufficient information about
baseline characteristics and improvement degree of constipation. A
few studies prove that bowel symptoms such as type 1 or 2 of the
Bristol stool form scale (BSES), starting-to-defecation interval >4 h,
and infrequent bowel movement (<3/week) could predict IBP (Lee
et al., 2017; Guo et al., 2020). Some studies found that the colon transit
time test represents a useful mean for predicting IBP before
colonoscopy (Park et al., 2015; Zhai et al., 2019). These evidences
may be valuable for formulating individualized BP strategies in
constipated patients until verified by a large cohort study.
Regardless of the gap, our network meta-analysis intends to that
could
maximize bowel cleansing to reach the standard of “adequate” for

reasonable symptom management before colonoscopy
patients with constipation.

Abundant evidence indicates that high-volume PEG could
provide the highest quality preparation (Johnson et al., 2014).
However, volume-related discomfort and unpleasant taste may
hinder the acceptability. Considering the limitations, several
studies have suggested that low-volume PEG plus adjuvants
such as ascorbate, citrate, and sports drinks may have the
potentiality of addressing the issues under certain conditions
(Saltzman et al., 2015; Hassan et al., 2019). Parente et al. (2015)
discussed the role of previous two measures in patients with
constipation, and they found that 2L PEG plus adjuvants

perform equivalent in terms of bowel cleansing but better in
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patient tolerability and compliance. In our study, we observed
that increasing the amount of PEG may be ineffective in
constipation according to the data in table2. We speculate that
high-dose laxatives may not be able to fully empty the constipated
intestines in a short time because of colonic sensorimotor
disturbances and pelvic floor dysfunction. However, since there
is no direct comparison, it remains unclear if this is because of
insufficient data, mix factor, or equivalent outcomes. In summary,
we need head-to-head experiments and related mechanism
examine to confirm the hypothesis.

One of the strengths in our study is that we help address clinical
needs in practical settings by traditional and network meta-analysis.
Another strength is the strict quality control of statistics which include
mild heterogeneity, insignificant publication bias, and good index of
sensitivity, consistency, and convergence, meaning that all results have
a good credibility. There also are several limitations in the present
study. First, there are differences in the preparation process, severity of
symptom, and the endpoint used to define ABP. These are inevitable
weakness in any meta-analysis because of the difference in individual
trials which means we need to cautiously interpret outcomes even in
mild heterogeneity (Nakagawa et al., 2017). Second, some studies may
be underpowered owing to the relatively small sample. Third,
inadequate participants blinding may elicit bias and impact the
accuracy of the estimate. Fortunately, single-blind trials are more
likely to influence the outcome of subjectively reported. In the
definition of bowel cleanliness, it is more important to keep the
endoscopists blind before observation. Our network meta-analysis
may be criticized due to the absence of direct comparisons between
most arms that may lead to confounding due to underlying
differences, but the universality of various preparations raises the
results of consistency and convergence that increase the credibility of
outcome (Cipriani et al., 2013). In addition, our results tend to provide
principled guidance for clinical decision-making, but the specific
selection still needs to rely on the individualized characteristics of
the patient.

In summary, we found that the intensive regimen and advanced
intestinal regulation could increase the ABP rate, but increasing the
amount of PEG may be ineffective in patients with constipation.
Further checking the relationship between constipation severity/
improvement and bowel preparation quality will help policy-
makers refine clinical guidelines so that health-care providers can
more efficiently and effectively develop a bowel cleaning strategy for
constipated patients.
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