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Editorial on the Research Topic

Nonalcoholic fatty liver disease therapy: Exploring molecular

mechanisms of well-defined composition from natural plants

Nonalcoholic fatty liver disease (NAFLD), a global public health problem in recent

years with an incidence rate of approximately 25%, may bring a progressive disease of

non-alcoholic steatohepatitis (NASH), cirrhosis, or even hepatocellular carcinoma (Fan

et al., 2017; Younossi, 2019). Ever greater attention has been paid to treating NAFLD, and

except for the crucial intervention of lifestyle modification, the treatments of drugs and

health products have become particularly important in our current world of fast-paced

modern life (Zhu et al., 2020). At present, the main adjuvant clinical therapies usually

include pioglitazone and vitamin E treatment, but the applicability of these is weak

because the long-term effects have yet to be determined (Majumdar et al., 2021). So far, no

drugs specifically targeting NAFLD have been approved by the FDA. People have been

exploring drugs to treat NAFLD over the past two decades.

Substances from plants including tea, flaxseed, cinnamon, silybin, soy, ginger, and licorice

are playing an increasingly promising role in the treatment andprevention ofNAFLD (Yan et al.,

2020). However, previous research was much more focused on plant-derived extracts or

mixtures, which due to the unclear constituents or the lack of standardized product

progress, is still a long way from drug development. Therefore, this Research Topic,

Nonalcoholic Fatty Liver Disease Therapy: Exploring Molecular Mechanisms of Well-

defined Composition from Natural Plants, is inclined to and encourages pharmacological

research about NAFLD using well-defined compositions.We hope to discover and collect novel
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natural compounds, active ingredients, combination formulas, or

prescriptions in plants with therapeutic selectivity that can be used

for NAFLD, or NASH. Meanwhile, the novel discovery of molecular

pathogenic mechanisms of NAFLD studies was also reported.

In this Research Topic, the aurantio-obtusin from Cassia semen

(Zhou et al.), pterostilbene from blueberries and grapes (Tan et al.),

the combination of bicyclol from Schisandra chinensis and berberine

fromCoptis chinensis and Berberis vulgaris (Li et al.), artemether from

artemisinin (Xu et al.), scoparone from Artemisia scoparia Waldst.

etKit and Artemisia capillaris Thunb. (Jiang et al.), nootkatone from

Alpiniae oxyphyllae Fructus (Yong et al.), Limonin from lemon

(Wang et al.) and theaflavin-3,3′-digallate from black tea (Zhou

et al.), attenuated NAFLD/NASH mainly by regulating lipid

metabolism and liver inflammation to varying degrees. There are

also a lot of new pathways involved. For example, Aurantio-obtusin

ameliorates hepatic steatosis via AMPK/autophagy- and AMPK/

TFEB-mediated suppression of lipid accumulation; bicyclol

enhanced lipolysis and β-oxidation through restoring the p62-

Nrf2-CES2 signaling axis and p62-Nrf2-PPARα signaling axis,

respectively; scoparone downregulated the activation of JNK/Sab

signaling, improved hepatosteatosis and inflammation, especially

mitochondrial dysfunction; theaflavin-3,3′-digallate was speculated

to attenuate leptin-deficient induced NAFLD via Fads1/PPARδ/
Fabp4 axis. In particular, berberine and theaflavin-3,3′-digallate
also protected NAFLD in vivo through regulating gut microbiota

which is a hot issue of concern, for example, berberine enriches lipid

metabolism-related Bacteroidaceae (family) and Bacteroides (genus);

theaflavin-3,3′-digallate increased the abundance of Prevotellaceae_

UCG-001, norank_f_Ruminococcaceae, and GCA-900066575 and

significantly decreased that of Parvibacter. Noticeably, with the

multiple targets, the ganweikang tablet (Ma et al.), based on

traditional Chinese medicine theory and clinical experience, was

verified to improve NAFL and NASH by modulating

inflammation, apoptosis, and fatty acid oxidation by inhibiting

NFκB, caspase-8, and activating PPARα. In addition, artemether,

the combination of bicyclol and berberine, and pterostilbene, also

mediated the development of liver fibrosis in vivo, which protects liver

injury more broadly. These results have a direct impact on the

treatment of NAFLD and provided promising candidates for its

therapy.

The pathophysiological mechanisms of NAFLD is a complex,

“multiple-hit theory” that has gradually been posited to explain the

pathogenesis of NAFLD, including visceral obesity and

lipodystrophy-like phenotype, diabetes, insulin resistance, de

novo lipogenesis, gut dysbiosis, genetic factors, epigenetic

modifications, etc (Zhang et al., 2022). Great progress has been

made on the alleviating effect of plant-derived composition on

fatty liver disease, but the research on its mechanism is not

comprehensive and in-depth, and its clinical application needs

to be evaluated based on the “multiple-hit theory”.
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Nonalcoholic fatty liver disease (NAFLD), manifested as the aberrant accumulation of lipids
in hepatocytes and inflammation, has become an important cause of advanced liver
diseases and hepatic malignancies worldwide. However, no effective therapy has been
approved yet. Aurantio-obtusin (AO) is a main bioactive compound isolated from Cassia
semen that has been identified with multiple pharmacological activities, including
improving adiposity and insulin resistance. However, the ameliorating effects of AO on
diet-induced NAFLD and underlying mechanisms remained poorly elucidated. Our results
demonstrated that AO significantly alleviated high-fat diet and glucose-fructose water
(HFSW)-induced hepatic steatosis in mice and oleic acid and palmitic acid (OAPA)-induced
lipid accumulation in hepatocytes. Remarkably, AO was found to distinctly promote
autophagy flux and influence the degradation of lipid droplets by inducing AMPK
phosphorylation. Additionally, the induction of AMPK triggered TFEB activation and
promoted fatty acid oxidation (FAO) by activating PPARα and ACOX1 and decreasing
the expression of genes involved in lipid biosynthesis. Meanwhile, the lipid-lowing effect of
AO was significantly prevented by the pretreatment with inhibitors of autophagy, PPARα or
ACOX1, respectively. Collectively, our study suggests that AO ameliorates hepatic
steatosis via AMPK/autophagy- and AMPK/TFEB-mediated suppression of lipid
accumulation, which opens new opportunities for pharmacological treatment of NAFLD
and associated complications.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD), characterized by
excess hepatic fat accumulation, inflammation and oxidative
stress, has become a burgeoning worldwide epidemic liver
disease, affecting approximately one-quarter of the entire
global population (Diehl and Day, 2017). Moreover, NAFLD
not only encompasses a cascade of conditions including
nonalcoholic steatohepatitis (NASH), advanced liver fibrosis,
cirrhosis and even hepatocellular carcinoma (HCC) but also
confers a high risk for type 2 diabetes, cardiovascular
complications and various extrahepatic malignancies (Dixon
et al., 2001; Loomba et al., 2020). So far, the underlying
mechanism driving NAFLD development remains obscure. An
increasing number of studies have pointed out that the
pathophysiology of NAFLD is complex and multifactorial.
Progress over the last decade was substantial in the roles of
lipotoxicity, oxidative stress, inflammation, genetics and
metabolism in NAFLD pathogenesis (Marra and Svegliati-
Baroni, 2018). Furthermore, gut microbiome and various
dietary components as other gastrointestinal hits with
proinflammatory potential have been demonstrated (Tilg et al.,
2021). Among these pathogenic factors, lipotoxicity, resulting
from excessive accumulation of harmful lipids and hepatocyte
injury, has gained remarkable attention and represents a critical
step in NAFLD progression (Marra and Svegliati-Baroni, 2018).

Autophagy is a genetically programmed and evolutionarily
conserved self-eating catabolic process whereby injurious
organelles and intracellular components are degraded within
lysosome. Under pathological circumstances, autophagy plays
a critical role in maintaining cellular and metabolic homeostasis
by eliminating damaged organelles, misfolded proteins as well as
accumulated lipid droplets (Singh et al., 2009). Recently,
insufficient autophagy was regarded as the fundamental
cellular defect in the pathogenesis of NAFLD. Notably, the
dysregulation of hepatic autophagy has been implicated in
NAFLD and NASH patients (Czaja, 2016). In experimental
animals, the blockade of autophagy using selective inhibitors
or specific siRNAs targeting autophagy-related genes like
autophagy-related protein 5 (ATG5, Atg5) promoted the
hepatic accumulation of lipid droplets and triglycerides (TG)
and accelerated liver injury (Ni et al., 2012; Zhou et al., 2018).
Furthermore, the enhancement of autophagy accelerated fatty
acid oxidation (FAO), improved mitochondrial function and
protected against palmitate lipotoxicity in murine hepatocytes
(Mwangi et al., 2019). However, whether autophagy in NAFLD
could be targetable by any pharmacological therapies remains
unclear.

At present, therapeutic approaches of NAFLD mainly include
dietary restrain or taking medicines inhibiting lipid biogenesis,
removing excessive lipid droplets, and inhibiting inflammation or
cell apoptosis in livers (Mao et al., 2016). Notably, the primary
therapeutic strategy for NAFLD is targeting intrahepatic lipid
accumulation, such as the agonists of FAO including peroxisome
proliferator-activated receptor alpha (PPARα) agonists, acyl-
coenzyme A oxidase 1 (Acox1) agonists and inhibitors of de
novo lipogenesis including fatty acid synthase (FASN) inhibitors.

Although most representative next-generation PPARα or pan-
PPARs agonists like elafibranor and pioglitazone have been found
to efficiently induce the resolution of NASH patients, most of
them have been withdrawn from the market owing to severe side
effects such as weight gain, bone fractures, peripheral edema and
even congestive heart failure (Friedman et al., 2018; Boeckmans
et al., 2019). Besides, a variety of synthetic inhibitors, including
apoptosis signaling kinase 1 (ASK1) inhibitors, galectin three
antagonists and nonsteroidal FXR agonists, have been reported to
improve advanced NASH patients in clinical trials; however, their
applications are still restricted due to unexpected adverse effects
like pruritus (Sumida and Yoneda, 2018). Recently, autophagy
represents a novel therapeutic target for NAFLD by clearing
excessive lipid droplets and suppressing hepatic inflammation,
while the unclear and double-edged effects of autophagy raise
concerns as well (Mao et al., 2016). Despite these tough
challenges, there is as yet no Food and Drug Administration
(FDA)-approved pharmacotherapy, and it remains a pressing
need to discover interventions to mitigate the risk of hepatic
steatosis.

Unlike the above strategies that mainly focused on one single
target, natural products derived from traditional Chinese
medicine (TCM) with multiple-targeting and promising
hepatoprotective effects represent the rich source of lead
compounds for drug discovery against liver steatosis.
Aurantio-obtusin (AO), the main characteristic bioactive
ingredient isolated from Cassiae semen that has a long history
of usage for thousands of years, exerts a broad spectrum of
pharmacological activities, including anti-inflammatory, anti-
allergic, anti-hypertensive, antioxidant and immunoregulatory
effects (Kim et al., 2015; Kwon et al., 2018; Tejero et al.,
2019). Recently, increasing studies have begun to focus on the
unique effects of AO on improving metabolic diseases. Under the
challenge of high fat and sweet sugar, AO was found to improve
adiposity and insulin resistance by downregulating the expression
of lipid metabolism-related genes and suppressing inflammatory
cytokines expression in white adipose tissue (Guo et al., 2021).
Although the above results pointed out the possibility of AO-
induced hepatoprotective effects against liver steatosis,
researchers temporarily focused on the anti-obesity effect of
AO while paid less attention to its lipid-reducing effect and
deeper mechanism involved in NAFLD. These insightful
preliminary results and existing questions encourage us to
further investigate the potential protective effects of AO on
diet-induced hepatic steatosis.

In the current study, we investigated the therapeutic effects
and underlying mechanisms of AO in a high-fat diet (HFD) and
glucose-fructose water (HFSW)-induced NAFLD mouse model
and oleic acid and palmitic acid (OAPA)-treated mouse primary
hepatocytes (MPHs). AO markedly promoted autophagy flux,
triggered transcription factor EB (TFEB) activation, subsequently
inhibited lipid de novo synthesis and accelerated FAO in livers by
inducing AMP-activated protein kinase (AMPK)
phosphorylation, which were prevented by pretreatment with
the inhibitors of autophagy, PPARα or ACOX1, respectively.
Taken together, our findings provide experimental evidence
supporting the possibility of developing AO-based medicines
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for the pharmacological treatment of NAFLD and associated
metabolic disorders.

MATERIALS AND METHODS

Materials
AO (PS0100-0250) was purchased from Push Bio-Technology
(Chengdu, China). Oleic acid (C4977) was obtained from
APExBIO (Houston, United States). Palmitic acid (P101061)
was purchased from Aladdin (Shanghai, China). 3-
methyladenine (3-MA) (S2767) and compound C (CC) (HY-
13418A) were obtained from Selleck (Houston, United States).
10,12-Tricosadiynoic acid (TRCDA), glucose (B21882) and
fructose (B21896) were purchased from Yuanye Bio-
Technology (Shanghai, China). Williams’ Medium E with
L-glutamine (W4125), collagenase from Clostridium
histolyticum (C5138), collagen type I from rat tail (C3867),
dexamethasone (D1756), 0.1% L-Thyroxine (T-073) and other
cell culture material were purchased from Sigma (St. Louis,
United States). Goat anti-mouse IgG (H + L) Highly Cross-
Adsorbed secondary antibody (Alexa Fluor Plus 488) (Ul287767)
was obtained from Thermo Fisher Scientific (Waltham,
United States) and goat anti-rabbit IgG (H + L), F (ab’)2
Fragment (Alexa Fluor 594 Conjugate) (8889S) was purchased
from Cell Signaling Technology (Danvers, United States).

Animal Study
C57BL/6J (8-week-old, male) mice were obtained from Vital River
Laboratory Animal Technology (Beijing, China). Mice were kept
under 12 h light-dark cycle at a consistent temperature (22 ± 2 C)
with free access to water and standard chow. All animals were
accepted 1 week of adaptive feeding before the experiment and
sacrificed after 8-weeks treatment. For in vivo experiments, the
doses of AO (5,10 and 15mg/kg) were selected based on recent
publications (Xu et al., 2019; Guo et al., 2021). In chronic HFSW
experiment (n � 6), mice were divided into five groups: 1) control
group (chow diet); 2) NAFLD model group [HFSW, Western diet-
42% Kcal from fat and 0.2% cholesterol (TD.88137, Harlan
Laboratories, Inc., Indianapolis, IN, United States) plus with a
high sugar solution (D-fructose: 23.1 g/L and D-glucose: 18.9 g/L)
in drinking water (Li et al., 2021)]; (3–5) HFSW diet with AO
administration group. Mice in groups (2–5) were first fed with the
HFSW diet for 4 weeks to induce liver steatosis followed by orally
given different doses of AO (5, 10 and 15mg/kg) or vehicle control
for another 4 weeks. In the ACOX1 inhibitor experiment, mice were
divided into five groups at random (n � 6): 1) control group; 2)
HFSW diet group; 3) HFSW diet with AO administration group; 4)
HFSW diet with TRCDA administration group; 5) HFSW diet with
AO and TRCDA administration group. Mice from groups (4)–5)
were intragastrically administrated with TRCDA (1mg/kg) for
8 weeks and mice from groups (3)–5) orally administrated with
AO (10mg/kg) in the last 4 weeks. Body weight, food intake and
water consumption were measured every 2 days. At the end of
treatment, mice were anesthetized and shaved in the thorax and
abdomen area for measuring body temperature using Tau two VPC
thermal imaging camera (FLIR Systems, United States). After

sacrificed, mice serum and liver tissues were collected for further
experiments.

All animal studies and procedures were approved by the
Institutional Animal Care and Use Committee of Beijing
University of Chinese Medicine and were carried out in
accordance with all guidelines.

Measurement of Serum Alanine
Transaminase and Aspartate Transaminase
Mice serum was collected after sacrificed. ALT assay kit (C009-2-
1) and AST assay kit (C010-2-1) were obtained from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China) and used to
measure serum ALT and AST levels according to the
manufacturer’s instructions.

Measurement of Total TG and Total
Cholesterol
Mouse serum was collected by centrifugation and liver samples
were homogenized by anhydrous ethanol for obtaining
supernatant. Cell samples were lysed in RIPA lysis buffer and
prepared the supernatant for following detection. TG and TC
from different samples were measured using TG assay Kit (A110-
1-1) and TC assay kit (A111-1-1) from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).

Histopathologic Analysis
Mice liver tissues were fixed with 4% formaldehyde for 7 days,
dehydrated by ethyl alcohol, embedded by paraffin and cut into
5 μM sections. For hematoxylin and eosin (HE) staining, paraffin
sections were dewaxed by xylene, rehydrated by ethyl alcohol,
stained by hematoxylin and eosin and dehydrated by ethyl
alcohol. The images of all sections were captured by Aperio
Versa (Leica, Wetzlar, Germany).

Oil-Red Staining
Oil-red staining was performed as previous established
conditions (Li et al., 2021). Oil-red powder was first dissolved
in isopropanol solution (0.5 g/ml). Freshly cut sections from
frozen livers and hepatocytes were fixed in 4% formaldehyde,
washed in PBS solution and subsequently stained by Oil-red
solution for 30 min. The image was captured by Aperio Versa
(Leica, Wetzlar, Germany).

Isolation and Culture of Mouse Primary
Hepatocytes
MPHs were isolated by a two-step collagenase perfusion method
as previously described (Li et al., 2017). After seeded in 6-well
plates or different dishes that pre-coated with collagen, MPHs
were cultured in Williams’ Medium E containing with 0.1%
dexamethasone and 0.1% L-Thyroxine for further experiments.

Cell Treatment
For in intro experiments, the doses of AO were chosen according
to our CCK8 data. For the time course experiment, MPHs were
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treated with DMSO or AO (25 μM) for 0.5, 1, 2, 4 and 6 h. For the
dose course experiment with or without OAPA, MPHs were first
treated with OAPA (OA: 250 μM, PA: 500 μM) or not and then
treated with different dosages of AO (12.5, 25 and 50 μM) for
24 h. For inhibitor experiments with or without OAPA, MPHs
were first treated CC (10 μM), 3-MA (5 mM), TRCDA (10 μM) or
GW6771 (10 μM) for 1.5 h, respectively, then treated with OAPA
or not and AO (25 μM) for another 2 h or 24 h.

HepG2 Cells Transfection
HepG2 cells were obtained from ATCC and were seeded in a 6-well
plate at 30×104 cells/well for 24 h. After attachment, cells were
cultured with complete medium (CM) (1% Penicillin-
Streptomycin and 10% FBS) containing HBLV-mcherry-EGFP-
LC3-PURO (MOI � 20) (HanBio Technology, China) and
polybrene (5 μg/ml) for 8 h. After virus infection, cell culture
medium was changed into fresh CM for 16 h and then replaced
with selection medium (CM containing 2.5 μg/ml puromycin). After
1 week of selection, cells were treated with AO (25 μM) or DMSO for
3 and 5 h. Live cell images were captured by Olympus FV3000
confocal laser scanning microscopy (Tokyo, Japan).

Quantitative Real-Time RT-PCR
Liver tissues were homogenized and lysed by TRIzol reagent. Total
RNA from mouse livers were extracted by chloroform, isopropanol
and 75% ethyl alcohol and dissolved in DNase/RNase-free water.
Total RNA of cell samples was extracted with Fast Pure Cell/Tissue
Total RNA isolation kit (RC101-01, Vazyme Biotech). The mRNA
expression was detected by quantitative real-time PCR (qPCR) using
AceQ universal SYBR qPCR Master Mix (Q511-02, Vazyme
Biotech). Further inquiries of primers for qPCR can be directed to
the corresponding author.

Western Blot Analysis
Western blot analysis was carried out as previously described (Li
et al., 2021). Briefly, liver tissues and cell samples were lysed in
RIPA lysis buffer. The equivalent protein was prepared, separated
with SDS-PAGE gel and successively incubated with relative
primary antibodies at 4 C overnight. After incubated with
secondary antibodies, all bands were developed using ECL
western bolting reagents and imaged by ChemiDocTM Touch
Imaging System (Bio-Rad, Hercules, CA). Detailed information
of primary antibodies was provided in Supplementary Table S1.

Statistical Analysis
All results were repeated at least three times and presented as mean ±
SEM. One-way ANOVA was employed to compare the differences
between multiple groups using GraphPad Prism 8 (Graph-Pad, San
Diego, CA). p value ≤ 0.05 was considered statistically significant.

RESULTS

AO Ameliorates Hepatic Steatosis in
HFSW-Fed Mice
To identify the hepatoprotective effects and detailed mechanisms
of AO on fatty liver, mice were first fed with an HFSW diet for

4 weeks to induce liver steatosis followed by administration with
different doses of AO (5, 10 and 15 mg/kg) or vehicle control for
additional 4 weeks with continuous HFSW diet (Figure 1A). The
body weight and the intake of food and water were recorded every
2 days. As shown in Figure 1B and Supplementary Figure S1A,
AO significantly reduced the HFSW-induced body weight and
body weight gain without affecting the amount of average calorie
and water intake. Moreover, analysis of the raw tissues of liver,
spleen and adipose showed that AO slightly decreased the organ
coefficients of spleen and adipose but had no obvious influence on
livers (Supplementary Figure S1B–1D). Serum biochemistry
assays then demonstrated that AO significantly decreased the
serum ALT and AST levels in HFSW mice (Figure 1C, left and
middle panel). As expected, HFSW also significantly increased
the serum levels of blood glucose, which were markedly reversed
by medium dose and high dose of AO (Figure 1C, right panel).
More intuitively, we examined the accumulation of abdominal fat
and measured the thoracoabdominal temperature and found that
AO resulted in a less weight of white adipose tissue and a greater
liver temperature than that in the HFSW group (Figure 1D),
suggesting that AO improved metabolic syndrome of HFSW
mice. As illustrated in Figure 1E and Supplementary Figure
S1E, HFSW also significantly elevated the serum and hepatic lipid
accumulation, as evidenced by increased levels of TG and TC. As
expected, AO administration markedly reduced hepatic TG and
TC as well as serum TG levels. In line with the above findings,
histological examination depicted that AO significantly and dose-
dependently reduced the HSFW-caused lipid droplet
accumulation and extensive steatosis, as indicated by decreased
number and size of lipid droplets in hepatocytes (Figure 1F and
Supplementary Figure S1F). These results suggested that AO
exerted beneficial effects on hepatic steatosis.

AO Regulates Lipid Metabolism and
Autophagy in HFSW-Fed Mice
Considering that inflammatory response toward hepatocyte
damage is a decisive step in the development of NAFLD, we
examined the levels of several major inflammatory cytokines and
chemokines for immune cell recruitment. As shown in
Figure 2A, HFSW significantly increased the levels of Ccl2
and Tgfb1 in livers, which were then markedly downregulated
under AO administration. However, the effect of AO on HFSW-
induced Tnf and IL-6was minimal (data not shown). Once out of
control, persistent inflammation will disturb the bile acid
homeostasis and lead to a cumulative result-liver fibrosis,
which in turn, reinforces a vicious cycle of NAFLD damage
(Chavez-Talavera et al., 2017). Cholesterol metabolism enzyme
cholesterol 7-alpha-hydroxylase (CYP7A1, Cyp7a1), a primary
rate-limiting enzyme that promotes the conversion of cholesterol
into bile acids, was downregulated by HFSW probably due to a
compensatory mechanism but was markedly reduced under all
doses of AO (Figure 2B). Next, we measured the mRNA
expression of genes involved in ECM accumulation and liver
fibrosis like Fn1 and collagen type I (COL1A1, Col1a1). Although
the Fn1 level was almost unchanged before or after AO treatment
(Supplementary Figure S2A, left panel), the administration of
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AO significantly decreased the mRNA level of Col1a1 upon
HFSW feeding (Figure 2C). Subsequently, the most prominent
genes involved in lipid synthesis and metabolism such as Fasn

and key regulators of FAO (Ppara and Acox1) were also
determined after AO treatment. As depicted in Figure 2D and
Supplementary Figure S2A, right panel, AO didn’t affect the

FIGURE 1 | AO ameliorates hepatic steatosis in HFSW-fed mice. Mice were fed with chow diet or HFSW diet for 8 weeks and administered with different dosages
(5, 10, and 15 mg/kg) of AO by gavage fromWeek 5 (A) Schematic diagram of in vivo experimental design (B)Body weight and Body weight gain (C) Levels of serum ALT
and AST and fasting blood glucose (D) Representative images of epididymal fat and thoracoabdominal temperature (E) Hepatic TG and TC levels (F) Representative
images of H&E and oil red O staining. Scale bar � 100 μm. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, compared with control group; #p < 0.05, ##p <
0.01, compared with HFSW group (n � 6).
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Ppara and Fasn levels caused by HFSW but significantly elevated
the Acox1 level in the fatty liver. We next analyzed representative
proteins in pathways coordinating lipid homeostasis. PPARα
contributes to the transcriptional regulation of essential genes
involved in de nova fatty acid biosynthesis, including Srebp1 and
Fasn (Shen et al., 2020). As shown in Figure 2E and
Supplementary Figure S2B, the protein levels of PPARα and
ACOX1 were increased while FASN and the transformation of
uncleaved SREBP-1 into mature SREBP-1 were decreased in AO-
treated mice than their respective levels in HFSWmice, providing
the potential explanation for the increased FAO and liver
temperature after AO administration in Figure 1D. However,
the expression of carnitine palmitoyl transferase 1alpha (CPT1α,
Cpt1a), another important target responsible for mitochondrial
oxidation, was almost unchanged after AO treatment
(Supplementary Figure S2C). A series of other and our
studies recently reported the important role of AMPK played

in maintaining physiological functions and alleviating fatty liver,
which might attribute to the regulation of autophagy and lipid
metabolism (Zhao et al., 2020; Wu et al., 2021). As depicted in
Figure 2F and Supplementary Figure S2D, the phosphorylation
of AMPK was markedly increased after AO administration. We
also observed that AO resulted in a significant increase of LC3-II/
LC3-I and ATG5 levels and a decrease of p62 level in livers
compared with the HFSW group. These findings together with
those presented in Figure 1 supported that AO inhibited fatty
acid synthesis, promoted FAO and activated AMPK signaling and
autophagy in response to lipid challenge.

AO Alleviates Lipid Accumulation in
Fat-Overloaded MPHs
To further investigate lipid-lowering effects of AO on hepatocytes
and gain detailed insight into the working mechanisms, we

FIGURE 2 | AO improves lipid metabolism and activates autophagy pathway in HFSW-fedmice. Mice were treated with the samemethod as described in Figure 1.
Relative mRNA levels of (A) Ccl2 and Tgfb1, (B) Cyp7a1, (C) Col1a1 and (D) Ppara and Acox1 in liver tissues were determined by qPCR and normalized using Hprt1 as
an internal control. The protein levels of (E) PPARα, ACOX1, SREBP-1, mature SREBP-1, FASN, (F) p-AMPK, ATG5, LC3-II/LC3-I and p62 in the liver were determined
by western blot using β-ACTIN as a loading control. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, compared with control group; #p < 0.05, ##p < 0.01,
###p < 0.001, compared with HFSW group (n � 6).
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freshly isolated MPHs and further established an OAPA-induced
steatosis in vitro model to mimic the in vivo environment. Our
CCK-8 assay showed that AO had no obvious influence on MPH
cell viability even at 200 μM (Supplementary Figure S3A). As
shown in Figure 3A, the increased number and size of lipid
droplets in hepatocytes were observed after the OAPA insult,
which were distinctly and dose-dependently reversed by AO
treatment (from 12.5 to 50 μM). Therefore, doses below 50 μM
of AO were selected for the following in vitro assays. Next, the TG
contents in MPHs were measured with 11.2 times higher upon
OAPA treatment than the control group, while AO at all doses
markedly decreased intracellular TG contents (Figure 3B). As
illustrated in Figure 3C, AO maintained or enhanced the
expression of Ppara and Acox1 and significantly decreased the
mRNA levels of Fasn in fat-loaded hepatocytes. Again, the gene
expression of Cpt1a was not changed after AO treatment
(Supplementary Figure S3B). Additionally, we examined the
expression of targets involved in lipid metabolism at different
time points or doses and found that AO significantly induced the
activation of PPARα and ACOX1 after 1 h treatment and peaked

at 4 h and decreased the levels of mature SREBP-1 and FASN at
1 h (Figures 3D,E and Supplementary Figure S3C, D).
Furthermore, we determined the lipid-lowing effects of AO
with the presence of overloaded fat. As expected, the protein
level of lipid oxidation targets such as PPARα and ACOX1 were
prominently increased and a lipogenic target like SREBP-1
maturation was decreased in response to various
concentrations of AO when compared with the OAPA
treatment alone (Figure 3F and Supplementary Figure S3E).
Consistent with Figure 3E, AO also decreased the protein
expression of FASN even in the presence of OAPA. These
findings suggested that AO remarkedly inhibited lipid
accumulation in hepatocytes.

AO Rapidly Triggers Autophagy Flux in
Hepatocytes
After observing that AO inhibited the lipid accumulation in
MPHs, we further explored whether this lipid-lowing effect of
AO was related to autophagy activation and was consistent

FIGURE 3 | AO alleviates lipid accumulation in fat-overloaded MPHs. MPHs were incubated with OAPA (OA: 250 μM, PA: 500 μM) and treated with different
dosages (12.5, 25 and 50 μM) of AO for 24 h (A) Representative images of oil red O staining of MPHs (B) TG levels of MPHs (C) Relative mRNA levels of Ppara, Acox1
and Fasn in MPHs were determined by qPCR and normalized usingHprt1 as an internal control (D)MPHs were treated with AO (25 μM) at different time points (E and F)
MPHswere treated with different concentrations of AO for 24 h with or without OAPA (D, E and F) The protein levels of PPARα, ACOX1, SREBP-1, mature SREBP-
1 and FASN in MPHs were determined by western blot using β-ACTIN as a loading control. Statistical significance: *p < 0.05, ***p < 0.001, compared with control group;
#p < 0.05, ##p < 0.01, compared with OAPA group (n � 3).
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with our in vivo findings. To examine whether AO itself affects
the autophagic flux, we constructed an mRFP-GFP-LC3
reporter and transfected it into hepatocytes. As shown in
Figure 4A, co-fluorescence staining of autolysosomes (red
fluorescent puncta) and autophagosomes (yellow fluorescent
puncta) exhibited that the number of red fluorescent puncta
was sustainably increased by AO at 3 and 5 h, suggesting that

AO effectively promoted autophagy flux in hepatocytes. As
expected, AO significantly increased the mRNA levels of Atg5
and Atg7 in MPHs (Figure 4B). The oncogenic TFEB is
considered to be the most important regulator of the
transcription of genes responsible for the lysosomal-
autophagy pathway (Settembre et al., 2011). As shown in
Figure 4C, AO significantly increased the phosphorylation

FIGURE 4 | AO rapidly triggers autophagy flux in hepatocytes (A)MPHswere treated with AO (25 μM) for 3 and 5 h. Themean numbers of red puncta representing
autolysosomes were plotted (B) Relative mRNA levels of Atg5 and Atg7 in MPHs were determined by qPCR and normalized using Hprt1 as an internal control (C)MPHs
were treated with AO (25 μM) at different time points (D and E) MPHs were treated with different concentrations of AO with or without OAPA (C, D and E) The protein
levels of p-AMPK, p-ULK, p-mTOR, TFEB, ATG5, LC3-II/LC3-I and p62 in MPHs were determined by western blot using β-ACTIN as a loading control (F)
Schematic diagram that linked AO with the regulation of autophagy. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, compared with control group (n � 3).
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of AMPK and ULK at 0.5 h and peaked at 1 h, activated TFEB
at 1 h and decreased the phosphorylation of mTOR, a
downstream effector of AMPK, at 1 h and almost vanished
at 4 h. Moreover, AO significantly resulted in the increase of
LC3-II/I conversion and ATG5 and the decline of p62 in
hepatocytes (Figure 4C and Supplementary Figure S4A).
Consistent with the results above, the protein expressions
of p-AMPK, p-ULK, TFEB, ATG5 and LC3-II were
significantly increased while phosphorylated mTOR and
p62 were markedly downregulated by AO treatment at
different doses (Figure 4D and Supplementary Figure
S4B). Given the strong influence of AO itself on autophagy

activation, we next examined whether AO promoted
autophagy exposure to high amounts of fatty acids. As
depicted in Figure 4E and Supplementary Figure S4C,
interestingly, OAPA exposure resulted in a compensatory
increase of p-AMPK and TFEB but had no effect on ULK
and mTOR phosphorylation, which were significantly
enhanced by AO administration. As expected, AO
significantly promoted the expression of autophagy-related
proteins including ATG5 and LC3-II/LC3-I, while decreased
the level of p62 compared with the OAPA group. These results
suggested that AO rapidly triggered AMPK phosphorylation
and promoted the autophagic flux in hepatocytes (Figure 4F).

FIGURE 5 | AO alleviates lipid accumulation in hepatocytes by promoting AMPK-mediated protective autophagy (A) MPHs were pre-treated with CC (10 μM) for
1.5 h and then administrated with AO (25 μM) for another 2 h (B) After pretreatment with 3-MA (5 mM) or TRCDA (10 μM) for 1.5 h, MPHs were administrated with AO
(25 μM) for another 2 h (C and D) After pretreatment with 3-MA (5 mM) or TRCDA (10 μM) for 1.5 h, MPHs were administrated with AO (25 μM) for another 24 h with or
without OAPA treatment (E) After pre-treated with GW6471 (10 μM) for 1.5 h, MPHs were administrated with AO (25 μM) for another 2 h (A to E) The protein levels
of p-AMPK, p-ULK, p-mTOR, ATG5, LC3-II/LC3-I, p62 and PPARα, ACOX1, SREBP-1, mature SREBP-1 and FASN in MPHs were determined by western blot using β-
ACTIN as a loading control (F) The pathway of AO in regulating FFA catabolism and synthesis.
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AO Alleviates Lipid Accumulation in
Hepatocytes by Promoting AMPK-Mediated
Protective Autophagy
We next applied different inhibitors of autophagy- or lipid
metabolism-related targets and investigated their influences
on the lipid-lowering effects of AO in hepatocytes. Firstly, the
protein levels of p-AMPK and autophagy-related targets were
examined after AO treatment with or without the presence of
CC, a widely used AMPK inhibitor. In agreement with our
anticipation, CC markedly prevented AO-induced AMPK
phosphorylation, p-mTOR inhibition, PPARα induction
and autophagic activity, as evidenced by decreased levels of
ATG5, LC3-II and increased level of p62 (Figure 5A and
Supplementary Figure S5A). Given the decisive role of
AMPK in AO-induced autophagy activation, we next
examined whether 3-MA, a specific inhibitor that blocks
the formation of autophagosomes, had any effect on
AMPK, autophagy- and lipid metabolism-related targets
after AO treatment. As shown in Figure 5B and
Supplementary Figure S5B, without affecting the
phosphorylation of AMPK and ULK, 3-MA distinctly
inhibited AO-induced autophagy flux, as evidenced by
decreased LC3-II and ATG5 levels and increased p-mTOR
and p62 levels. We also applied TRCDA, an inhibitor of Acox1
and found that AO failed to induce ACOX1 expression but
still maintained the activation of phosphorylated AMPK and
its downstream autophagy-related pathways with the
presence of TRCDA (Figure 5B and Supplementary Figure
S5B). Under the exposure to OAPA, 3-MA still inhibited the
activation of autophagy caused by AO treatment, while
TRCDA had no obvious effect on AO-induced autophagy
activation, again, indicating that autophagy flux was triggered
prior to ACOX1 induction (Figure 5C and Supplementary
Figure S5C). After confirming that AO specifically activated
autophagy under both normal and lipid-overload conditions,
we next investigated whether the inhibition of autophagy had
any effect on the lipid-reducing effect of AO in MPHs. As
shown in Figure 5D and Supplementary Figure S5D,
pretreated with 3-MA significantly blocked AO-induced
upregulation of PPARα and ACOX1 and downregulation of
SREBP-1 maturation, but exerted no effect on FASN
expression. It was interesting to note that TRCDA slightly
decreased PPARα and reversed the declined FASN level
caused by AO, indicating complicated regulatory
relationships between ACOX1 and FASN in hepatocytes.
Both peroxisomal ACOX1 and mitochondrial CPT1α were
regulated by the activation of PPARα-PGC1α transcription
factor complex (Boeckmans et al., 2019). We then measured
the changes of lipid metabolism-related targets after AO
treatment with or without the presence of the PPARα
inhibitor, GW6471. In accordance with our hypothesis,
GW6471 significantly inhibited AO-induced upregulation
of PPARα, causing distinct upregulation of mature SREBP-
1 and FASN expression in hepatocytes (Figure 5E and
Supplementary Figure S5E). Collectively, these results
suggested that AO alleviated hepatic lipid accumulation

and promoted FAO by promoting AMPK-mediated
protective autophagy (Figure 5F).

Inhibition of ACOX1 Blunted AO-Mediated
Protective Effects Against Steatosis
We further focused on the common and paramount downstream
target ACOX1 and identified whether AO-induced
hepatoprotective effects depended on the ACOX1 activation.
Based on our preliminary experiments, long-term
administration of TRCDA (8 weeks) showed a better inhibitory
effect on hepatic ACOX1 than short-term intervention (4 weeks)
(data not shown). Therefore, mice were continuously treated with
TRCDA accompanied with HFSW diet for 8 weeks and were co-
administered with AO (10 mg/kg) during the last 4 weeks
(Figure 6A). Although AO significantly inhibited the increase
of body weight and weight gain induced by HFSW, TRCDA
significantly elevated the body weight even in the presence of
AO without affecting the amount of average calorie and water
intake (Figure 6B and Supplementary Figure S6A). Serum
biochemical examinations further showed that TRCDA
significantly impaired the hepatoprotective effect of AO on fatty
livers (Figure 6C). Moreover, the serum levels of TG and TC were
distinctly reduced after AO treatment when compared with the
HFSW group, which were significantly elevated by TRCDA
(Figure 6D). It was interesting to note that additional
administration of TRCDA obviously increased the weights of
epididymal white adipose tissue and liver temperature when
compared with the HFSW + AO group (Figure 6E).
Furthermore, results of H&E, Oil-red staining and gross images
of livers also showed that TRCDA remarkably increased the size
and number of AO-declined lipid droplets (Figure 6F and
Supplementary Figure S6B).

Inhibition of ACOX1 Blocks the
Lipid-Lowering Effect of AO via Disturbing
Lipid Metabolism
Previous studies reported that NAFLD mice caused by gene
variation were in a proinflammatory and fibrotic state,
accompanied by abnormal altered genes including ACOX1
(Dongiovanni et al., 2020). As shown in Figure 7A, B, and
Supplementary Figure S6C, AO distinctly decreased the
HFSW-induced levels of Ccl2, Tgfb1 and Col1a1 in livers,
while TRCDA administration markedly reversed these
changes and even increased the levels of Fn1 and Fasn to a
certain extent. We also noticed a significant elevation of the
mRNA expression of cyp7a1 in the HFSW + AO + TRCDA
group when compared with the HFSW +AO group (Figure 7C).
Considering the tight correlation between ACOX1 and PPARα,
we next investigated whether the inhibition of ACOX1 had any
influence on PPARα expression. As shown in Figure 7D,
TRCDA markedly increased Ppara expression while
decreased the level of Acox1 induced by AO. Furthermore,
the effects of ACOX1 inhibition on the autophagy signaling
and lipid homeostasis were also investigated. As performed in
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Figure 7E and Supplementary Figure S6D, without affecting
AMPK phosphorylation, TRCDA distinctly promoted AO-
induced autophagy activation, as evidenced by a higher level
of p-ULK, ATG5 and LC3-II/LC3-I and a lower level of
p-mTOR and p62 compared to HFSW + AO group. These
results indicated that the inhibition of ACOX1 not only didn’t

block the AO-induced autophagy activation but even enhanced
this process. In consistent with our results in vitro, TRCDA
significantly reversed AO-suppressed FASN expression and
SREBP-1 maturation in livers. Additionally, the expression of
PPARα was slightly decreased in the HFSW + AO + TRCDA
group when compared with the HFSW + AO group (Figure 7F

FIGURE 6 | Inhibition of ACOX1 suppressed AO-mediated protective effects against NAFLD. Mice were fed chow diet or HFSW diet for 8 weeks, and administered
with TRCDA (1 mg/kg) during the whole 8 weeks of HFSWdiet followed by administration with AO (10 mg/kg) fromWeek 5 (A) Schematic diagram of in vivo experimental
design (B) Body weight and Body weight gain (C) Serum ALT and AST levels (D) Serum TG and TC levels (E) Representative images of epididymal fat and
thoracoabdominal temperature (F) Representative images of H&E and oil red O staining. Scale bar � 100 μm. Statistical significance: *p < 0.05, **p < 0.01, ***p <
0.001, compared with control group; #p < 0.05, ##p < 0.01, compared with HFSW group; $p < 0.05, $$p < 0.01, compared with HFSW + AO group (n � 6).
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and Supplementary Figure S6E). Collectively, our study
provided critical evidence that the inhibition of ACOX1
aggravated HFSW-induced liver steatosis by promoting lipid
de novo synthesis and inhibiting lipid consumption even in the
case of autophagy activation (Figure 7G).

DISCUSSION

NAFLD affects about 20–30% of the adult population in
developed countries and is inevitably becoming the next major
health epidemic (Maya-Miles et al., 2021; Wegermann et al.,

FIGURE 7 | Inhibition of ACOX1 deteriorates the AO-ameliorated liver steatosis via accelerating liver inflammation and fibrosis and disturbing lipid metabolism.
Relative mRNA levels of (A) Ccl2 and Tgfb1, (B) Col1a1, (C) Cyp7a1, (D) Ppara and Acox1 in liver tissues were determined by qPCR and normalized using Hprt1 as an
internal control. The protein levels of (E) p-AMPK, p-ULK, p-mTOR, ATG5, LC3-II/LC3-I, p62, (F) PPARα, ACOX1, SREBP-1, mature SREBP-1 and FASN in the liver
were determined by western blot using β-ACTIN as a loading control, (G) Schematic diagram of the proposed mechanisms underlying the protective effects of AO
on autophagy and lipid accumulation during NAFLD. Statistical significance: **p < 0.01, compared with control group; #p < 0.05, ##p < 0.01, compared with HFSW
group; $p < 0.05, $$p < 0.01, $$$p < 0.001, compared with HFSW + AO group (n � 6).
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2021). Although a variety of therapeutic drugs curing NAFLD has
been proposed, almost all of them have failed in the clinical trial,
leading to an urgent requirement of novel therapeutic options.
Cassiae semen is a prestigious and traditional drug that has been
used for thousands of years in Asian history for treating various
cardiovascular or digestive diseases. In the current study, we
focused on AO, the main characteristic bioactive ingredient
isolated from Cassiae semen, and found that AO significantly
alleviated hepatic steatosis both in the HFSW-induced NAFLD
mouse model and OAPA-treated lipid accumulation in vitro
model, owing to the declined lipid de novo synthesis and
elevated lipid consumption. Mechanistically, AO significantly
activated the autophagy flux in hepatocytes through the
phosphorylation of AMPK and the following activation of
TFEB, which further improved the lipid metabolism by
promoting the expression of PPARα and ACOX1 and
inhibiting the maturation of SREBP-1 and downstream FASN
expression (Figure 7G).

With the development of in-depth study of pathogenesis on
NAFLD, the strong correlation between autophagy and hepatic
lipid metabolism has been emphasized. Autophagy is responsible
for the degradation of lipid droplets and critical for maintaining
cellular energy homeostasis. Previous studies reported that the
induction of hepatic autophagy effectively mitigated hepatic lipid
accumulation in obese mice (L. Yang et al., 2010). Meanwhile, the
increased production of unsaturated fatty acids was demonstrated
to activate autophagy in multiple cell types (O’Rourke et al., 2013;
Tu et al., 2014; B. Yang et al., 2020). In consistent with the in vitro
experiments of oleate-induced autophagy activation by other
studies (Singh et al., 2009), we found that HFSW feeding
promoted the activation of autophagy to some extent by a
compensatory mechanism. As shown in Figures 2, 4, AO
efficiently improved hepatic lipid metabolism accompanied by
increased autophagy flux and remarkable activation of
ATG5. Previous studies have demonstrated that ATG5 could be
activated under the phosphorylation of signal transducer
and activator of transcription 3 (STAT3), the acetylation of p21
activated kinase 1 (PAK1) and induced hypoxia-inducible factor
(Feng et al., 2021). Interestingly, we found that AO rapidly
promoted the phosphorylation of STAT3 in hepatocytes
(Supplementary Figure S7A). Therefore, we speculated that the
activation of ATG5 induced by AO might be attributed to STAT3
phosphorylation, but detailed mechanisms remain to be identified
in further studies. Furthermore, our results showed that AO
markedly increased the ratio of LC3II/LC3I and decreased the
level of p62. In addition, the function of AO on promoting
autophagy and ameliorating lipid metabolism was suppressed by
a classic early phase autophagy inhibitor, 3-MA. These data
suggested that AO might participate in the regulation of the
whole process of autophagy to modulate lipid metabolism and
serve as a potent autophagy activator.

AMPK, an evolutionarily conserved serine/threonine-protein
kinase, acts as an energy sensor and regulates a variety of
metabolic processes (Paquette et al., 2021). Previous studies
reported that AMPK directly promoted intracellular autophagy
by phosphorylating the essential autophagy-related proteins
including ULK and mTORC1 (Chen et al., 2020; Paquette et al.,

2021; Wirth et al., 2013), and mTORC1 inhibited the interaction
between AMPK and ULK1 (Loffler et al., 2011). In our study, we
demonstrated that AO markedly increased the phosphorylation of
AMPK and ULK and decreased the phosphorylation of mTOR
(Figures 2, 4). Additionally, CC markedly blocked AO-induced
upregulation of p-AMPK and p-ULK and downregulation of
p-mTOR (Figure 5A). It has been previously reported that
AMPK activated TFEB, a transcription factor that controls
lysosomal biogenesis, and promoted the formation of
autophagosomes (Settembre et al., 2011; Yoo et al., 2021). Here,
we observed a significant increased level of TFEB under the
challenges of various doses of AO in hepatocytes (Figure 4).
Furthermore, Park et al. found that TFEB activation attenuated
methionine choline-deficient diet-induced steatosis by increasing the
FAO-related genes including Ppara, Acox1 and Cpt1a (Park et al.,
2020). Although there was no obvious change on Cpt1a level after
AO treatment when compared with the control group, AOmarkedly
increased the expression of PPARα and ACOX1, accompanied with
increased TFEB level (Figure 3E). Taken together, our study
provided critical evidence that AO activated autophagy and
improved lipid metabolism by upregulating the expression of a
series of autophagy-related proteins including AMPK, mTORC1,
ULK as well as TFEB.

Previous studies reported that the induction of autophagy
contributed to PPARα activation by promoting the degradation
of NCoR1 (nuclear receptor co-repressor 1) (Saito et al., 2019).
Additionally, it has also been reported that activated PPARα
promoted the process of autophagy by up-regulating the
expression of autophagy-related genes (Yu et al., 2020). A
PPARα agonist, fenofibrate, was also found to activate AMPK
pathway and promote TFEB nuclear translocation (Yoo et al.,
2021). These findings suggest a complicated and interactive
relationship between autophagy and PPARα. Interestingly, our
results also identified that the inhibition of autophagy by 3-MA
completely blocked AO-induced PPARα activation (Figure 5). In
addition, previous studies have shown that AO increased the level
of PPARγ in white tissues to improve obesity and insulin resistance
(Guo et al., 2021), suggesting the potential activities of AO targeting
PPAR family proteins. Similarly, we found that PPAR inhibitor
GW6471 markedly eliminated AO-induced decreased level of
FASN and mature SREBP-1 (Figure 5E), indicating AO exerted
its lipid-lowering function in a PPARα-related manner.

ACOX1 has been well-characterized as the first step of
peroxisomal β-oxidation and is responsible for the shortening of
very long-chain fatty acids. Existing studies have suggested that the
regulation of ACOX1 was largely under the control of activated
PPARα (Misra and Reddy, 2014), while in the absence of ACOX1,
unmetabolized ACOX1 substrates were reported to cause sustained
activation of PPARα (Jia et al., 2014). Based on our in vivo and in vitro
results, AO markedly stimulated lipid consumption and attenuated
liver steatosis accompanied by the activation of PPARα and ACOX1
(Figures 2, 3). By using GW6471, we demonstrated that ACOX1
expression induced by AOwas likely dependent on PPARα signaling.
Whereas, enzymatic inhibition of ACOX1 by TRCDA slightly
decreased AO-induced PPARα expression (Figures 5, 7).
Meanwhile, the enhanced autophagy flux in response to ACOX1
inhibition was probably attributed to accumulated free fatty acids
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(Figure 7). Moreover, Anyuan He and his colleagues recently
reported that hepatic Acox1 deficiency markedly led to lowered
total cytosolic acetyl-CoA levels, resulting in impaired activation of
mTORC1 (He et al., 2020a; He et al., 2020b), providing another
explanation for enhanced autophagy after TRCDA administration.
Interestingly, it is worth noting that the expression of FASN was also
increased in liver-specific Acox1 knockout mice (He et al., 2020a),
which was also consistent with our finding in Figure 7F, again,
indicating the complex balance between lipid synthesis and lipid
consumption in fatty liver.

CONCLUSION

Insufficient therapeutic strategy for treating NAFLD remains a huge
challenge of human public health. In the current study, we
demonstrated that AO promoted autophagy flux and alleviated
liver steatosis in an HFSW-fed NAFLD mouse model and OAPA-
treated mouse primary hepatocytes by inducing the phosphorylation
of AMPK and TFEB, which subsequently increased the expression of
targets involved in lipid degradation and decreased the expression of
targets involved in lipid biosynthesis. The inhibition of autophagy or
genes responsible for lipid peroxidation markedly blocked AO-
induced lipid-lowering and hepatoprotective effects. As illustrated
in Figure 7G, our study not only provides insights into the
complicated mechanisms underlying the anti-steatosis activities of
AO but also offers vital evidence inspiring the development of AO
structure-based innovative drug candidates for the treatment of
NAFLD and related complications.
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Limonin, an AMPK Activator, Inhibits
Hepatic Lipid Accumulation in High Fat
Diet Fed Mice
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NAFLD is the most prevalent liver disease in human history. The treatment is still limited yet.
In the current study, we reported that limonin inhibited hepatic lipid accumulation and fatty
acid synthesis in HFD fed mice. Using AMPK inhibitor and AMPK deficient C. elegans, we
revealed the effect was dependent on the activation of AMPK. We found that limonin
activated AMPK through inhibition of cellular energy metabolism and increasing ADP:ATP
ratio. Furthermore, the treatment of limonin induced AMPK mediated suppression of the
transcriptional activity of SREBP1/2. Our study suggests that limonin may a promising
therapeutic agent for the treatment of NAFLD.

Keywords: limonin, AMPK, lipid accumulation, NAFLD, SREBP

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD), which is also called metabolic associated fatty liver
disease (MAFLD) (Eslam et al., 2020), is characterized by pathological accumulation of triglycerides
(TG) and other lipids in hepatocytes (Heeren and Scheja 2021; Ooi et al., 2021). It can progress to
nonalcoholic steatohepatitis (NASH) and fibrosis, which eventually lead to liver cirrhosis,
hepatocellular carcinoma. Although a variety of small molecule chemical drugs are undergoing
clinical trials (Zhu et al., 2021), the treatment for NAFLD is still limited.

AMP-activated protein kinase (AMPK) is a key metabolic regulator that senses energy status and
controls energy expenditure and storage, whose activation has been proposed to be therapeutically
beneficial for the treatment of NAFLD (Garcia et al., 2019; Zhao et al., 2020). AMPK is activated in
response to energy stress by sensing increases in AMP: ATP and ADP: ATP ratios and inhibited by
adenosine triphosphate (ATP) (Garcia and Shaw 2017). Liver specific AMPK knockout can aggravate
hepatic lipid accumulation, steatosis, inflammation, fibrosis and hepatocyte apoptosis (Garcia et al.,
2019; Zhao et al., 2020). Hepatic activation of AMPK by the synthetic polyphenol protects against
hepatic steatosis by suppressing sterol regulatory element binding protein 1 (SREBP1) activity (Li
et al., 2011). Activating AMPK also inhibit hepatic cholesterol synthesis by suppression of SREBP2
activity (Tang et al., 2016). Our previous study showed that activation of AMPK by flavonoids could
ameliorate hepatic steatosis in mice (Wang et al., 2020a).

Limonin (Figure 1A), a tetracyclic triterpenoid compound, is a secondary metabolite with high
biological activity in plants (Fan et al., 2019). It is abundant in many traditional Chinese medicines
and fruits (Fan et al., 2019). It has been recognized as one of the most beneficial and active
components of medicinal foods (Gu et al., 2019). In recent years, pharmacological investigations
have uncovered various bioactivities of limonin including anti-cancer (Chidambara Murthy et al.,
2021), anti-inflammatory (Yang et al., 2021), anti-oxidation (Yu et al., 2005) and liver protection
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activity (Yang et al., 2020). Limonin reduces LDL cholesterol in
HepG2 cells (Bhathena and Velasquez 2002) and regulates the
expression of genes related to lipid metabolism in mice (Fan et al.,
2019). However, the effect of limonin in hepatic lipid metabolism
and the mechanism is still unclear.

Here, we reported that limonin inhibited hepatic lipid
accumulation and fatty acid synthesis in HFD-induced mice.
Further mechanistic studies revealed that limonin suppressed the
transcriptional activity of SREBP1/2 by activating AMPK. In
general, our study reveals that limonin may a promising
therapeutic agent for the treatment of NAFLD.

MATERIALS AND METHODS

Materials
Limonin (Lim, CAS# 1,180-71-8, HPLC≥95%) was purchased
from TCI (Shanghai) Development Co., Ltd., China. Compound
C (#B3252) was purchased from ApexBio, United States.
Antibody sources are as follows: phospho-AMPKα (#2535,
Cell Signaling Technology), AMPKα (#5831, Cell Signaling
Technology), phospho-ACC (#3661, Cell Signaling
Technology), ACC (#3662, Cell Signaling Technology),
phospho-LKB1 (#3055, Cell Signaling Technology), LKB1

FIGURE 1 | Lim inhibits the increase of body weight, adipose weight and liver weight induced by HFD in mice. (A) The chemical structure of Lim. Its molecular
weight is 470.53. (B) The schematic diagram for HFD-induced fatty liver and Lim administration. C57BL/6 mice were fed either a chow diet as NCD or HFD for 10 weeks
to induce fatty liver. Mice were treated with daily oral doses of Lim (50 mg/kg) from the second week of HFD diet feeding. Water was gavaged as control. (C) Food intake
was calculated the average food intake of each mouse from the 2nd week to the 10th week. (D) Body weight curve. (E) Body weight gain. (F)Weight of epididymal
white adipose tissue and subcutaneous white adipose tissue. (G) Weight of liver. Data were expressed as the mean ± SD (n = 8). *p < 0.05, **p < 0.01; NS, no
significance.
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(#3050, Cell Signaling Technology), phospho-CAMKK2 (#12818,
Cell Signaling Technology), CAMKK2 (#16810, Cell Signaling
Technology), PP2A (#2038, Cell Signaling Technology), PP2C
(#3549, Cell Signaling Technology), phospho-TAK1 (#4508, Cell
Signaling Technology), TAK1 (#5206, Cell Signaling
Technology), SREBP1 (ab28481, Abcam), SERBP2 (ab30682,
Abcam), β-actin (#3700, Cell Signaling Technology).
Commercial kits used in measurement of plasma parameters
are as follows: triglyceride (TG), total cholesterol (TC) assay kits
were purchased from Dongou Diagnostics Co., Ltd., Zhejiang,
China; alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP), non-
esterified fatty acid (NEFA), high-density lipoprotein
cholesterol (HDL-C), and low-density lipoprotein cholesterol
(LDL-C) assay kits were purchased from Nanjing Jiancheng
Bioengineering Institute, China.

Animal Experiments
All animal experiments were approved by the Animal Care and
Use Committee of Zhejiang Chinese Medical University, where
the experiments were conducted. 32 C57BL/6 male mice (eight-
week-old), which were purchased from GemPharmatech Co.,
Ltd., Jiangsu, China (license number of animal production:
SYXK 2015-0001), were housed two per cage in a
temperature and humidity-controlled room with a 12:12 h
light/dark cycle. After 1 week of acclimation, the mice were
randomly separated into four groups: 1) NCD group: mice (n =
8) were orally administered with ultrapure water as control
vehicle and fed with 10% Kcal high-fat, 7% sucrose control diet
match D12492 (Research diet D12450J, Research Diet, NJ); 2)
NCD + Lim group: mice (n = 8) were orally administered with
limonin (Lim, 50 mg/kg/day) and fed with 10% Kcal high-fat,
7% sucrose control diet match D12492 (Research diet D12450J,
Research Diet, NJ); 3) HFD group: mice (n = 8) were orally
administered with ultrapure water as control vehicle and fed
with 60% Kcal high-fat diet (Research diet D12492, Research
Diet, NJ); 4) HFD + Lim group: mice (n = 8) were orally
administered with limonin (Lim, 50 mg/kg/day) and fed with
60% Kcal high-fat diet (Research diet D12492, Research Diet,
NJ). As described, the Lim administration started from the
second week and the experiment lasted for 10 weeks in total
(Figure 1B). Body weight and food intake were recorded weekly.
At the end of the study, the blood samples were collected and the
plasma parameters were detected using the indicated kits
according to the manufacturers’ instructions. The tissues
were dissected, weighed, immediately frozen in liquid
nitrogen and stored at −80°C.

Oral glucose tolerance tests and insulin
tolerance test
OGTT and ITT were conducted at 9 weeks of the experiment.
After fasting for 6 h, mice were oral D-glucose (2 g/kg) or i. p.
injected with insulin (0.75 U/kg). Blood glucose levels were
measured at 0, 30, 60, 90, and 120 min, which was measured
by tail vein using a standard glucometer (Johnson & Johnson,
United States).

Histology Examination
Mouse liver tissues were fixed in fixed in 4% v/v phosphate-
buffered formaldehyde, embedded in paraffin, sectioned, and
stained with hematoxylin and eosin (H&E) according to our
described previously (Bai et al., 2019; Wang et al. 2020a; Wang
et al. 2021a). Lipid droplets were visualized by Oil Red O
(Solarbio Life Science, China) staining. The NAFLD activity
score (NAS) and the intensity of Oil Red O analysis were also
based on the method according to our previous researches (Wang
et al., 2020a).

Cell Culture and Treatment
The mouse normal hepatic cell line AML12 (obtained from the
Shanghai Bank of Cell Lines) was routinely cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM/F-12) containing 10% fetal
bovine serum (FBS). Human hepatoma HepG2 cell line (obtained
from the Shanghai Bank of Cell Lines) was cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) containing 10% fetal bovine
serum (FBS). To establish a hepatic lipid accumulation model
using AML12 cells, we used 0.4 mM palmitic acid (PA) after
starving in serum-free DMEM for 24 h.

Immunofluorescence Staining
To visualize the expression and localization of SREBP1 and
SREBP2 in cells, AML12 cells were incubated with anti-
SREBP1 (1:100) or anti-SREBP2 (1:100) antibody at 4°C
overnight. Then the cells were stained by Alexa Fluor 488
secondary antibody for 1 h at room temperature. The
fluorescence was visualized by a SUNNY RX50 fluorescence
microscope. An average score of the immunofluorescence was
calculated as described previously (Wang et al. 2018; Wang et al.
2019).

C. elegans Strain and Treatment
Wild-type N2 C. elegans and aak-2 (ok524) Xmutant strains were
obtained from the Caenorhabditis Genetics Center. All worms
were fed on Escherichia coli OP50 lawn and raised at 20°C on
nematode growth medium (NGM) agar plates. The yielding eggs
were hatched in M9 buffer overnight at 20°C to obtain the age-
synchronized L1 worms. The synchronized populations were
further incubated on NGM plates which were pretreated with
100 μM Lim (dissolved in M9 buffer) for 6 days.

In vitro Lipid Accumulation
Lipid accumulation in hepatocytes or C. elegans was visualized by
Oil Red O staining or quantified by commercial kits (TC and TG),
according to the manufacturer’s instructions.

ADP/ATP Ratio Measurement
Cells were treated with different concentrations of limonin
dissolved in DMSO for 2 h. ADP/ATP ratio was measured by
ADP/ATP Ratio Assay Kit (#ab65313, Abcam, Burlingame, CA)
according to the manufacturer’s instruction.

Plasmids and Transfection
AMPK-DN was cloned from pMIGR-AMPK-KD (Addgene, Cat
#27296) into pcDNA-3xFlag plasmid. The fragment of AMPKγ2
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was cloned from pGEM-PRKAG2 (#HG16130-G, SinoBiological,
Beijing, China) and constructed into pLKO-puro FLAG plasmid.
Mutagenesis was performed using the Hieff Mut™ Site-Directed
Mutagenesis Kit (YEASEN, Shanghai, China) according to the
manufacturer’s instruction. The transfection was performed
using Lipofectamine 3000 reagent from Life Technologies
(Carlsbad, CA) according to our described previously (Wang
et al., 2021b).

Quantitative Reverse
Transcriptase-Polymerase Chain Reaction
Quantitative real-time PCR was performed as described
previously (Wang et al. 2020a; Wang et al. 2020b). In brief,
total RNA from tissue or cells were isolated with TRIzol (#DP424,
Tiangen Biotech Co. Ltd., Beijing, China). First-strand cDNAwas
synthesized from 1.5 μg of RNA using reverse transcriptase kits
(ThermoFisher Scientific, Waltham, MA) according to the
manufacturer’s instructions. After cDNA synthesis, the
expressions of indicated genes were estimated by real-time
PCR using the SGExcel FastSYBR Mixture (#B532955-0005,
Sangon Biotech Co., Ltd., Shanghai, China) on Roche
LightCyclerR 480 Quantitative PCR System (Indianapolis,
United States). The PCR results of GAPDH served as internal
controls. The primers used for PCR are listed in Table 1.

Immunoblotting
Immunoblotting was performed as described previously (Wang
et al., 2020a). In brief, liver tissue or cells were extracted with 1 ×
sodium dodecyl sulfate (SDS). A total of 25 μg protein was loaded
into a 10% SDS-PAGE gel and transferred onto a polyvinylidene
fluoride (PVDF) membrane. Primary antibodies were incubated
overnight, and the secondary antibodies (Cell Signaling
Technology, 1:3000) were added onto the membrane.
Immunoreactive bands were visualized using enhanced
chemiluminescence reagents (#180-501, Tanon Biotechnology,
Shanghai, China). Chemiluminescence was determined using
Tanon 4200SF system (Tanon Biotechnology, Shanghai, China).

Statistical Analysis
Data is presented as mean ± SD. Statistical analyses were performed
using GraphPad Prism 7.0 (GraphPad Software, La Jolla California
USA). Differences between the groups were analyzed using Student’s
t-test or one-way ANOVA followed by Dunnett’s multiple
comparisons test. Significance thresholds were p < 0.05.

RESULTS

Lim Ameliorates Metabolic Disorder in HFD
Fed Mice
To explore the effect of Lim on metabolic disorder, we built up
our animal model by feeding mice high fat diet (Figure 1B).
Firstly, we took thorough examination of metabolic parameters in
these mice. There was no difference in food intake between
control and Lim treated groups no matter what kind of diet
was fed (Figure 1C). We observed significant body weight loss in
Lim treated mice fed with HFD, and there was no obvious
difference in body weights in mice fed with chow diet with or
without Lim administration (Figures 1D,E). Lim reduced the
amount of epididymal and subcutaneous white adipose tissue in
HFD fed mice (Figure 1F). Moreover, Lim treatment improved
systematic insulin resistance and lowered serum lipids in HFD-
fed mice (Supplementary Figures S1, S2). Of note, the increasing
of liver weight induced by HFD feeding was also ameliorated by
Lim treatment (Figure 1G).

Lim Improves Liver Function in HFD Fed
Mice
Next, we focused on the effect of Lim on liver function under the
condition of HFD feeding. As shown in Figures 2A–C, Lim
significantly improved liver function in HFD fed mice revealed by
decreased levels of ALP, ALT and AST in serum. The pathologic
change of livers was determined by H&E staining and semi-
quantitative analysis. We found that Lim obviously ameliorated
hepatic steatosis and the infiltration of inflammatory cells in HFD
fed mice (Figures 2D,E).

Lim Reduces Hepatic Lipid Accumulation in
HFD Fed Mice
To further characterize the effect of Lim on hepatic lipid
accumulation, we evaluated the lipid content of mouse liver by
several approaches. We found that Lim treatment significantly
reduced the content of total cholesterol (TC) and triglyceride
(TG) in the livers of mice fed a high-fat diet (Figures 3A,B). The
amount of hepatic neutral lipids determined by Oil Red O
staining was also decreased in HFD induced mice after Lim
administration (Figures 3C,D). Furthermore, the mRNA
expression of genes associated with fatty acid synthesis (Fasn,
Scd1 and Acc1) and cholesterol synthesis (Hmgcr andHmgcs) was

TABLE 1 | The primers used in this study for real time PCR.

Description Sense primer (59→39) Antisense primer (59→39)

Fasn GGAGGTGGTGATAGCCGGTAT TGGGTAATCCATAGAGCCCAG
Scd1 TTCTTGCGATACACTCTGGTGC CGGGATTGAATGTTCTTGTCGT
Acc1 CTCCCGATTCATAATTGGGTCTG TCGACCTTGTTTTACTAGGTGC
Hmgcr TGACCTTTCTAGAGCGAGTGCAT CACGAGCTATATTTTCCCTTACTTCA
Hmgcs AGAGAGCGATGCAGGAAACTT AAGGATGCCCACATCTTTTGG
Gapdh TGAGGCCGGTGCTGAGTATGT CAGTCTTCTGGGTGGCAGTGAT
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down-regulated by Lim in the livers of HFD fed mice
(Figures 3E,F).

Lim Activates AMPK in vitro and in vivo
AMPK is a master regulator to keep metabolic balance in liver
tissue. Previous study reported that triterpenoids can activate
AMPK (Tan et al., 2008). Lim is the first tetranortriterpenoid
obtained from citrus bitter principles (Roy and Saraf 2006).
Therefore, we wondered if Lim could increase AMPK activity.
We found that HFD feeding inhibited AMPK phosphorylation in
mouse livers, while Lim treatment greatly enhanced AMPK
phosphorylation, especially in HFD mice. Meanwhile, the
phosphorylation of ACC, a well-known substate of AMPK,
was also increased by Lim under the condition of HFD
feeding (Figures 4A,B). To determine if the activation of
AMPK is a direct action of Lim on hepatocytes in the livers,

or due to its indirect effect on whole body metabolism, we treated
murine hepatic cell line AML12 with Lim in different
concentrations or time. As shown in Figures 4C,D, Lim
induced AMPK activation and ACC phosphorylation in a
dose- and time-dependent manner. To mimic HFD feeding
in vitro, we treated AML12 cells with palmitic acid (PA).
Similar with the observation in vivo, PA challenge decreased
the phosphorylation of both AMPK and ACC, while Lim
treatment re-elevated both of them in PA challenged cells
(Figures 4E,F).

Lim Ameliorates Lipid Accumulation via
AMPK Activation
To investigate whether the activation of AMPK is required for
the reductive effect of Lim on lipid accumulation, we

FIGURE 2 | Effects of Lim on liver function in HFD fed mice. (A) Serum ALP (Alkaline phosphatase) levels; (B) Serum ALT (Alanine Aminotransferase) levels; (C)
Serum AST (Aspartate Aminotransferase) levels. (D) The representative images of H&E staining in livers from each group. Scale bar = 300 μm. Black arrow denotes
macrovesicular steatosis; red arrow denotes hepatocellular ballooning; blue arrow denotes lobular inflammation. (E) Quantification of NAS (NAFLD activity score) based
on 3 histologic features (steatosis 0-3, inflammation 0-3, hepatocellular ballooning 0–2) in H&E-stained liver sections. Data were expressed as the mean ± SD (n =
8). *p < 0.05, **p < 0.01.
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suppressed AMPK activity in vitro by Dorsomorphin
(Compound C) or the expression of AMPK dominant
negative plasmid. As shown in Figure 5A and
Supplementary Figure S3, Lim significantly lowered PA
induced lipid accumulation in AML12 cells, while
Compound C almost completely abolished the effect.
Similar with the result from Oil Red O staining, the
measurement of TG and TC also showed that the
administration of Compound C reversed Lim induced
decrease of intracellular lipids (Figure 5B). In addition,
Inhibition of AMPK activity by the expression of dominant

negative AMPK plasmid also greatly reversed the repressive
effect of Lim on lipid accumulation (Figures 5C,D).

Lim Suppresses Fat Accumulation in
Caenorhabditis elegans Through AMPK
To further confirm AMPK activation is also necessary to Lim
induced reduction of lipid accumulation in vivo, we used genetic
model from Caenorhabditis elegans. Lim administration reduced
the amount of lipid droplets in N2 worms determined by Oil Red
O staining and TC/TG measurement. In aak-2 worms, knockout

FIGURE 3 | Lim suppresses HFD-induced hepatic lipid accumulation in mice. (A)Hepatic TC levels. (B)Hepatic TG levels. (C) The representative images of Oil Red
O staining in livers from each group. Scale bar = 300 μm. (D) The quantification of Oil Red O-stained areas was shown. Data were expressed as the mean ± SD (n = 8).
ThemRNA levels of genes related to fatty acid synthesis (E) and cholesterol synthesis (F)were determined by real-time PCR. Data were expressed as themean ± SD (n =
5). *p < 0.05, **p < 0.01.
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of AMPK completely abrogated Lim induced suppression of fat
accumulation (Figures 6A–C).

Lim Activates AMPK Through Inhibition of
ATP Generation
Next, we tried to find out how Lim activated AMPK. The
phosphorylation of Thr172 and the binding of AMP are
considered as two major ways to activate AMPK (Herzig and
Shaw, 2018). There are several alternative upstream activators
and negative regulators in mammals for the regulation of AMPK
activity (Jian et al., 2020). We found that neither the upstream
kinases, including liver kinase B1 (LKB1), calcium/calmodulin-
dependent protein kinase 2 (CAMKK2), and transforming
growth factor β activated kinase 1 (TAK1), nor the negative
regulators such as protein phosphatase 2A (PP2A) and PP2C

were significantly affected by Lim treatment (Figure 7A). To
determine whether AMPK activation by Lim was AMP
dependent, we performed the assay firstly introduced by
Simon A. Hawley on Cell Metabolism (Hawley et al., 2010). As
shown in Figures 7B,C, Lim induced AMPK activation and ACC
phosphorylation in a dose-manner in WT but not in RG cells,
suggesting Lim treatment inhibited ATP production. Indeed, Lim
significantly increased ADP/ATP ratio measured by
bioluminescent assay kit in parental 293T cells (Figure 7D).

Lim Suppresses the Transcriptional Activity
of SREBP1/2 Through AMPK
Since the expression of fatty acid and cholesterol synthesis genes
were down-regulated by Lim in the livers of HFD fed mice, we
wondered whether Lim inhibited the expression of these genes by

FIGURE 4 | Lim increases AMPK activity in vitro and in vivo. (A) The protein level of phospho-AMPK, AMPK, phospho-ACC and ACC in livers of HFD-induced mice
were assessed by Western blot analysis. (C) Lim increased AMPK activity in a dose and time-dependent manner in AML12 cells. (E) The AML12 cells were treated with
DMSO, 0.4 mMpalmitic acid (PA), 0.4 mM PA + 50 μMLim or 0.4 mM PA+ 100 μMLim for 16 h respectively, after starving in serum-free DMEM for 24 h. The amount of
phospho-AMPK, AMPK, phospho-ACC and ACCwas determined byWestern blotting. (B,D,F) The intensity of bands for phospho-AMPK and phospho-ACCwas
normalized to total AMPK and ACC, respectively. Data were expressed as the mean ± SD (n = 3). *p < 0.05, **p < 0.01.
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FIGURE 5 | The role of AMPK in Lim derived reduction of lipid accumulation in hepatocytes. (A) The AML12 cells were treated with 0.4 mM PA, 0.4 mM PA +
100 μM Lim or 0.4 mM PA + 100 μM Lim +1 μM Comp C for 16 h respectively, after starving in serum-free DMEM for 24 h. The representative images of Oil Red O
staining in cells. Scale bar = 300 μm. (B) The AML12 cells were treated with DMSO, 0.4 mM PA, 0.4 mM PA + 100 μMLim or 0.4 mM PA + 100 μMLim +1 μMCompC
for 16 h respectively, after starving in serum-free DMEM for 24 h. The intracellular levels of TG and TC were determined by a colorimetric enzymatic assay. (C,D)
Dominant negative AMPK expressing plasmid (AMPK-DN) was introduced into AML12 before treatment with PA and Lim. The lipid-lowering effect of Lim was abolished
by AMPK-DN in AML12 cells treated with PA, as revealed by Oil Red O staining and the measurement of intracellular TG and TC. Data were expressed as the mean ± SD
(n = 3). *p < 0.05, **p < 0.01.

FIGURE 6 | The inhibition of fat deposition by Lim in Caenorhabditis elegans requires AMPK. N2 (wild-type) and aak-2 (AMPK knockout) worms were treated with
or without Lim (100 μM) for 7 days. (A) The representative images of Oil Red O staining in worms. Scale bar = 300 μm. (B,C) The TC and TG levels in worms were
determined by a colorimetric enzymatic assay. Data were expressed as the mean ± SD (n = 6). **p < 0.01; NS, no significance.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 13 | Article 8337058

Wang et al. Limonin Inhibits Hepatic Lipid Accumulation

29

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


FIGURE 7 | The activation of AMPK by Lim was adenine nucleotide dependent. HepG2 cells were treated with different concentrations of Lim for 4 h. (A) The
abundance or activation of protein kinases and phosphatases upstream of AMPK were examined by Western blotting. (B) HepG2 cells were transduced with wild-type
(WT) or R531G (RG) AMPKγ2 before Lim treatment. The activation of AMPK and the phosphorylation of ACC were examined by Western blotting. (C) The intensity of
bands for phospho-AMPK and phospho-ACC was normalized to total AMPK and ACC, respectively. (D) Lim increased the intracellular ratio of ADP and ATP in
HepG2. Data were expressed as the mean ± SD (n = 3). **p < 0.01.

FIGURE 8 | Lim inhibits the transcriptional activity of SREBP1 and SREBP2 through AMPK in hepatocytes. The AML12 cells were treated with DMSO, 0.4 mM
palmitic acid (PA), 0.4 mM PA + 100 μM Lim or 0.4 mM PA + 100 μM Lim +1 μM Comp C for 16 h respectively, after starving in serum-free DMEM for 24 h (A,B) The
representative images of SREBP1 and SREBP2 immunofluorescent staining in cells. Scale bar = 300 μm. (C) Quantification of the fluorescent intensity of SREBP1 and
SREBP2 in the nuclei relative to that of the cytoplasm. (D,E) The mRNA levels of Fasn, Acc1 andHmgcr,Hmgcs genes were evaluated using RT-PCR. Values were
expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01.
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activating AMPK. To test our hypothesis, we determined the
intracellular localization of SREBP1c and SREBP2, two most
crucial transcriptional factors for lipid metabolism gene
expression, after PA induction. As shown in Figures 8A,B, PA
induced nuclear translocation of SREBP1c and SREBP2, while
Lim treatment decreased the gathering of these two proteins in
nuclei. Inhibition of AMPK by Compound C enhanced the
nuclear translocation of SREBP1c and SREBP2 in Lim treated
hepatocytes (Figures 8A–C). In addition, we examined the
expression of downstream targets of SREBP1c and SREBP2.
The administration of Compound C significantly re-elevated
the expression of Fasn and Acc1 regulated by SREBP1c, and
the expression of Hmgcr and Hmgcs regulated by SREBP2 in Lim
treated AML12 cells (Figures 8D,E).

DISCUSSION

Here, we identify, for the first time, that limonin inhibits
hepatic lipid accumulation in HFD fed mice via the
activation of AMPK. Limonoids are highly oxygenated
triterpenoid compounds. Limonin, nomilin and obacunone
are the major limonoids in Citrus (Gualdani et al., 2016). In
2011, Eri Ono’s publication stated that nomilin and obacunone
can activate TGR5, a bile acid membrane receptor (Ono et al.,
2011). The activation of TGR5 by bile acids increases energy
expenditure and attenuates diet-induced obesity in mice
(Thomas et al., 2009). Eri Ono suggested that the anti-
obesity and anti-hyperglycemic effects by nomilin was
through activating TGR5. Furthermore, they pointed out
that limonin was not a TGR5 agonist (Ono et al., 2011).
Despite some studies demonstrated the effect of limonin on
reducing inflammation and oxidative stress, few reported the
function of limonin in the regulation of glucose and lipid
metabolism, as its incapability of activating TGR5. The current
study uncovered the significant role of limonin in metabolic
regulation. During our previous studies, we investigated the
effects of several active compounds in the citrus aurantium on
NAFLD (Bai et al., 2019; Wang et al. 2020a; Wang et al. 2021a).
Using cell based system, we screened natural products with
regulatory effect on AMPK activity. We found that limonin
can activate AMPK in vivo and in vitro. As we known, there has
been no report on the activation of AMPK by limonin so far.
The key regulatory roles of AMPK on glucose and lipid
homeostasis further support observation that limonin can
effectively ameliorate metabolic disorders including NAFLD.

A wide variety of drugs and xenobiotics has been found to
activate AMPK, for example, antidiabetic drugs like
metformin, phenformin and thiazolidinediones, and natural
products derived from traditional medicines or foods such as
berberine, quercetin, resveratrol and epigallocatechin gallate
(Hawley et al., 2010). However, the underlying mechanisms
by which AMPK is activated are remain unclear in many cases.
Adenine nucleotides are compartmentalized between the
mitochondria and cytoplasm and their diffusion is limited,
they may not be uniformly distributed within the cytoplasm.
The AMPK is extremely sensitive to small changes in AMP.

Subtle changes in subcellular nucleotides that may not be
detectable by measuring total cellular levels would be enough
to influence the activity of AMPK. The measurement of
cellular contents of AMP and ADP in cell extracts will lose
the information of their effects of compartmentation.
Therefore, while an agent like metformin may activate
AMPK without producing a detectable change in AMP, this
does not prove the effect is AMP independent (Hawley et al.,
2010). To determine whether or not activation of AMPK by
different agents was AMP dependent, Simon A. Hawley et al.
(2010) developed a test. The mutation of AMPKγ2 subunit,
R531G, causes a severe loss of binding by AMP and ATP, thus
generating an AMP-insensitive AMPK complex. They
expressed wild-type or R531G mutant γ2 subunit in cells to
replace the endogenous γ1 subunit in the assay. This method
was widely adopted by later researches, and was carried out in
our current study. We used oligomycin and A769662 as
positive controls to validate the effectiveness of the test
(Supplementary Figure S4). Using this system, we found
that Lim activated AMPK through inhibition of cellular
energy metabolism and increasing ADP: ATP ratio.
However, more investigation is needed in future to
elaborate whether Lim increased AMPK activity through
initiating/inhibiting membrane receptor associated signal
pathways, uncoupling the respiratory oxidation and ATP
generation in the mitochondria, or interfering glycolysis.

At the beginning of the current study, we examined the changes of
systemic metabolism in mice with or without limonin treatment.
Although the remission of liver pathological changes is the focus of
our attention, it is obvious that limonin has a significant impact on
systemic metabolic indicators, including body weight, body fat, blood
sugar, blood lipids and insulin sensitivity. These indicators are
affected by diverse organs such as liver, adipose tissue, skeletal
muscle as well as other factors like neuroendocrine and intestinal
flora. Conversely, changes in these indicators also affect themetabolic
status of liver, adipose tissue, skeletal muscle and other organs.
Through cell based assays in vitro, we determined that limonin
had a direct effect on hepatic cells. Even though, we can’t rule out the
possibility that limonin relieved hepatic steatosis and inflammation in
mice induced by high-fat diet through its joint action on the liver and
other tissues such as adipose tissue. In the body, limoninmay first act
on the liver, and affect the metabolism of adipose tissue through
secretory factors like hepatokines, thereby improving systemic
metabolism. It may also act directly on adipose tissue, lowering
blood lipids, thereby alleviating hepatic steatosis. This effect
superimposed with its direct effect on the liver, resulting in the
overall influence we observed. These speculations warrant more
investigations in future.

CONCLUSION

In summary, we found that limonin activated AMPK in
hepatocytes and attenuated hepatic lipid accumulation. These
findings suggest limonin as potential therapeutics for MAFLD
and warrant more detailed investigation for its underlying
mechanisms in future.
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Nonalcoholic fatty liver disease (NAFLD), ranging from simple steatosis to nonalcoholic
steatohepatitis (NASH), is a liver disease worldwide without approved therapeutic drugs.
Anti-inflammatory and hepatoprotective drug bicyclol and multi-pharmacological active
drug berberine, respectively, have shown beneficial effects on NAFLD in murine nutritional
models and patients, though the therapeutic mechanisms remain to be illustrated. Here,
we investigated the combined effects of bicyclol and berberine on mouse steatosis
induced by Western diet (WD), and NASH induced by WD/CCl4. The combined use of
these was rather safe and better reduced the levels of transaminase in serum and
triglycerides and cholesterol in the liver than their respective monotherapy,
accompanied with more significantly attenuating hepatic inflammation, steatosis, and
ballooning in mice with steatosis and NASH. The combined therapy also significantly
inhibited fibrogenesis, characterized by the decreased hepatic collagen deposition and
fibrotic surface. As per mechanism, bicyclol enhanced lipolysis and β-oxidation through
restoring the p62-Nrf2-CES2 signaling axis and p62-Nrf2-PPARα signaling axis,
respectively, while berberine suppressed de novo lipogenesis through downregulating
the expression of acetyl-CoA carboxylase and fatty acid synthetase, along with enrichment
of lipid metabolism-related Bacteroidaceae (family) and Bacteroides (genus). Of note, the
combined use of bicyclol and berberine did not influence each other but enhanced the
overall therapeutic role in the amelioration of NAFLD.Conclusion: Combined use of bicyclol
and berberine might be a new available strategy to treat NAFLD.

Keywords: nonalcoholic fatty liver disease, bicyclol, berberine, combination, lipid metabolism, gut microbiota

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD), a common liver disease affecting a quarter of the world’s
population, includes nonalcoholic fatty liver (NAFL) characterized by mere excessive lipid
accumulation in the liver and nonalcoholic steatohepatitis (NASH), characterized by
inflammation and/or fibrosis and even cirrhosis (Eslam et al., 2020; Huang et al., 2021). NAFLD
is recently referred to as metabolic-associated fatty liver disease (MAFLD), which also includes
extrahepatic complications, such as obesity, type 2 diabetes, and cardiovascular and cardiac diseases
(Eslam et al., 2020; Liu et al., 2020). Abnormality of hepatic lipid metabolism, including lipogenesis,
lipolysis, and fatty acid β-oxidation, links with the occurrence of progressive NAFLD. Lipogenesis is a
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FIGURE 1 | Combination of bicyclol (Bic) and berberine (BBR) exerts better preventive effects in mice with NAFL induced by Western diet. Male C57BL/6J mice
were treated by free feeding withWestern diet (WD) orWDmingled with bicyclol or/and berberine (A). The average food intake during the whole experiment (B) and body
weight at week 16 (C)were recorded. At week 16, ALT (D) and AST (E) in serumwere detected, and TG (F) and CHO (G) in the liver weremeasured. Liver histopathology
was evaluated using H&E and ORO staining (H) and quantified with NAS score criteria (I). Results were presented as mean ± SD. n = 5 for each group, *p < 0.05
and **p < 0.01, WD-induced model group vs. the control group; #p < 0.05 and ##p < 0.01 vs. the WD-induced model group or monotherapy group.
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normal synthesis of triglycerides (TG) and fatty acids from acetyl
coenzyme A (acetyl-CoA). During the de novo lipogenesis, acetyl-
CoA is carboxylated to malonyl-CoA by the rate-limiting enzyme
acetyl-CoA carboxylase (ACC) and subsequently converted by a
multi-step reaction into long-chain fatty acid by fatty acid
synthase (FAS) (Mashima et al., 2009; Gathercole et al., 2011),
while excessive synthesis of TG is one of the main causative
factors for NAFLD (Alves-Bezerra and Cohen, 2017). Conversely,
lipolysis is a normal breakdown process of TG to form fatty acids
and glycerol and abnormal lipolysis is another mechanism for
NAFLD. Apart from classical proteins related with lipolysis, such
as adipose triglyceride lipase (ATGL) and hormone-sensitive
lipase (HSL), carboxylesterase 2 (CES2) is recently discovered
as an efficient diglyceride, monoglyceride, and triglyceride
hydrolase, which plays a causal role in the development of

obesity and fatty liver diseases in human and murine (Li et al.,
2016; Chalhoub et al., 2021). Hepatic mitochondrial β-oxidation
is a major pathway for the catabolism of fatty acids, which is
mainly regulated by peroxisome proliferator-activated receptor α
(PPARα) and subsequent regulated expression of targeted genes
(Wan et al., 2020). Consequently, the abnormal hepatic lipid
metabolism is involved in sustained inflammation response and
liver injury, further leading to the progression of NAFLD (Dong
et al., 2021; Orabi et al., 2021). Apart from the aberrant hepatic
lipid metabolism, gut microbiome-mediated alteration of
immunity, inflammation, and metabolism are also involved in
the regulation of NAFLD (He et al., 2021).

Currently, no specific drug has been approved to treat
NAFLD, though several candidate drugs with different
mechanisms of action have been tested in clinical trials

FIGURE 2 |Combination of bicyclol and berberine demonstrates better therapeutic effects on NASH inmice induced byWD/CCl4. Male C57BL/6Jmice were freely
fed with Western diet plus intraperitoneal injection of 0.2 ml/kg CCl4 (WD/CCl4) once per week for 4 weeks (A). Liver steatosis was performed with H&E staining at week
4 (B). Then the mice were continuously treated with WD/CCl4 or WD/CCl4 plus drug for 8 weeks. The body weight (C) was recorded. ALT (D) and AST (E) in serum and
TG (F) and CHO (G) in the liver were measured. Liver histopathology was evaluated using H&E, ORO, andMasson’s trichrome staining (H) and quantified with NAS
score criteria (I) and fibrotic surface (J). Results were presented as mean ± SD. n = 5–9 for each group, *p < 0.05 and **p < 0.01, WD/CCl4-induced model group vs. the
control group; #p < 0.05 and ##p < 0.01 vs. the WD/CCl4-induced model group or monotherapy group.
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(Brown et al., 2021), which target different pathophysiological
pathways towards NAFLD, such as metabolic targets,
inflammatory pathways, liver-gut axis, and antifibrotic targets.

Because NAFLD is a multisystem disease with intricate
pathological mechanisms, the therapeutic effect with a single
agent is generally unsatisfactory (Huang et al., 2020; Brown et al.,

FIGURE 2 | (Continued).
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2021; Zhu et al., 2021). Therefore, the combination of drugs with
different mechanisms might provide potential opportunities to
enhance the overall efficacy, and several clinical trials have been
carried out to validate this conception (Dufour et al., 2020;
Kessoku et al., 2020). Natural products were widely reported
for the therapy of liver diseases (Li et al., 2019). Bicyclol, a
synthetic compound that originated from the Chinese
traditional herb Schisandra chinensis, is an approved drug for
alleviating liver injuries accompanied by elevated transaminases
caused by various etiologies, such as viruses, drugs, alcohol,
chemicals, and immunogens (Liu, 2009; Li et al., 2018a; Li
et al., 2018b). A few studies reported the therapeutic efficacy
of bicyclol for NAFLD in clinic (Li et al., 2020) and in animal
models (Zhao et al., 2021), though more data are needed to show
its clinical benefits and the detailed mechanisms. Berberine, an

approved antibacterial agent derived from a wide variety of
Chinese traditional herbs, such as Coptis chinensis and
Berberis vulgaris (Kong et al., 2020), has beneficial effects on
NAFLD through diverse mechanisms, including the increase of
insulin sensitivity, regulation of adenosine monophosphate-
activated protein kinase (AMPK) pathway, improvement of
mitochondrial function, and regulation of the gut
microenvironment (Zhu et al., 2016; Wang et al., 2020).
Therefore, considering current mono-therapeutic evidence of
bicyclol and berberine and their distinguished mechanisms
against NAFLD, we proposed a new potential strategy of their
combined use to treat NAFLD. In this study, we demonstrated
that the combination of bicyclol and berberine exerted better
preventive and therapeutic effects than monotherapy for NAFLD
inmice induced byWestern diet (WD) orWD/CCl4. The detailed

FIGURE 3 | Bicyclol with or without berberine enhances the lipolysis and β-oxidation through p62-Nrf2-CES2/PPARα axis. Male C57BL/6J mice were freely fed
withWD orWD plus bicyclol and/or berberine for 16 weeks (A,C), or inducedwithWD/CCl4 for 4 weeks and then treated with drugs for 8 weeks (B,D). The protein levels
of PPARα, CES2, Nrf2, p62, CD36, FABP1, ATGL, HSL, ACSL1, and ACSL5 were detected with Western blot and quantified using a Gel-Pro analyzer. Results were
presented asmean ± SD, and a representative band was shown. n = 5–9 for each group, *p < 0.05 and **p < 0.01, themodel group vs. control group; #p < 0.05 and
##p < 0.01 vs. the model group. PPARα, proliferator-activated receptor α; CES2, carboxylesterase 2; Nrf2, NF-E2-related factor 2; p62, ubiquitin-binding protein p62;
CD36, cluster determinant 36; FABP1, fatty acid binding protein 1; ATGL, adipose triglyceride lipase; HSL, hormone-sensitive lipase; ACSL, acyl-CoA synthetase long
chain family member.
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mechanisms are involved in the enhancement of lipolysis and β-
oxidation by bicyclol, and suppression of lipogenesis by
berberine, along with its regulation of the gut microbiome.
Our study provided a new strategy for the treatment of
NAFLD with the combined use of bicyclol and berberine.

MATERIALS AND METHODS

Chemicals and Reagents
Bicyclol was from Beijing Union Pharmaceutical Company
(Beijing, China) with a purity of over 99%. Berberine was
purchased from InnoChem (Beijing, China) with a purity of
over 97%. The purified low-fat, low-cholesterol diets (LFLC,
LAD0011), Western diet (WD, TP26300122, contains 21.1%
fat, 41% sucrose, 1.25% cholesterol), and WD mingled with
low or high doses of bicyclol and berberine, and their
reciprocal combination was produced by Trophic Animal Feed
High-Tech Co., Ltd, China. D-fructose (Sigma, F0127), D-glucose
(Sigma, G8270), and CCl4 (Tianjin Fuchen Chemical Reagent
Factory) were used in the experiments. Assay kit for alanine
aminotransferase (ALT, C009-2), aspartate transaminase (AST,
C010-2), triglyceride (TG, A110-1), and cholesterol (CHO, A111-
1) were from Nanjing Jiancheng Biotechnology Co., Ltd, China.
Oleic acid (OA, O1008); palmitic acid (PA, P0500), bovine serum
albumin (BSA, B2064), and Nile Red (N3013) were from Sigma-
Aldrich. Methyl thiazolyl tetrazolium (MTT, M8180), phosphate
buffer solution (PBS, P1020), and trypsin (G2161) were from
Beijing Solarbio Science & Technology Co., Ltd.

Animal Experiments
Male C57BL/6J mice (25–27 g) were from SPF (Beijing)
Biotechnology Co., Ltd. and housed in a 12-h light/dark
standard light cycle with free access to water and food. After
7 days of acclimation, mice were allocated for the preventive and
therapeutic experiments. For the preventive experiment, mice

were randomly divided into 10 groups, with 5 mice in each group.
Mice in the drug-treated experimental group were fed with WD
orWDmingled with low or high doses of bicyclol, berberine, and
their reciprocal combination for 16 weeks. The low and high
doses of bicyclol and/or berberine in diet were equivalently 50
and 200 mg/kg/day by gavage in mice. In parallel, high sugar
drinking water with 23.1 g/L D-fructose and 18.9 g/L D-glucose
were fed to the experimental group while mice in control were
provided with an LFLC diet and regular drinking water. Food
intake and body weight were recorded every week. In the
therapeutic experiment, WD/CCl4 (WD plus intraperitoneally
injection of CCl4 at the dose of 0.2 ml/kg in corn oil once per
week) was used to induce mouse NASH. After 4 weeks of
induction by WD/CCl4, mice were divided into 10 groups (five
to nine mice in each group) and fed with the corresponding diet
and water as conducted in the preventive experiment for another
8 weeks. At the end of the experiments, animals were fasted for
6 h, and then blood samples were collected. For liver biochemistry
and subsequent mechanism study, intralobular pieces of liver
were quickly frozen in liquid nitrogen and then stored at −80°C.
For histological analyses, liver slices were fixed with 4%
paraformaldehyde (Servicebio, #G1101).

Biochemical Analysis
The blood samples were centrifuged at 2,500 g for 10 min, and the
serum was collected. Serum levels of ALT and AST were detected
using commercial assay kits. For analyses of liver biochemistry,
mouse liver was homogenized, and the levels of hepatic TG and
CHO were measured using assay kits according to the
manufacturer’s instructions.

Histological Analysis
The fixed liver tissues were conducted using hematoxylin and
eosin (H&E) staining for evaluating liver inflammation, steatosis,
and ballooning. The NAFLD classifications were assessed by two
experts blindly according to the NAFLD activity score (NAS)

FIGURE 4 | Berberine with or without bicyclol suppresses de novo lipogenesis by inhibiting the protein expression of ACC and FAS. Male C57BL/6J mice were
freely fed with WD or WD plus bicyclol and/or berberine for 16 weeks (A), or induced with WD/CCl4 for 4 weeks and then treated with drugs for 8 weeks (B). The protein
expressions of ACC and FAS were detected and quantified. Results were presented as mean ± SD, and a representative band was shown. n = 5–9 for each group, *p <
0.05 and **p < 0.01, the model group vs. control group; #p < 0.05 and ##p < 0.01 vs. the model group. ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase.
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criteria, which is a composite semi-quantitative score for steatosis
(0–3), lobular inflammation (0–2), hepatocellular ballooning
(0–2), and fibrosis (0–4) (Kleiner et al., 2005). The presence of
steatosis was further confirmed with Oil Red O (ORO) staining in
frozen sections using a standard protocol. Fibrosis was qualifiedly
assessed using Masson’s Trichrome staining in paraffin-
embedded sections, and ImageJ software was used to quantify
the percentage of fibrosis surface in six fields of Masson’s
Trichrome staining sections of each mouse.

Cell Treatment and Cytotoxicity Assay
HepG2 cells were maintained in 5% CO2 at 37°C and cultured in
Minimum Essential Medium (Gibico, C11095500) with 10% fetal

bovine serum, 100 IU/ml penicillin and 100 mg/ml streptomycin
(Gibico, 15140122). HepG2 cells were plated in a 96-well plate at
the concentration of 3 × 104/cm2. The cell viability was detected
with an MTT assay after 0.1 mM free fatty acid (FFA, OA:PA = 2:
1) and drug treatment for 24 h, and the data were calculated as
described before (Zou et al., 2021).

Nile Red Staining Assay
The cell-specific climbing slides were placed in 24-well plates and
coated with rat tail collagen for 15 min. After being washed with
PBS, 1 × 105 cells/well HepG2 were seeded and incubated at 37°C
and 5% CO2 for 24 h. The cells were induced with 0.1 mM FFA
and simultaneously treated with 2 μM berberine, 2 μM bicyclol,

FIGURE 5 | Berberine but not bicyclol modulates the composition of gut microbiota in WD/CCl4-induced NASH mice. A total of 25 male C57BL/6J mice fecal
samples with five in each representative group were collected and analyzed using 16S rRNA gene sequencing. (A) The alpha diversity of each group was obtained using
the Shannon index. (B–C) The beta diversity among samples was obtained using the unweighted UniFrac diversity distance (B) and PCoA (C) of gut microbiota. (D–E)
The relative abundance of bacteria at family (D) and genus (E) level. (F) Representative histogram of the most abundant gut microbiota at the family and genus level.
(G) Prediction of lipid metabolism-related microbiome function based on KEGG database. *p < 0.05, **p < 0.01 vs. the control group; #p < 0.05, ##p < 0.01 vs. the WD/
CCl4 group. N, Control; M, WD/CCl4; B, WD/CCl4+BBR(200 mg/kg); D, WD/CCl4+Bic(200 mg/kg); G, WD/CCl4+BBR(200 mg/kg)+Bic(200 mg/kg).
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or their combinations. After 24 h of treatment, the cells were
washed with PBS and fixed with 3% paraformaldehyde for
10 min, followed by washing with PBS. Next, 0.5% Triton X-
100 (Beyotime Biotechnology, ST795) was added for 15 min for
membrane permeabilization and then washed with PBS twice.
Nile Red solution at 10 μM concentration was incubated for
10 min. After being washed with PBS, the slides were sealed
by mounting medium supplied with DAPI staining solution and
dried in the dark. The images were acquired using Zeiss Axio
observer X-cite series 120 microscope (Zeiss, Jena, Germany) at
the magnification of ×63. The quantification of lipid droplets was
performed using Image-Pro Plus 6.0.

Western Blot
Liver homogenates or cell lysates were prepared in a protein
extraction reagent (Thermo Scientific, 78510) with protease and
phosphatase inhibitor cocktail (Targetmol, C0001 and C0004). The
protein concentration was determined using BCA protein assay kit
(Thermo Scientific, #23225) according to the manufacturer’s
manual. Western blot was performed as previously described
(Cheng et al., 2016; Huang et al., 2019). Briefly, 20–80 μg of
proteins were separated by 10% SDS-PAGE and transferred to
PVDFmembranes. Membranes were blockedwith 5% fat-free milk
and incubated overnight at 4°C with antibodies against β-actin
(CST, 3700S), CES2 (Abcam, ab215042), CES2 (Sangon Biotech,
D263440), PPARα (HUABIO, EM1707-71), PPARα (Santa Cruz,
sc-398394), Nrf2 (HUABIO, ER1706-41), p62 (HUABIO,
EM0704), ACC (HUABIO, ET1609-77), FAS (HUABIO, R1706-
8), ATGL (HUABIO, RT1058), HSL (CST, #4107), ACSL5
(HUABIO, ER60809), ACSL1 (HUABIO, ER60807), CD36

(Abcam, ab133625), and FABP1 (HUABIO, EM170403). The
PVDF band was then incubated with the corresponding HRP-
conjugated secondary antibody, and the signal of the target
proteins was detected with ECL chemiluminescence detection
kit (Vazyme, #E412) using the ChemiDoc MP imaging system
(Bio-Rad). Signal intensity was scanned with Gel-Pro analyzer, and
a ratio of the protein of interest to the internal control protein Actin
was calculated and normalized as 1.00 for the control group.

Intestinal Microbiological Analysis
Five representative groups in the therapeutic experiment were
selected to perform gut microbiological analysis, and a total of 25
mice fecal samples with five in each group were collected and
subsequently analyzed using 16S rRNA gene sequencing by
Oebiotech (Shanghai, China). Briefly, genomic DNA was
isolated from samples using the DNeasy PowerSoil Kit
(QIAGEN) and amplified using specific sequences of primers for
the V3-V4 region of 16S rRNA (343F-5ʹ TACGGRAGGCAGCAG
3ʹ and 798R-5ʹAGGGTATCTAATCCT 3ʹ). The amplified products
were checked by 1% agarose gel electrophoresis and purified using
AMPure XP beads (Agencourt), and then amplified in another
round of PCR as described above. The final amplicon was quantified
using the Qubit quantification system (Life Technologies) and
purified again. Equal amounts of purified amplicon were pooled
for subsequent sequencing using the Illumina MiSeq System
(Illumina Inc., San Diego, CA, USA). For bioinformatics analysis,
the obtained raw FASTQ sequencing files were preprocessed using
the QIIME software (version 1.8.0). Clean reads were subjected to
primer sequence removal and clustering to generate operational
taxonomic units (OTUs) using the Vsearch software (version 2.4.2)

FIGURE 5 | (Continued).
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with 97% similarity cutoff. Based on the rarefied OTU counts, the
community structure, the alpha diversity (presented as Chao index),
and beta diversity [presented as unweighted UniFrac distances and
principal coordinate analysis (PCoA)] were analyzed to plot the
similarity or difference in the composition of the sample community.
Functional inference associated with lipid metabolism was identified
using Kyoto Encyclopedia of Gene andGenomes (KEGG) pathways.

Statistical Analyses
The data were presented as mean ± standard deviation (SD) and
representative figures. Statistical analysis was performed using
SPSS17.0 or GraphPad Prism 8 and analyzed by Student’s t-test or
analysis of variance (ANOVA) followed by
Student–Newman–Keuls (SNK) post hoc tests. Kruskal–Wallis
H test and Mann-Whitney U test were used for the

nonparametric test. The value of statistical significance was set
as *p < 0.05 or **p < 0.01.

RESULTS

Combination of Bicyclol and Berberine
Exerts Better Preventive Effects in Mice
With NAFL Induced by Western Diet
To analyze the combined therapeutic effect of bicyclol and
berberine, we first evaluated their preventive efficacy in a
murine nutritional model of NAFL. Briefly, C57BL/6J mice
were treated with WD or WD mingled with low/high dose of
bicyclol and/or berberine by free feeding for 16 weeks, and the

FIGURE 6 | Combined use of bicyclol and berberine decreases lipid accumulation via regulating lipid metabolism-related gene expression in FFA-induced HepG2
cells. HepG2 cells were induced by 0.1 mM FFA and simultaneously treated for 24 h with 2 μM berberine, 2 μM bicyclol, or their combinations. The cells were assayed
with an MTT method to show the cytotoxicity (A), or carried out Nile Red staining to show LDs (B) and the level of LDs in cells were quantified using Image-Pro Plus
6.0 (C). Total proteins were extracted and detected with Western blot (D). n ≥ 3, **p < 0.01, the model group vs. control group; #p < 0.05 and ##p < 0.01 vs. the
model group or the monotherapy group. FFA, free fatty acid; LDs, lipid droplets; PPARα, proliferator-activated receptor α; CES2, carboxylesterase 2; ACC, acetyl-CoA
carboxylase; FAS, fatty acid synthase.
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low-fat, low-cholesterol (LFLC) diet was set as normal diet
control (Figure 1A). There were no toxic phenotypes (data
not shown) and no significant difference in average food
intake during the whole experiment among the WD-induced
group and drug-treated groups, though the mice treated withWD
decreased the food intake when compared with normal diet
control (Figure 1B). Treatment with WD slightly increased
the body weight of mice, while it was decreased after
monotherapy and combination administration (Figure 1C).
ALT and AST in serum and TG and CHO in the liver were
notably ascended after WD induction (Figures 1D–G),
suggesting that hepatic lipid accumulation induced by
excessive nutrition was associated with impaired liver function.
In contrast, all the biochemical indicators were decreased after
bicyclol and berberine treatment, especially their combined
treatment (Figures 1D–G). These results demonstrated that
the combined use of bicyclol and berberine might possess
better biochemical prevention of WD-induced liver injury and
steatosis without significant toxicity.

Pathologically, treatment of WD induced a pale and rough
appearance of the liver, while bicyclol or berberine mono-
treatment ameliorated the liver appearance, and the combined
use of these improved it more significantly at both low and high
doses (Figure 1H, Liver). H&E and ORO staining of the livers
treated with WD exhibited histopathological lesions with early
liver disease, paralleled with significant hepatic inflammation,
steatosis, and ballooning, while monotherapy with bicyclol or
berberine significantly alleviated the histopathological lesions and

the combined treatment exhibited better pharmacologic effect
(Figure 1H, H&E and ORO staining). The effects were also
confirmed by quantitation with the NAS score criterion
(Figure 1I). Therefore, the combined use of bicyclol and
berberine presented more superior preventive effects in a
murine nutritional model of NAFL than individual treatment,
which agrees with our putative strategy, though the dose-
dependent efficacy of the two drugs was less than ideal.

Combination of Bicyclol and Berberine
Demonstrates Better Therapeutic Effects
on NASH Induced byWestern Diet Plus CCl4
Given the preferable preventive effect against hepatic steatosis by
the combination of bicyclol and berberine, we further investigated
their therapeutic effects on steatohepatitis (Figure 2A). C57BL/6J
mice were freely fed with WD and intraperitoneally injected with
0.2 ml/kg CCl4 once per week for 4 weeks to induce hepatic
steatosis (Figure 2B). Then, the mice were continuously
treated with WD/CCl4 or plus low/high dose of bicyclol or/
and berberine for 8 weeks. LFLC diets plus corn oil injection
were conducted as normal control. There was no significant
difference in body weight among the groups at week 12
(Figure 2C). However, ALT and AST in serum, and TG and
CHO in the liver were significantly elevated by the introduction of
WD/CCl4 (Figures 2D–G). Bicyclol or berberine monotherapy
showed efficacy to reduce these biochemical indicators, and the
combined treatment of bicyclol and berberine reversed their

FIGURE 7 | Schematic diagram of the therapeutic mechanism of combined use of bicyclol and berberine against NAFLD. Bicyclol enhanced lipolysis through p62-
Nrf2-CES2 signaling axis and improved β-oxidation through p62-Nrf2-PPARα signaling axis, while berberine suppressed the de novo lipogenesis by inhibiting protein
expressions of ACC and FAS, along with the regulation of lipid metabolisms via the gut microbiota, and thus co-facilitating to ameliorate the occurrence and progress of
NAFLD. The green arrow shows a stimulatory effect, the red flathead shows an inhibitory effect.
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elevations, with an overall tendency of more excellent potency
than monotherapy (Figures 2D–G). Histopathological results
further confirmed that mice were progressed to NASH
induced by WD/CCl4, showing aberrant liver appearance,
hepatic inflammation, steatosis, ballooning, and collagen
deposition (Figure 2H). Bicyclol or berberine monotherapy
showed a high beneficial effect to alleviate the pathological
outcomes, and the combined therapy was more effective than
monotherapy (Figure 2H), which was further verified by
quantification of NAS score (Figure 2I) and fibrotic surface
(Figure 2J). Therefore, based on the available results,
combined therapy with bicyclol and berberine appears more
effective than monotherapy in the treatment of NASH.

Bicyclol With or Without Berberine
Enhances Lipolysis and β-Oxidation
Through p62-Nrf2-CES2/PPARα Signaling
Axis
Based on their respective therapeutic roles in clinic and the
better improvement of NAFLD by combination of bicyclol and
berberine in our animal experiments, we speculated that they
might alleviate NAFLD through different mechanisms.
Therefore, we first detected the expression of some potential
lipid metabolism-related proteins in the high-dose and the
combined groups which generally possessed the most
significant pharmacologic effects (Figure 1, 2). Among
these potential targets, PPARα, a key nuclear receptor that
promotes β-oxidation, was markedly decreased in both WD-
induced steatosis mice (Figure 3A) and WD/CCl4-induced
NASH mice (Figure 3B), while bicyclol with or without
berberine increased its expression. In contrast, compared
with WD-induced steatosis and WD/CCl4-induced NASH
model groups, berberine alone did not change the protein
expression of PPARα, and it also did not disturb the effect of
bicyclol (Figures 3A, B), suggesting that the enhancement of
PPARα-mediated β-oxidation is exclusively the mechanism of
bicyclol. Similarly, CES2 was downregulated in the two model
groups, while bicyclol but not berberine reversed its expression
(Figures 3A, B). As the promoting roles for lipolysis by CES2
has been well illustrated (Li et al., 2016; Chalhoub et al., 2021),
we thus speculate that bicyclol could also enhance the lipolysis
process. Of note, PPARα and CES2 were downstream targets of
p62-Nrf2 signaling (Zhang et al., 2012; Baker et al., 2015; Tao
et al., 2021). Our results further verified the protein
expressions of p62 and Nrf2 were reduced significantly in
WD- and WD/CCl4-induced model groups, while bicyclol
but not berberine increased their expressions (Figures 3A,
B). However, in WD- and WD/CCl4-induced mouse models,
the levels of free fatty acid uptake-related proteins CD36 and
FABP1, lipolysis-related proteins ATGL and HSL, and β-
oxidation-related proteins ACSL1 and ACSL5 were not
changed significantly and were not altered by the treatment
of bicyclol, berberine, and their combination (Figures 3C, D).
Therefore, these results showed that promoting for lipolysis
through inhibiting the p62-Nrf2-CES2 signaling axis and
enhancing for β-oxidation through increasing p62-Nrf2-

PPARα signaling axis are the mechanisms of bicyclol but
not berberine to alleviate NAFLD.

Berberine With or Without Bicyclol
Suppresses the de Novo Lipogenesis by
Inhibiting Hepatic ACC and FAS
Expressions
ACC catalyzes the fatty acid synthesis related carboxylation of
acetyl-CoA to malonyl-CoA, and FAS catalyzes the synthesis of
long-chain saturated fatty acids (Mashima et al., 2009; Gathercole
et al., 2011), which are involved in de novo syntheses of TG and
subsequent occurrence and progress of NAFLD (Alves-Bezerra
and Cohen, 2017). Compared with the normal control group,
ACC and FAS levels in the liver were increased after WD
induction, while berberine but not bicyclol reversed the high
expressions of ACC and FAS (Figure 4A), suggesting that WD
promoted the de novo lipogenesis and berberine suppressed this
process. Additionally, bicyclol did not disturb the inhibitory role
of berberine on the expressions of ACC and FAS when combined
with berberine (Figure 4A). Similar results were also
demonstrated in the therapeutic experiment induced by WD/
CCl4 (Figure 4B). However, berberine did not change other lipid
metabolism-related protein expression, such as CD36, FABP1,
ATGL, HSL, ACSL1, and ACSL5 in WD- and WD/CCl4-induced
mice (Figures 3C, D). Therefore, the inhibition of de novo
lipogenesis through downregulating the expressions of ACC
and FAS might be at least one of the mechanisms for
berberine to alleviate NAFLD, which is distinguished from
that of bicyclol, and finally co-contribute to the enhancement
of therapeutic effect against NAFLD when combined with
berberine and bicyclol.

Berberine But Not Bicyclol Modulates the
Composition of Gut Microbiota
Because berberine might also possess physiological functions via
regulation of gut microbiota, to further analyze the different roles
of berberine and bicyclol in the treatment of NAFLD, the NASH
mice induced by WD/CCl4 at the end of the experiment were
carried out to analyze the diversity and evenness of gut
microbiota. The results showed that the Shannon index was
significantly lower in the WD/CCl4 group than in the control
group; berberine but not bicyclol treatment further changed the
index and bicyclol also did not affect the role of berberine, as
presented in the combined treatment group (Figure 5A). Next,
compared with the model group, the unweighted UniFrac
distances (Figure 5B) and PCoA plot (Figure 5C) showed a
shift in the overall gut microbiota in the berberine or combination
group, while the bicyclol monotherapy group showed no obvious
changes, suggesting their combined alleviation for NAFLD might
partially derive from the gut microbiota regulation role of
berberine.

Then, the composition of microbial community was further
analyzed. Results showed that WD/CCl4 treatment led to
moderate changes of community structure at the levels of
bacteria family (Figure 5D) and genus (Figure 5E). Compared
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with the model group, the gut microbiota changed significantly in
the berberine and combination groups, while bicyclol almost did
not affect the structure (Figures 5D, E). Bacteroidaceae (family)
and Bacteroides (genus) were reported to be associated with
beneficial effects for improving biochemical parameters and
hepatic fat fraction (Lang et al., 2020; Jobira et al., 2021). In
our study, among the top 15 changed gut microbiota by the
treatment of berberine, the ratio of Bacteroidaceae (family) and
Bacteroides (genus) accounts for the most abundant, and they
were significantly increased after berberine but not bicyclol
treatment (Figure 5F). The correlation of microbial
community with lipid metabolism was also predicted through
the KEGG databases, and berberine but not bicyclol significantly
changed the abundance of lipid metabolism-related microbial
community (Figure 5G). Overall, these results suggested that
berberine might also alleviate NASH partially through regulating
the lipid metabolisms via gut microbiota, while bicyclol almost
had no effect on them and also did not disturb the effect of
berberine during their combination in the NASH model.

Combined Use of Bicyclol and Berberine
Decreases Lipid Accumulation via
Regulating Lipid Metabolism-Related Gene
Expression in FFA-Induced HepG2 Cells
To further verify the superior lipid-lowering effects and the
mechanisms of action after combination of bicyclol and
berberine, we established an FFA-induced lipid accumulation
model in HepG2 cells. The MTT assay showed that 0.1 mM FFA
and 2 μM bicyclol and/or berberine treatment had no obvious
cytotoxicity on HepG2 cells (Figure 6A). Highly accumulated
lipid droplets (LDs) in hepatocytes were observed by Nile Red
staining after FFA induction, while the contents of LDs were
dramatically reversed by berberine or bicyclol treatment, with
more significant effects than their respective monotherapy after
combination (Figure 6B). The effects were validated by the
quantification of LDs (Figure 6C). The protein levels of
PPARα and CES2 were slightly decreased by FFA induced-
treatment but reversed by bicyclol with or without berberine
(Figure 6D). In contrast, the protein expressions of ACC and FAS
induced by FFA were decreased by berberine with or without
bicyclol (Figure 6D). The results are consistent with the findings
in mice models (Figures 3, 4), suggesting that the combined use
of bicyclol and berberine preferably alleviates lipid accumulation
via upregulating PPARα and CES2 expressions by bicyclol and
downregulating ACC and FAS expressions by berberine.

DISCUSSION

NAFLD is a multisystem disease with comprehensive causative
mechanisms and therefore refers to MAFLD (Eslam et al., 2020;
Liu et al., 2020). Candidate drugs underlying clinical trials with
single-mechanism of action were generally unsatisfied (Brown
et al., 2021). In this study, we demonstrated that combined use of
bicyclol and berberine exerted better preventive effects in WD-
induced mouse steatosis and also presented superior therapeutic

results in WD/CCl4-induced mouse NASH. The combination of
bicyclol and berberine also showed better lipid-lowering effects in
FFA-induced HepG2 cells. Mechanism study showed that
bicyclol enhanced the lipolysis and β-oxidation through the
p62-Nrf2-CES2/PPARα axis, while berberine suppressed the
lipogenesis-related protein expressions of ACC and FAS, along
with regulation of lipid metabolisms via gut microbiota
(Figure 7). Importantly, co-treatment with them did not
influence the pharmacologic roles of each other but enhanced
the overall efficacy on NAFLD. The results validated our putative
therapeutic strategy of combined use of bicyclol and berberine to
treat NAFLD in the future as they have been approved,
respectively, to use in clinic.

The early stage of NAFLD is mainly characterized by excessive
lipid deposition in the liver, while the advanced stage of NAFLD
is generally accompanied by fibrosis. In this study, we applied the
Western diet (high in fat, sugar, and cholesterol) to mimic the
diets in the real world, which might lead to a higher incidence of
NAFLD (Lytle and Jump, 2016; Tsuchida et al., 2018). To assess
the safety and preventive effect of the combined use of bicyclol
and berberine, we first used a mild to moderate NAFLD mouse
model induced by 16 weeks of intake of WD. Results showed that
the combined use of the two drugs is rather safe, which is
consistent with previous respective preclinical and clinical
studies (Liu, 2009; Lan et al., 2015; Li et al., 2020). Of note,
mouse body weight was slightly decreased after drug treatment
compared with the WD-induced model group, though food
intake was no difference. The slightly decreased body weight
also predicted their pharmacological effects, which were present
in the reduced indicators of lipid deposition (Figure 1). The
combined effect in the WD/CCl4-induced NASHmouse model is
similar to that in the preventive experiment (Figure 2), suggesting
the potential application in the preventive and therapeutic
treatment of NAFLD. Overall fibrosis state most likely
progresses to hepatocellular carcinoma (HCC), and the
combined use of bicyclol and berberine showed efficacy on the
decrease of the NAS score after induction by WD/CCl4 for
12 weeks (Figure 2). Furthermore, bicyclol and berberine are,
respectively, effective on HCC caused by various etiological
factors (Sun et al., 2012; Xu et al., 2019). Therefore, the
combined use might also be beneficial for the treatment of
NAFLD-related HCC.

We previously carried out a meta-analysis study and
demonstrated that bicyclol monotherapy could improve liver
function and dyslipidemia in patients with NAFLD (Li et al.,
2020), though the conclusion needs to be further verified with
more well-designed and implemented studies, and the related
mechanism study is limited. Yu et al. found that bicyclol
protected against tetracycline-induced fatty liver mainly
through ameliorating mitochondrial function and modulating
the disturbance of PPARα-related genes (Yu et al., 2009). In
contrast, Yao et al. reported that the anti-apoptosis associated
with ER stress in this model might be the mechanism for bicyclol
to attenuate fatty liver (Yao et al., 2016). Recently, bicyclol was
reported to alleviate HFD-induced NAFLD through its anti-
inflammatory mechanism (Zhao et al., 2021). Our results
showed that the expression of lipolysis-related protein CES2
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was decreased in WD or WD/CCl4-induced mice, and bicyclol
reversed CES2 expression to improve NAFLD, which is
consistent with the fact that CES2 is reduced in high fat diet-
induced obese mice, diabetic db/db mice, and NASH patients,
while the liver disease was alleviated after CES2 was restored (Li
et al., 2016; Xu et al., 2021). Therefore, bicyclol might be
contributory to its protective roles in NAFLD via restoring
CES2. Meanwhile, bicyclol also enhanced the PPARα-mediated
β-oxidation, and this role was also verified by previous report (Yu
et al., 2009). Generally, CES2 was independent of the expression
of PPARα (Wen et al., 2019), while all of them could be regulated
by the pleiotropic transcription factor Nrf2 (Zhang et al., 2012;
Baker et al., 2015; Tao et al., 2021). Nrf2 induced the downstream
PPARα expression and was regulated by its upstream increased
p62 to connect with Keap1 (Zhang et al., 2012; Baker et al., 2015;
Lee et al., 2020; Tao et al., 2021). In our study, p62 and Nrf2 were
decreased in WD- and WD/CCl4 treated mice and reversed by
bicyclol (Figure 3). Altogether, the preventive and therapeutic
role of bicyclol in NAFLD is related with the restoration of p62-
Nrf2-CES2/PPARα signaling axis.

In contrast, the effects and mechanisms of berberine on
NAFLD were well documented in various models, which were
related to the increase of insulin sensitivity, regulation of the
AMPK pathway, improvement of mitochondrial function,
alleviation of oxidative stress, stabilization of LDLR mRNA,
and regulation of gut microenvironment (Zhu et al., 2016). In
this study, we verified the marked inhibition for critical fatty acid
biosynthesis-related enzymes ACC and FAS in the NAFLD
mouse models (Figure 4), which was consistent with the
results in HepG2 cells directly treated with berberine (Cao
et al., 2013). Encouragingly, ACC and FAS inhibitors were
processed into clinical trials for treatment of patients with
NAFLD (Loomba et al., 2018; Syed-Abdul et al., 2020).
Consistent with the effects in animal experiments, the lipid-
lowering effects and regulation for the key lipid-metabolism
associated gene expressions of PPARα, CES2 by bicyclol and
ACC, and FAS by berberine were verified in FFA-treated HepG2
(Figure 6). On the other hand, berberine possessed antimicrobial
activity in clinic, and evidence indicated that the regulation for
the gut microenvironment by berberine partially accounts for the
improved NAFLD condition. For example, berberine increased
protective bacteria like Bifidobacteria and decreased Gram-
negative bacteria like Escherichia coli, which resulted in
decrease of LPS release, TLR4/TNF-α activation, and insulin
resistance (Liu et al., 2018). Berberine also enriched the short-
chain fatty acid-producing bacteria and reduction of microbial
diversity, which contribute to the treatment for high-fat diet-
induced obesity in rats (Zhang et al., 2015). In this study, we also
observed significant changes of gut microbiota after treatment by
berberine but not bicyclol (Figure 5), and the most abundant
microbiota are the lipid metabolism-related Bacteroidaceae
(family) and Bacteroides (genus) in the berberine-treated
groups (Figure 5F). We speculated that the increase of
Bacteroidaceae (family) and Bacteroides (genus) might account
for the beneficial role of berberine for NAFLD, because they were
positively associated with a higher serum high-density
lipoprotein (HDL) and lower levels of ALT, gamma-glutamyl-

transferase (GGT), and ferritin (Lang et al., 2020) and negatively
correlated with high hepatic fat fraction in patients with NAFLD
(Jobira et al., 2021).

In summary, we first proposed a new available strategy of
combined use of bicyclol and berberine to treat NAFLD. The
better overall effect on NAFLD is related to the enhancement of
lipolysis and β-oxidation by bicyclol via restoring the p62-Nrf2-
CES2/PPARα signaling axis and suppression of lipogenesis by
berberine via downregulating ACC and FAS, along with the
enrichment of lipid metabolism-related Bacteroidaceae (family)
and Bacteroides (genus) by berberine. Notably, the combined use
of bicyclol and berberine does not influence the pharmacological
roles of each other but enhances the amelioration effect for
NAFLD, which predicts it to be a new available strategy to
treat NAFLD.
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Engineered Bacteria EcN-MT Alleviate
Liver Injury in Cadmium-ExposedMice
via its Probiotics Characteristics and
Expressing of Metallothionein
Changwei Zou1†, Ying Chen1†, Hongyu Li2, Wenyu Li2, Jin Wei3, Ziyan Li1, Xinliang Wang1,
Tingtao Chen3* and Hong Huang1*

1Key Laboratory of Poyang Lake Environment and Resource Utilization, School of Resources Environmental and Chemical
Engineering, Ministry of Education, Nanchang University, Nanchang, China, 2Queen Mary School, Nanchang University,
Nanchang, China, 3National Engineering Research Center for Bioengineering Drugs and the Technologies, Institute of
Translational Medicine, Nanchang University, Nanchang, China

Cadmium (Cd) exposure is a widespread problem in many parts of the world, but effective
means to treat Cd exposure is still lacking. Hence, an engineered strain expressing
metallothionein (MT) named Escherichia coli Nissle 1917 (EcN)-MT was constructed, and
its potential in the treatment of Cd exposure was evaluated. The in vitro studies showed
that metallothionein expressed by EcN-MT could significantly bind Cd. Further, the in vivo
results indicated that EcN-MT strain could reduce 26.3% Cd in the liver and increase
24.7% Cd in the feces, which greatly decreased malondialdehyde (MDA) levels and
increased catalase (CAT), glutathione (GSH), and superoxide dismutase (SOD) levels in
liver, and reduced the expression of toll-like receptor4 (TLR4), nuclear factor-κB (NF-κB),
the myeloid differentiation factor 88 (Myd88) andincreased B-cell lymphoma 2 (Bcl-2)/Bcl-
2-Associated X (Bax). Moreover, high throughput sequencing results indicated that EcN-
MT strain greatly enhanced the beneficial bacteria of Ruminococcaceae, Lactobacillaceae,
Akkermansia, Muribaculaceae, Lachnospiraceae, Dubosiella and restored the disturbed
microbial ecology to the normal level. Therefore, the high Cd binding capacity of the
expressed metallothionein, together with the beneficial characteristics of the host bacteria
EcN, makes EcN-MT a sound reagent for the treatment of subchronic Cd exposure-
induced liver injury.

Keywords: cadmium, EcN-MT, metallothionein, inflammation, oxidative stress, intestinal microbiota

INTRODUCTION

Heavy metal pollution is the pollution caused by the entry of some biotoxic metals and metalloids
and their compounds into the environment, which causes widespread concern due to its high
toxicity, difficulty in being degraded, biomagnification and bioaccumulation along the food chain
(Ali et al., 2019). It is reported that in China alone, contamination by cadmium (Cd), arsenic and lead
has led to an annual loss of about 20 billion RMB in agricultural production and about 12 million
tons of contaminated food (Clemens et al., 2013). Contaminated food and water are major sources of
heavy metal exposure for non-occupational populations. Studies have shown that heavy metal
exposure has toxic effects on liver, kidney, neurological, cardiovascular, and pulmonary fibrosis
diseases (Hyder et al., 2013; Wang et al., 2021). In particular, Cd pollution is one of the most serious
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heavy metal pollutions in China, and with the development of
industry, it is expected that the risk of Cd exposure to human
health will further increase in the next decade (Baba et al., 2013;
Xu et al., 2021).

Currently, the two main types of methods used to treat heavy
metal exposure are chelation and antioxidants. However, both
therapeutic options present certain limitations. Chelating
agents are generally effective only for a short period of time,
and can cause liver injury when used at doses higher than 1/4
LD50 (Nordberg, 1984). Antioxidants mitigate the oxidative
stress caused by heavy metal exposure, but have been reported
unable to reduce heavy metals through chelation or excretion
(Eybl et al., 2006). These limitations have prompted
investigators to seek for more effective solutions involving
other mechanism pathways. In addition to external therapies
such as chelation and antioxidants, the body has its own
removal mechanism for heavy metal exposure, namely,
chelation of excess heavy metals by metallothionein.
Metallothioneins (MT) are a class of low molecular weight,
homocysteine proteins found in most eukaryotic organisms
that bind to heavy metals primarily through cysteine thiol
groups to form non-toxic chelates (Andreani et al., 2011;
Shen et al., 2019). Meanwhile, MT is one of the most
powerful endogenous free radical scavengers known. The
researchers found that MT gene deletion exacerbated the
injury caused by heavy metal exposure, further confirming
its important role in the protection of the organism (Liu
et al., 2002). The study also showed that exogenous MT not
only helped to eliminate heavy metal Cd in aquatic animals but
also reduced liver injury caused by thallium poisoning and to
some extent reduced inflammation and collagen deposition,
thus alleviating pulmonary fibrosis (Helal and Helal, 2009; Kilic
and Kutlu, 2010; Duan et al., 2018).

Increasing evidence underscore the close association of gut
microbes with numerous diseases such as cirrhosis, alcoholic
fatty liver, and nonalcoholic fatty liver (Zhang et al., 2015;
Schwabe and Greten, 2020). The gut microbiota is regarded as
a potential therapeutic target by degrading other potentially
toxic dietary products or producing nutritional metabolites
(Dapito et al., 2012). Probiotics are living microorganisms
that have been widely recognized for their important
contribution to the regulation of intestinal microbiota (de
Vrese and Schrezenmeir, 2008), and some recent reports
indicated that probiotics can regulate disturbances of
intestinal microbiota caused by the exposure to heavy
metals (Zhai et al., 2017; Zhang et al., 2018). Among all
the probiotic strains, Escherichia coli Nissle 1917 (EcN) has
received much attention. Since its discovery in 1957, EcN has
played an important role as a Gram-negative probiotics in
regulating the intestinal microbiota and suppressing enteritis
(Sassone-Corsi et al., 2016), due to its excellent safety profile,
good tolerability, clear genetic background, availability of
genetic manipulation, and excellent colonization properties
(Westendorf et al., 2005; Luo et al., 2020). Moreover, with the
boom of synthetic biology, EcN has been used as a engineered
strain vector for the treatment of phenylketonuria in a phase I
clinical study (Puurunen et al., 2021).

In this study, the MT gene was integrated into plasmid pET-
28a, which was then transferred into EcN to construct the
engineered bacterium EcN-MT to continuously express MT.
Thus, it is expected to have the effect of one plus one more
than two. The treatment effect of EcN-MT on Cd was studied
using a subchronic Cd exposure mice model, which may provide
a basis for its potential use in clinic.

MATERIALS AND METHODS

Strain Construction and Evaluation in vitro
MT genes (gene ID 856450) were inserted into the pET-28a
plasmid, and then was heat stimulated into the receptor E. coli
Nissle1917 to construct the engineered bacteria EcN-MT. Then,
the growth curves (Luo et al., 2020), plasmid stability (Liu et al.,
2019), acid resistance, bile salt resistance and oxidation resistance
capability (Xia et al., 2020; Wang et al., 2020) were evaluated.

Finally, the binding capability of EcN-MT and EcN to Cd was
tested. Briefly, EcN-MT and EcN were respectively co-incubated
with 0.545 mM of CdCl2 for 1 h, centrifuged at 5,000 × g for
5 min, and the supernatant was treated according to the water
quality—32 elements determination—inductively coupled
plasma emission spectrometry (HJ776-2015) and detected by
ICP-AES for Cd content (Alexander et al., 2017).

Development and Treatment of Cadmium
Exposure Model
Six-week-old Male (Sogawa et al., 2001) C57BL/6J mice
(18–20 g), provided by Hunan SJA Laboratory Animal, were
maintained in the specific pathogen free (SPF) laboratory
animal barrier system of the Institute of Translational
Medicine of Nanchang University under standard conditions
(humidity 40–70%, temperature 20–26°C, 12/12 light-dark
cycle) and were fed with standard mice maintain diet (Xie
tong biological, CN, Cat# 101139). After 1 week of initial
adaptation to the cage food and laboratory conditions, a total
of 50 mice were randomly divided into groups C (n = 10, drank
distilled water, gavaged with gelatin saline per day), M (n = 10,
treated with 0.545 mM cadmium chloride (CdCl2) (Thijssen et al.,
2007; Zhai et al., 2014) (aladdin, CN, Cat#C116342), gavaged
with gelatin saline per day), EcN (n = 10, treated with 0.545 mM
CdCl2, gavaged with 109 CFU EcN per day), MT (n = 10, treated
with 0.545 mM CdCl2, gavaged with 2 mg/kg body weight MT
(Yuanye biological, CN, Cat#S12070) per day), and EcN-MT (n =
10, treated with 0.545 mM CdCl2, gavaged with 109 CFU EcN-
MT per day). After 8 weeks the mice were euthanized by a skilled
technician using an intraperitoneal injection of 1% sodium
pentobarbital (40 mg/kg) followed by assisted decervicalization.
To further explore the mechanism of EcN-MT, 40 six-week-old
male C57BL/6J mice were purchased for the experiment. Then,
after 1 week of adaptive feeding, 40 mice were randomly divided
into four groups: group C (n = 10, drank distilled water, gavaged
with gelatin saline per day), group M (n = 10, treated with
0.545 mM cadmium chloride (CdCl2) (aladdin, CN,
Cat#C116342), gavaged with gelatin saline per day), group
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EcN-MT (n = 10, treated with 0.545 mMCdCl2, gavaged with 10
9

CFU EcN-MT per day), and group PDTC [treated with 0.545 mM
CdCl2, Intraperitoneal injection 50 mg/kg body weight
Pyrrolidinedithiocarbamic acid (PDTC) (MedChemExpress,
Cat#HY-18738)]. The mice were euthanized in the same
manner as above at the end of the eight-week experiment.

Estimation of Cadmium in Liver Tissue and
Feces
Weigh 0.1 g of mice liver tissue and feces respectively and
homogenize in 1 ml of PBS. Then, the samples were digested
overnight in 3 ml of concentrated nitric acid (65% (v/v)) and
transferred to a Teflon digestion tube. After the first digestion at
80°C for 1 hour, 2 ml of H2O2 [30% (v/v)] was added and the
samples were digested at 120°C until they were completely
transferred into a clear colorless liquid, then filtered through a
0.22 μm hydrophilic PTFE membrane filter and diluted with
MilliQ water containing 2% HCl and Indium (In) elements
(50 ug/kg). The prepared samples were analyzed directly by
ICP-MS and Cd calibration curves. The Cd concentrations
were determined by plotting the calibration curves of ICP-MS
Cd standards with known concentrations and the internal
standard element In concentration.

Histology and Histopathology
The liver tissues of euthanized mice were dissected and then
randomly selected, fixed with 4% paraformaldehyde and
embedded in paraffin. Next, the embedded tissues were cut
into 2–4 μm serial sections and after dewaxing, staining,
dehydration and transparency treatment, the hematoxylin
eosin-stained liver tissues could be sealed for observation
under light microscope.

Then, the colon tissues of mice were randomly selected for
rinsing, fixation, immersion wax embedding, dehydration,
transparency, dehairing, hematoxylin eosin staining, and
finally histological sections were examined by light
microscopy. The histological injury was evaluated by a
semiquantitative method and scored on a scale of 0–4
essentially as described previously (Cao et al., 2017).

Western Blotting
Wet protein blotting was performed as described previously (Xia
et al., 2020). Briefly, 1 ml of RIPA lysis buffer and a corresponding
dose of mixed protease inhibitor were added per 0.1 g of tissue to
obtain the cell lysis supernatant. Then it was measured by BCA
method at 592 nm for protein concentration, mixed with 5×
protein loading buffer and water bath at 100°C for 5–10 min until
denaturation. After that, the proteins were transferred from the
polyacrylamide-SDS gels to polyvinylidene fluoride (PVDF) in
TBS containing 0.1% Tween-20, 5% nonfat dry milk for 1 h. Next,
the bands were incubated overnight at 4°C with anti-Bax
(Cat#5174), anti-Bcl2 (Cat#5174), anti-TLR4 (Cat#19811-1-
AP), anti-MyD88 (Cat#66660-1-Ig), anti-p65 (Cat#10745-1-
AP), anti-p-p65 (Cat#AF 2006), anti-a-SMA (Cat#14395-1-
AP), anti-Occludin (Cat#27260-1-AP), anti-β-actin
(Cat#66009-1-Ig). Afterward the bands were conjugated with

secondary antibodies corresponding to horseradish peroxidase,
and finally the band strength was shown by chemiluminescence.
Specific antibody information is shown in Supplementary
Table S1.

Measurement of Oxidation-Related
Biomarkers
According to the instructions of the kit, 0.1 g of liver tissue was
weighed and added to 1 ml of the extraction solution provided
in the kit, homogenized in an ice bath, centrifuged at 8,000 g for
10 min at 4°C, and the supernatant was obtained. And it was
measured by enzyme standard according to the principle that
malondialdehyde (MDA) (Suzhou comin Biotechnology co.,
Ltd., CN, Cat#MDA-1-Y) could react with thiobarbituric acid
to form a red product with maximum absorbance at 532 nm,
catalase (CAT) (Suzhou comin Biotechnology co., Ltd., CN,
Cat#GSH-1-W) activity could be measured by reduced
hydrogen peroxide at 240 nm, glutathione (GSH) (Suzhou
comin Biotechnology co., Ltd., CN, Cat#GSH-1-W) could
react with DTNB to form a complex with a characteristic
peak at 412 nm, Superoxide dismutase (SOD) (Suzhou comin
Biotechnology co., Ltd., CN, Cat#SOD-1-Y) could scavenge
superoxide anion (O2-) and thus reduced methanogenesis at
560 nm.

Real-Time PCR
After fast isolation of total RNA from fresh hepatocytes using
Trizol, complementary first-strand cDNA synthesis was
performed with the Prime Script RT Master Mix Reverse
Transcription Kit (Prime Script RT Master Mix; Ta Ka Ra
Biotechnology). Next, SYBR green method with ABI 7900HT
fast real-time PCR system was used to detect the expression of
Interleukin (IL)-1β, IL-6, and tumour necrosis factor (TNF)-α
inflammatory factor markers. The primers for these analyses are
listed in Supplementary Table S2. In the end, Real-time qPCR
reactions were performed in triplicate using GAPDH as the
internal reference gene, and calculated using the 2−ΔΔCt

method for analysis.

16S rRNA Gene Sequencing
According to references (Tao et al., 2020; Wang and Liu, 2020),
bacterial genomic DNAwas extracted and the target fragment of
the 16S rRNA V4 region was amplified using bacterial universal
primer 520F (5′-AYTGGGYDTAAAGNG-3′) and 802R (5′-
TACNVGGGTATCTAATCC-3′). Next, amplification
products were then double-ended (paired-end) sequenced
against the colony DNA fragment using the Illumina
platform. Then, the ASV/OTU signature sequences were
obtained using the DADA2 method of analysis software for
quality control. Afterward data processing was performed using
QIIME v. 1.9.180 to multiplex the raw fastq data and high
quality reads were obtained by quality filtering parameters
(Phred quality score ≥ 20, minimum read length = 75% of
nucleotides of 250). Whereafter, cluster 16 S rRNA gene
sequences were then read into OTUs using UCLUST81 and
the Greengenes reference database v13.882,83, and species-level
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taxonomic assignments were then obtained using Megablast84
with the reference sequences of candidate OTUs from the
Greengenes database. Finally, sequences were used to
compare the relative abundance of OTUs in at least five
samples for analyses such as species composition, alpha
diversity, and beta diversity.

Statistical Analysis
The data were analyzed with Prism8 (GraphPad). Two groups of
data were compared using Student’s t-test. Three and multiple
groups of data were analyzed using two-way ANOVA and
multiple comparisons to detect statistical differences. Data for
all experimental outcomes were expressed as mean plus or minus
standard deviation.

RESULTS

Evaluation of Probiotic Characteristics of
EcN-MT in vitro
Growth curve assay was used to examine the growth
characteristics of EcN-MT and the results showed no
difference in growth characteristics between EcN-MT and
EcN strains (Figure 1A). Subsequently, ELISA assay was
used to examine the ability of EcN-MT to express MT
(Supplementary Figure S1). The plasmid stability of EcN-
MT was then assessed and suggested that viable EcN-MT still
reached 5 × 108 CFU/ml after 25 days of passaging once per day
(Figure 1B). In addition, the resistance of EcN and EcN-MT to

high concentrations of acid and bile salts was evaluated
separately, and the results showed that both EcN and EcN-
MT had good resistance to acid and bile salts (Figures 1C,D).
This indicated that both EcN-MT and EcN had the ability to
resist gastric acid. Finally, antioxidant properties and heavy
metal binding capacity were evaluated. In the antioxidant assay,
EcN and EcN-MT showed good antioxidant capacity, especially
in DPPH reducing capacity, with EcN-MT scavenging capacity
being superior to EcN (Figure 1E, p < 0.05). In the heavy metal
binding capacity test, EcN-MT could bind the heavy metal Cd to
a greater extent compared to EcN (6.536 vs. 1.822 mg/g
biomass) (Figure 1F), suggested that EcN-MT has the
potential to treat Cdexposure.

EcN-MT Treatment Ameliorates Liver Injury,
Fibrosis, Oxidative Stress in the Liver of
Mice
Cd-induced subchronic liver injury model was used to
investigate the effect of EcN-MT on liver injury induced by
Cd exposure (Figure 2A). The results of heavy metal Cd assay in
liver tissues showed that the Cd concentration in liver tissue was
significantly higher in group M compared with group C. Cd
levels were slightly decreased after EcN treatment compared
with the M group; in contrast, significant levels of Cd in liver
tissue were reduced after MT and EcN-MT treatment (MT vs.
M, p < 0.05; EcN-MT vs. M, p < 0.01) (Figure 2B). The results of
group C were not shown in Figure 2B due to the very low Cd
concentration in the liver tissue (mean level was only

FIGURE 1 | Evaluation of the probiotic characteristics of EcN-MT. Values are presented as means ± SD (n = 3). (A)Growth curves of EcN and EcN-MT. (B) Plasmid
stability test of EcN-MT. (C) The acid tolerance of EcN and EcN-MT. (D) The cholate tolerance of EcN and EcN-MT. (E) The antioxidant ability of EcN and EcN-MT. (F)
The ability of EcN and EcN-MT to bind cadmium ions. *p < 0.05.
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0.0242 mg/g wet weight). Then detection results of heavy metal
cadmium in feces showed that MT and EcN-MT treatment,
compared with group M, significantly increased the fecal Cd
levels in mice (MT vs. M, p < 0.05; EcN-MT vs. M, p < 0.01)
(Supplementary Figure S2). Next, hematoxylin-eosin (HE)
staining showed that group M had a large number of
eosinophil aggregates and some degree of focal necrosis of
hepatocytes, while liver inflammation was reduced after
treatment in EcN, MT and EcN-MT groups, with only mild
cell swelling and inflammatory infiltration in the EcN-MT
group presenting the most significant efficacy (Figure 2C).
Meanwhile a-SMA protein expression results as shown in
Figure 2D indicated that its expression level was significantly
upregulated by Cd exposure, but was decreased after MT and

EcN-MT treatment (MT vs. M, p < 0.05; EcN-MT vs. M, p <
0.05) (Figure 2E). In addition, the results of oxidative stress in
the liver showed that MDA levels were significantly increased
and CAT, GSH, and SOD levels were significantly decreased in
the M group, while MT and EcN-MT treatments reversed these
alterations (Figures 2F–I, p < 0.05).

EcN-MT Reduces Liver Inflammation and
Apoptosis
To explore the potential mechanisms by which EcN-MT
treatment attenuates subchronic Cd exposure-induced liver
injury, key proteins of the inflammatory pathway (TLR4
signaling) and apoptotic pathway (Bcl-2 family proteins) were

FIGURE 2 | EcN-MT treatment reduce liver injury, fibrosis, oxidative stress in the liver of mice. Values are presented asmeans ± SD (n = 3). (A) Treatment of EcN-MT
in mice with subchronic Cd exposure. (B) Cd concentrations in the liver assayed by ICP-MS. (C) HE staining image of liver tissue (200×). (D)Western bloting analysis of
a-SMA expression in liver tissues. (E) The relative expressions of a-SMA were quantified by ImageJ. GAPDH was used as an internal control. The activity of (F)MDA, (G)
CAT, (H) GSH, (I) SOD. *p < 0.05, **p < 0.01, ***p < 0.001.
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investigated. As shown in Figures 3A–D, oral administration of
CdCl2 significantly increased the expression of TLR4 (M vs. C, p <
0.001), MyD88 (M vs. C, p < 0.01), and p-p65/p65 (M vs. C, p <
0.001) compared with the C group. TLR4 (0.783, 0.628,
respectively), MyD88 (0.805, 0.666, respectively) and p-p65/
p65 (0.671, 0.605, respectively) were significantly decreased in
the MT and EcN-MT groups compared with the M group,
respectively. Meanwhile, Bcl-2/Bax expression was significantly
reduced in the M group compared with the C group (M vs. C,
0.954 vs. 1.826), while MT and EcN-MT treatments reversed the
reduction in Bcl-2/Bax expression induced by Cd exposure (MT
vs. M, 1.549 vs. 0.954, EcN-MT vs. M, 1.814 vs. 0.954) (Figures
3E,F). In addition, the results of the relative expression of
inflammatory factors revealed that the expression of IL-1β, IL-
6 and TNF-α was significantly increased in the M group
compared with the C group, while the relative expression of
IL-1β (1.210, 1.136, respectively), IL-6 (1.135, 1.082, respectively)
and TNF-α (1.226, 1.159, respectively) was significantly reduced

in the livers of theMT and EcN-MT groups compared with theM
group (Figures 3G–I; p < 0.05).

EcN-MT Improved Intestinal Microbiota in
Subchronic Cd -Exposed Mice
High-throughput sequencing methods were used to study the
effects of EcN, MT and EcN-MT on the intestinal microbiota of
mice with subchronic Cd exposure. The Venn method analyze
indicated that 475 common OTUs were identified from each
group, and the number of unique OTUs in C, M, EcN, MT and
EcN-MT groups were 654, 582, 714, 541 and 331, respectively
(Figure 4A). The results of Shannon index of α diversity showed
that compared with C group, the community diversity ofM group
was decreased, and EcN, MT and EcN-MT treatment alleviated
the change, among which EcN-MT treatment had the most
significant effect (M vs. EcN-MT, 4.835 vs. 5.948) (Figure 4B).
And then the results of PCoA showed that the M and MT groups

FIGURE 3 | EcN-MT reduced liver inflammation and apoptosis. Values are presented as means ± SD (n = 3, except q-PCR results repeated five times). (A)Western
bloting analysis of TLR4, MyD88, p-p65, p65 expression in liver tissues. The relative expressions of (B) TLR4, (C) MyD88, (D) p-p65/p65 were quantified by ImageJ.
β-actin was used as an internal control. (E)Western bloting analysis of Bax, Bcl-2 expression in liver tissues. (F) The relative expressions of Bcl-2/Bax were quantified by
ImageJ. β-actin was used as an internal control. The relative mRNA expressions of (G) IL-1β, (H) IL-6, (I) TNF-α in liver tissues were detected by q-PCR. *p < 0.05,
**p < 0.01, ***p < 0.001.

Frontiers in Pharmacology | www.frontiersin.org February 2022 | Volume 13 | Article 8578696

Zou et al. EcN-MT Alleviate Liver Injury

54

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


had similar sample points and were farther from the C group in
the plot, indicating that the microbial diversity of the M and MT
groups was significantly different from that of the C group.
Meanwhile, samples from the EcN-MT and EcN groups in the
plot were similar to the C group and far from the M group,
indicated that the microbial diversity of the EcN and EcN-MT
treatments was significantly different from that of the M group
(Figure 4C). In addition, the results of species composition
analysis at the phylum level showed a significant decrease in
the thick-walled phylum and an increase in the bacillus-like
phylum in the M group compared with the C group.
However, the EcN and EcN-MT treatments increased the
abundance of the thick-walled phylum and decreased the
abundance of the anaphyla phylum compared to the M group.
(Figure 4D). Subsequently, the data of the top 10 abundant
microbial populations at family level and genus level were
analyzed and the results showed that compared to C group, M
group presented a significant reduction in the abundance of

Ruminococcaceae at family level, Akkermansia,
Muribaculaceae, Lachnospiraceae at genus level. After MT
treatment, the abundance increased but were not significantly
different, but EcN and EcN-MT treatments decreased the
alteration presented in the M group (Figures 4E–H, p < 0.05).

Suppression of NF-κB Activation Reduced
Hepatic Inflammation and Oxidative Stress
To further determine whether EcN-MT attenuated liver injury by
inhibiting the activation of TLR4/MyD88/NF-κB signaling
pathway, NF-κB inhibitor (PDTC) was used in a subchronic
Cd exposure mice model. Notably, the results of heavy metal Cd
assay in liver tissues showed that regarding the ability to reduce
accumulated Cd in liver tissues, PDTC treatment was not as
effective as EcN-MT (EcN-MT Vs PDTC, 7.925 vs. 9.547)
(Figure 5A, p < 0.05). Meanwhile, the results of the
determination of heavy metal Cd in feces showed that the Cd

FIGURE 4 | EcN-MT improved intestinal microbiota in subchronic Cd-exposed mice. Values are presented as means ± SD (n = 5). (A) Venn map representation of
OTUs. (B) The Shannon index. (C) PCoA of β diversity index. (D) Microbial composition at the phyla level. The relative abundance of (E) Ruminococcaceae, (F)
Akkermansia, (G) Muribaculaceae, (H) Lachnospiraceae were analyzed. *p < 0.05, **p < 0.01, ***p < 0.001.
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content in the feces of mice increased significantly after EcN-MT
treatment, however, there was no change in PDTC treatment
(EcN-MT vs. PDTC, p < 0.05) (Supplementary Figure S3).
Subsequent HE staining showed the same hepatocellular
edema and reduced central venous congestion after PDTC and
EcN-MT treatment (Figures 5B,C, p < 0.05). Similarly, PDTC

treatment and EcN-MT treatment significantly reversed the
upregulated a-SMA protein, increaseing MDA, decreaseing
CAT, GSH and SOD induced by Cd exposure (Figures 5D–I,
p < 0.05). Furthermore, the results of key protein expression
assays of inflammatory pathways (TLR4/NF-κB signaling)
showed that PDTC treatment did not reverse the upregulation

FIGURE 5 | Suppression of NF-κB activation reduced hepatic inflammation and oxidative stress. Values are presented as means ± SD (n = 3, except q-PCR results
repeated five times). (A) Cd concentrations in the liver assayed by ICP-MS. (B) HE staining image of liver tissue (200×). (C) Histological score of liver injury. After 8 weeks
of exposure to drinking water, the pathological changes of liver tissues stimulated by cadmium chloride (0.545 mM) were determined. (D) Western bloting analysis of
a-SMA expression in liver tissues. (E) The relative expressions of a-SMAwere quantified by ImageJ, expressions of a-SMAwere quantified by ImageJ. GAPDHwas
used as an internal control. The activity of MDA; CAT; GSH; SOD, activity of (F)MDA; (G) CAT; (H) GSH; (I) SOD. (J)Western bloting analysis of TLR4, MyD88, p-p65,
p65 expression in liver tissues. The relative expressions of (K) TLR4, (L)MyD88, (M) p-p65/p65 were quantified by ImageJ. GAPDH was used as an internal control. (N)
Western bloting analysis of Bax, Bcl-2 expression in liver tissues. (O) The relative expressions of Bcl-2/Bax were quantified by ImageJ. GAPDH was used as an internal
control. The relative mRNA expressions of (P) IL-1β, (Q) IL-6, (R) TNF-α in liver tissues were detected by q-PCR. *p < 0.05, **p < 0.01, ***p < 0.001.
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of TLR4 (EcN-MT vs. PDTC, 0.763 vs. 1.234) and MyD88 (EcN-
MT vs. PDTC, 0.761 vs. 1.021) expression induced by cadmium
exposure compared to the EcN-MT group whereas only p-p65/
p65 expression was reduced. (Figures 5J–M, p < 0.05). Also, the
results of key protein expression assays of Bcl-2 family proteins
indicated that PDTC treatment as effective as EcN-MT treatment
(Figure 5N, O, p < 0.05). Then, the results of inflammatory factor
assay also showed that the upregulation of IL-1β, IL-6 and TNF-α
expression induced by Cd exposure was significantly reduced by
EcN-MT and PDTC treatment (Figures 5P–R, p < 0.05).

EcN-MT Rather Than NF-κB Inhibitors
Improved Intestinal Microbiota
16S rRNA was used to study the effect of NF-κB inhibitors on
the intestinal microbiota of Cd-exposed mice. Then analysis

by the Venn method showed that 287 common OTUs were
identified from each group, with the number of unique OTUs
in C, M, EcN-MT and PDTC being 328, 780, 444 and 456,
respectively (Figure 6A). Remarkably, the results of the
chao1 index of α diversity showed no significant change in
community diversity after the PDTC treatment compared to
the EcN-MT treatment (Figure 6B, p < 0.05). Meanwhile, the
results of PCoA showed that the sample points in the PDTC
group were not far from the M group compared to the EcN-
MT treatment (Figure 6C). Furthermore, for the composition
of the top 10 family-level microbiota, PDTC treatment was
not shown to upregulate the abundance of Muribaculaceae,
Akkermansia, and Lactobacillaceae compared to the EcN-MT
group (Figures 6D–F, p < 0.05). Similarly, analysis of the top
10 genus-level microbial populations showed that PDTC
treatment did not significantly increase the relative

FIGURE 6 | EcN-MT rather than NF-κB inhibitors improved intestinal microbiota. Values are presented as means ± SD (n = 5). (A) Venn map representation of
OTUs. (B) The Chao1index. (C) PCoA of β diversity index. (D)Microbiota composition at the genus level. The relative abundance of (E) Akkermansia, (F)Muribaculaceae,
(G) Lachnospiraceae (H) Dubosiella were analyzed. *p < 0.05, **p < 0.01, ***p < 0.001.
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abundance of Dubosiella compared to the EcN-MT group
(Figures 6G–I, p < 0.05).

DISCUSSION

Cd is known as a widespread environmental toxicant that
contaminated water, food, etc., which made Cd exposure
unavoidable. The liver is the main target organ for Cd
accumulation and exposure (Uetani et al., 2006). Cd exposure
could cause hepatic lesions, fibrosis inflammation and oxidative
stress in liver tissues, which is one of the important mechanisms
of Cd-induced liver injury (Saeedi et al., 2020; Xu et al., 2021).
Although evidence so far have indicated that probiotic bacteria
can protect against Cd-exposure hepatoexpoure (Zhai et al.,
2014), the role of modified engineered bacteria in Cd-induced
subchronic liver injury has rarely been reported.

Subchronic liver injury provides a more realistic simulation of
human exposure to a contaminated environment, and there are
limitations to the treatment of liver injury caused by subchronic
Cd exposure. Therefore, in this study, we brought up a new
therapeutic option for subchronic Cd exposure-induced liver
injury, and carried out several experiments to verify its
therapeutic functions and explore its potential mechanisms. In
vitro, growth curve test, plasmid stability test and metallothionein
expression test showed that EcN-MT was successfully
constructed and had good plasmid stability and
metallothionein expression ability. Then acid tolerance and
bile salt tolerance tests showed that EcN-MT had the ability to
tolerate gastric acid and the potential of oral administration.
Subsequently, the results of antioxidant test showed that there
was no significant difference between EcN-MT and EcN in OH−

radical and O2
− radical scavenging ability. However, EcN-MT

was superior to EcN in DPPH radical scavenging capacity,
indicating that EcN-MT had better antioxidant capacity. In
addition, the heavy metal binding test showed that the heavy
metal binding capacity of EcN-MT was better than that of EcN
and reached 6.7 mg/g biomass. The above experimental results
indicated that EcN-MT had the potential to treat Cd exposure
(Figure 1, Supplementary Figure S1).

Then, subchronic Cd exposure animal models were used to
test whether EcN-MT is efficacious in vivo. Consistent with the
previous studies (Zhai et al., 2019), Cd exposure increased hepatic
Cd accumulation, while EcN-MT supplementation significantly
reduced Cd levels in the liver. This may be due to the binding
properties of EcN-MT to the heavy metal Cd and because the
expressed MT protein can chelate with excess free heavy metal
ions (Huang et al., 2020), which promoted the excretion of Cd,
leading to decrease Cd levels in the liver. The results of fecal Cd
assay further confirmed this conjecture. Also, HE staining results
and a-SMA assay showed that EcN-MT supplementation reduced
liver inflammation and a-SMA protein expression. It was shown
that chronic inflammation leads to increased expression of
a-SMA protein, which activated hepatic stellate cells, leading
to collagen deposition and consequently fibrosis in liver tissue
(Ren et al., 2019). Liver fibrosis is an intermediate step in the
further development of cirrhosis (Xu et al., 2021). This suggests

that EcN-MT might reduce the production of chronic
inflammation in the liver, thereby reducing the production of
fibrosis and thus avoiding the development of cirrhosis. In
addition, the results of oxidative stress factor assay showed
that Cd exposure increased MDA and decreased CAT, SOD,
and GSH expression, while EcN-MT treatment reduced MDA
and increased CAT, SOD, and GSH. Some studies have
demonstrated that Cd exposure caused excessive production of
free radicals, which were responsible for oxidative stress in the
body (Mezynska et al., 2018). Excess reactive oxygen species
(ROS) could lead to an increase in MDA content by β-breakage of
lipoxygenated lipids. To reduce oxidative stress, the body
produced antioxidant enzymes such as SOD, CAT and non-
enzymatic antioxidants (GSH) to maintain the dynamic balance
of free radicals in the body (Moradkhani et al., 2020). This
suggested that EcN-MT could reduce hepatic oxidative stress
and thus alleviate Cd -mediated hepatotoxicity (Figure 2,
Supplementary Figure S2).

To further investigate the potential mechanisms of EcN-MT to
avoid Cd-induced subchronic liver injury, the TLR4/NF-κB
inflammatory signaling pathway and key Bcl-2 family proteins
were investigated. Although in vitro cellular assays were not used
to validate the effect of cadmium exposure on the TLR4/NF-κB
signaling pathway, however, many studies have shown that
TLR4/NF-κB signaling pathway is closely associated with liver
injury (Dapito et al., 2012; Arab-Nozari et al., 2020). The western
blotting results showed that EcN-MT treatment significantly
inhibited the expression of TLR4, which in turn
downregulated MyD88, an intracellular linker protein
downstream of TLR4, and thus inhibited NF-κB expression. It
is well known that the conventional NF-κB is a heterodimer
composed of p50 and p65 subunits, of which p65 is frequently
detected by Western blotting (Zhang et al., 2018). Activated p50-
P65 heterodimers translocate from the cytoplasm to the nucleus,
triggering inflammation, promoting oxidative stress and
participating in the trans-activation of various genes, such as
apoptosis-related genes Bax and Bcl-2 (Michio Tamatani et al.,
1999). Bcl-2 and Bax are members of the Bcl-2 gene, and Bcl-2
forms an unphosphorylated complex with Bax, so that its
phosphorylation releases Bax from the Bcl-2-Bax complex and
thus promotes cellular apoptosis (Karna et al., 2009). Meanwhile,
NF-κB could play a transcriptional regulatory role to activate the
expression of inflammatory genes such as IL-1β, IL-6 and TNF-α,
which ultimately caused the release of inflammatory factors
(Calisto et al., 2016). The results of inflammatory factor assay
showed that supplementation with EcN-MT reduced the
transcriptional levels of IL-1β, IL-6 and TNF-α inflammatory
factors (Figure 3). In addition, according to the report (Chen
et al., 2020), PDTC is the most commonly used inhibitor of NF-
κB. Inhibition of NF-κB activation with PDTC also reduced
inflammation, oxidative stress in the liver (Figure 5). This
further suggested that EcN-MT reduced liver injury from Cd
exposure possibly by inhibiting the activation of TLR4/NF-κB
signaling pathway. More importantly, EcN treatment alleviated
Cd expose-induced inflammation and oxidative stress in liver
tissues to some extent, but not significantly, whereas MT and
EcN-MT treatments effectively reduced Cd expose-induced
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inflammation and oxidative stress induced by Cd exposure. This
suggested that EcN-MT suppressed the activation of TLR4/NF-
κB signaling pathway mainly through expressed MT, thereby
reducing liver injury.

Due to the direct anatomical link between the gut and liver and
the recent rise of 16S rRNA sequencing technology, the
relationship between gut microbiota and liver injury has been
further explored. The results of Shannon index in α diversity and
PCoA in β diversity indicated that EcN-MT appeared to promote
the conversion of the intestinal microbiota of Cd-exposure mice
to normal control mice. And then, the top 10 family level and
genus level species composition results showed that
supplementation with EcN-MT increased probiotic abundance
including Ruminococcaceae at family level, Akkermansia,
Muribaculaceae, Lachnospiraceae at genus level. Among them,
Muribaculaceae belongs to the phylum Bacillus and could protect
the organism through degraded dietary carbohydrates and
antagonizing benzoates (Lagkouvardos et al., 2019). Likewise,
Akkermania was discovered by scientists in 2004, which used
intestinal mucin as an energy source to protect the intestinal tract
from pathogens through competition, and the abundance of
Akkermania was reduced in the intestinal microbiota of
cadmium-exposed mice (Li et al., 2019). Also, recent studies
have shown that Lachnospiraceae and Ruminococcaceae reduced
C. difficile infections through the production of short-chain fatty
acids that repressed pathogen proliferation and reduced intestinal
inflammation (Collins et al., 2015; Guo et al., 2021). In brief, the
increased abundance of intestinal probiotics leads to an increase
in the production of short-chain fatty acids and an inhibition of
pathogen proliferation, thereby reducing intestinal inflammation,
which in turn reduces liver inflammation via the enterohepatic
axis. This may be one of the important mechanisms by which
EcN-MT treatment attenuates subchronic liver injury induced by
Cd exposure (Figure 4). In addition, supplementation with EcN
but not MT similarly ameliorated the intestinal microbiota
disorder induced by Cd exposure, which suggests that EcN-
MT may regulate the intestinal microbiota through the
probiotic properties of the host bacterium EcN. Meanwhile,
inhibition of NF-κB activation by PDTC treatment did not
improve intestinal microbiome disorders (Figure 6), further
suggesting that another mechanism of ECN-MT in the
treatment of chronic Cd exposure is regulating intestinal
microbiome through host bacteria EcN.

In summary, this study showed that EcN-MT treatment
inhibited Cdexposure-induced liver injury by expressing MT,
thereby increasing Cd excretion in the feces, reducing Cd
accumulation in the liver, inhibiting TLR4/NF-κB
activation, and reducing apoptosis and inflammatory factor
transcription. In addition, EcN-MT treatment increased the
abundance of probiotics and biodiversity through the host
bacteria EcN, which transformed microorganisms ecology
affected by Cd exposure to normal levels. Our experiment is
the first to explore the potential role of EcN-MT in treating

subchronic liver injury caused by cadmium exposure.
Although this study only used mice for validation and nor
other animals such as crab-eating monkeys because of
economic and experimental conditions. However, the good
therapeutic effect of engineered bacteria on liver injury has
been proven, and with the development of synthetic biology
and the further exploration of the role of probiotics in human
health, it will provide a new therapeutic strategy for clinical
treatment.
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Thioredoxin-1 Activation by
Pterostilbene Protects Against
Doxorubicin-Induced Hepatotoxicity
via Inhibiting the NLRP3
Inflammasome
Shiqing Tan1†, Jie Bai 2†, Mingxi Xu1, Longying Zhang1* and Ying Wang1*

1The Second Affiliated Hospital, Dalian Medical University, Dalian, China, 2Nutrition and Food Hygiene, Dalian Medical University,
Dalian, China

Background: Doxorubicin (DOX) has been widely used in cancer treatment. However, DOX
can cause a range of significant side effects, of which hepatotoxicity is a common one, and
therefore limits its clinical use. Pterostilbene (PTS) has been shown to exhibit anti-oxidant and
anti-inflammatory effects in the treatment of liver diseases but whether PTS could protect
against hepatotoxicity in DOX-treated mice is unknown.

Methods: In our study,weuseC57/BL6Jmice and theHepG2cell line.Wedivided themice in 4
groups: the control, thePTS treatment, theDOX treatment, and theDOX+PTS treatment group.
Liver histopathology was judged by performing hematoxylin–eosin and Masson staining.
Immunohistochemistry was used to perform the expression of NLRP3. The levels of serum
alanine transaminase (ALT) and aspartate transaminase (AST) were evaluated. Levels of
malondialdehyde (MDA), superoxide dismutase (SOD), glutathione (GSH), and DCFH-DA
staining were used to evaluate the oxidative injury. Western blot and real-time PCR were
applied to evaluate the expressions of proteins and mRNA. MTT was used to evaluate DOX-
induced cell injury and the protective effects of PTS. Recombinant Trx-1was used to analyze the
mechanism of PTS. A TUNEL assaywas used to detect apoptosis in DOX-inducedHepG2 cells
and the protective effects of PTS.

Results: PTS ameliorated DOX-induced liver pathological changes and the levels of AST and
ALT. PTS also decreased the level of MDA, increased the level of SOD, GSH, and the
expression of Trx-1 in DOX-treatedmice. PTS decreased the levels of NLRP3 and IL-1βmRNA
and the expressions of their proteins in DOX-treated mice. In addition, PTS also decreased the
expression of Cleaved Caspase-3 and BAX and increased the expression of BCL-2. In vitro,
after treatmentwith recombinant Trx-1, ROSandNLRP3 inflammasomewere both decreased.
Treatment with PTS could rescue the downregulation of Trx-1, decreased the ROS level and
the NLRP3 inflammasome, and protected HepG2 cells against DOX-induced apoptosis.

Conclusion: The results show that PTS exhibits protective effects against DOX-induced liver
injuries via suppression of oxidative stress, fibrosis, NLRP3 inflammasome stimulation, and cell
apoptosis which might lead to a new approach of preventing DOX-induced hepatotoxicity.
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INTRODUCTION

Doxorubicin (DOX), a member of the anthracycline group of
structures, is used by oncologists as a highly effective drug in the
treatment of tumors (Rivankar. 2014; Yang et al., 2020). However,
recent studies showed that DOX causes unanticipated side-effects
such as nausea, vomiting, extravasation, severe hepatotoxicity,
and cardiotoxicity which limit its use in clinical practice
(Carvalho et al., 2009; Kolarovic et al., 2009). The mechanism
of DOX-induced hepatotoxicity is well known and is related to
the generation of reactive oxygen species (ROS) that ultimately
leads to cell death (Pilco-Ferreto and Calaf, 2016; Songbo et al.,
2019). Therefore, targeting oxidative stress may be a therapeutic
measure to rescue and prevent DOX-induced hepatotoxicity.

Pterostilbene (3,5-dimethoxy-4′-hydroxystilbene, PTS), a
natural analogue of resveratrol, is a natural component of
blueberries and grapes (Estrela et al., 2013; Lange and Li,
2018). PTS has many biological activities, such as an anti-
oxidative, an anti-inflammatory, an anti-cancer, an anti-
diabetic one etc. (McCormack and McFadden, 2012; Gómez-
Zorita et al., 2021). Previous studies have demonstrated that PTS
was able to significantly attenuate astrocyte inflammation and
neuronal oxidative injury after ischemia-reperfusion (Liu H. et al.,
2019). Sajad A Malik et al. found that PTS was able to reverse
palmitic acid induced insulin resistance in HepG2 cells by
reducing oxidative stress (Malik et al., 2019). Although the
anti-oxidative and anti-inflammatory effects of PTS are
known, the pathways leading to these effects have not yet been
worked out.

Oxidative stress results from an imbalance in the number of
pro-oxidant and anti-oxidant molecules. Among anti-
oxidants, thioredoxin-1 (Trx-1) and nicotinamide adenine
dinucleotide phosphate (NADPH) form an important and
ubiquitous redox system (Powis and Montfort, 2001; Lu and
Holmgren, 2014; Perkins et al., 2014; Lu et al., 2021). Trx-1 is a
sulfhydryl disulfide oxidoreductase that acts as a reducing
agent for oxidized proteins (Hashemy and Holmgren, 2008).
The oxidized form of Trx-1 is, in turn, reduced by NADPH
(Pillay et al., 2011). Several studies have confirmed that Trx-1
exerts a protective effect in liver injuries but the mechanism is
still unclear (Wang X. et al., 2019). NOD-like receptors (NLR)
are multi-component assemblies that, in case they are
containing the pyrin domain 3, are classified as NLRP3
proteins and as such are part of the so-called inflammasome
which also comprises the adapter protein apoptosis-related
speck-like protein (ASC) and pro-caspase-1 (Zhang et al.,
2021). NLRP3 plays an important role in inflammatory
stimulation and regulation (Chen et al., 2019). Previous
studies showed that Trx-1 modulates NLRP3 inflammasome
activities during atherosclerosis development (Wang et al.,
2020). In this study, we will try to shed some light on the
presumed PTS modulation of the Trx-1/NLRP3 signaling
pathway and the PTS use as a protective agent in DOX-
induced hepatotoxicity.

MATERIALS AND METHODS

Chemicals
PTS (purity >99%) was purchased from Meilunbio (Dalian,
Liaoning Province, China). DOX was purchased from Sigma-
Aldrich (St. Louis, MO, United States). Alanine transaminase
(ALT) and aspartate transaminase (AST) were from Nanjing
Jiancheng Institute of Biotechnology (Nanjing, China).
Malondialdehyde (MDA), superoxide dismutase (SOD), and
glutathione (GSH) kits were purchased from Solarbio (Beijing,
China). Hematoxylin–eosin (H & E) and Masson staining kits
were from Beyotime Biotechnology (Shanghai, China). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was provided by Roche Diagnostics (Basel,
Switzerland). TUNEL staining kits (Green) were from
Beyotime Biotechnology. The bicinchoninic acid (BCA)
protein assay kit was from Thermo Scientific, lysis buffer
and phenylmethanesulfonylfluoride (PMSF) were obtained
from Beyotime Biotechnology. Human recombinant Trx-1
was from Med Chem Express (HY-P73431).

Animals and Treatment
We used 8-week-old wild type (WT) C57/BL6J mice as
experimental animals and divided the mice into four groups
(with n = 8 for each group): a control group, a PTS treatment
group, a DOX treatment group, and a DOX + PTS treatment
group. The animals of the DOX group were injected a dose of
10 mg/kg intraperitoneally. This was conducted on day 1 and day
4 for a total of 2 times (20 mg/kg cumulative dose of DOX). The
mice of the DOX + PTS group were injected intraperitoneally
with PTS (10 mg/kg/day) every day for a total of 7 times, until one
day before DOX treatment. As in the DOX treatment group,
afterwards DOX was injected intraperitoneally with a dose of
10 mg/kg. This was conducted on day 1 and day 4 for a total of
2 times (20 mg/kg cumulative dose of DOX). All mice were
euthanized 6 days after the initial injection of DOX (Liu D.
et al., 2019). All the animal experiments were approved by the
Institutional Animal Care and Use Committee of the University
of Dalian Medical University (SCXK 2015-2003).

Histopathology and Immunohistochemical
Staining
All the mice were sacrificed under anesthesia after our study
period. The liver tissue was fixed with 4% paraformaldehyde
(PFA) for more than 24 h, followed by paraffin embedding. All
sections (4 μm) were subjected to a H & E and Masson staining.
The liver tissues were subjected to immunohistochemical
staining. For this, the sections were incubated with the
primary antibody anti-NLRP3 (Wanleibio, WL02635, 1:200) at
4°C overnight and afterwards with the corresponding secondary
antibody. The blots were developed using DAB. Digital images
were taken at 200 × magnification and were analyzed with ImageJ
software.
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Measurements of MDA, SOD and GSH
Levels
The levels of MDA, SOD, and GSH in DOX-treated livers were
evaluated by MDA, SOD, and GSH kits (Solarbio), respectively,
according to the manufacturer’s instructions.

Cell Culture and Experiments
HepG2 cell were purchased from the American Type Culture
Collection. Cells were cultured in DMEM supplemented with
10% fetal bovine serum and antibiotics (100 U/ml penicillin and
100 μg/ml streptomycin, Sigma) and were grown in a humidified
atmosphere containing 5% CO2 at 37°C. Hep G2 cells were
treated with recombinant Trx-1 at a dose of 1 μg/ml to
elucidate the presumed PTS effects (El Hadri, K., et al., 2012).

DOX-Induced Cell Injury
HepG2 cells were seeded in 96-well plates for 24 h. After 24 h, the
medium was removed, 100 μL of sample solution with different

concentrations of DOX (0, 1, 2, 5, 8, and 10mM) was added for
different treatment times and a period of 24 h (Song, et al., 2019b).
MTT solution (5 mg/ml) was added to each well to a final
concentration of 0.5 mg/ml for 4 h. After exposure, DMSO (100
μL/well) was added to dissolve the formed formazan crystals. The
absorbance at 490 nm was measured with a microplate reader
(Thermo, United States). Based upon these data, a suitable DOX
concentration for the induction of cell injury was identified.

Cell Viability Assay
HepG2 cells were seeded in 96-well plates for 24 h and then
pretreated with different concentrations of PTS (0, 5, 10, and
20 μM) for 16 h before the treatment with DOX (5 μM) for 24 h.
DOX group cells were cultured without PTS pretreatment. An
MTT assay was used to assess cell viability (Song S. et al., 2019).

Measurement of ROS Level in HepG2 Cells
HepG2 cells were plated in 6-well culture plates for 24 h and
afterwards treated with PTS at a concentration of 10 μM for 4 h

FIGURE 1 | PTS treatment prevents DOX-induced hepatotoxicity. (A) Diagrammatic representation of different mice treatments: PTS (10 mg/kg) was injected
every day for a total of 7 times (one day before DOX treatment); DOX administration was conducted on day 1 and day 4 for a total of 2 times (20 mg/kg cumulative dose of
DOX); (B) H & E staining of each group were analyzed (scale bar = 50μm, n = 6 per group); (C)Masson staining of each group was analyzed (left, scale bar = 50 μm), the
quantification of the fibrotic area (right, n = 6); (D) The levels of serum ALT (left) and AST (right) in each group (n = 6 per group); (E) Western blot analysis of Trx-1
protein in each group (up), the quantification of Trx-1 expression (down, n = 4 per group); (F) The levels of SOD (left), MDA (middle), and GSH in each group (n = 6 per
group).
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before treatment with DOX (5 μM) for 24 h (Song S. et al., 2019).
DOX group cells were cultured without PTS pretreatment and the
control group was cultured in serum-free DMEM under normal
conditions during the entire experiment. Cells were loaded with
10 μM DCFH-DA. After that, the cells were washed 3 times with
serum-free DMEM and the images were captured by fluorescence
microscopy (Olympus, Japan) with a 200 × overall magnification.

TUNEL Assay for HepG2 Apoptosis
HepG2 cell apoptosis detection was performed by using TUNEL
staining (Green, Beyotime Biotechnology) and the assay was

performed according to the manufacturer’s instructions. For
this, HepG2 cells were plated in 6-well culture plates for 24 h
and afterwards treated with PTS at a concentration of 10 μM for
4 h before the treatment with DOX (5 μM) for 24 h. After that, the
cells were washed 3 times with PBS and fixed with 4% PFA for
30 min after which the cells were washed 3 times with PBS.
Afterwards, the cells were treated with 0.3% Triton X-100
containing PBS solution for 5 min, washed with PBS 3 times
and finally the cells were incubated with the TUNEL reaction
mixture for 60 min at 37°C in the dark. The cells were evaluated
under a fluorescence microscope.

FIGURE 2 | PTS reduces reduction of NLRP3 inflammasome and apoptosis in DOX-treated mice. (A) WT C57/BL6J mice were pretreated with PTS (10 mg/kg)
and afterwards with DOX (20 mg/kg cumulative dose) for 6 days. Immunochemistry staining of the liver sections with anti-NLRP3 (left, scale bar = 50 μm), the
quantification of NLRP3 positive area in each group (right, n = 6); (B) qPCR analyses of NLRP3, IL-1β and IL-18 mRNA levels in each group (n = 6); (C) Western blot
analyses of NLRP3, ASC, Caspase-1 p20, IL-1β, and IL-18 proteins and the quantification of the blots in each group (n = 4 per group); (D)Western blot analyses of
Cleaved Caspase-3, BAX, and BCL-2 proteins (left) and quantification of the blots in each group (right, n = 4 per group).
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Biochemical Analysis
All mice were sacrificed under anesthesia after our study period.
The serum of the animals was collected, and AST and ALT were
measured by employing commercially available biochemical kits
that were used according to the manufacturer’s instructions.

Western Blot Assay
Total proteins were extracted from snap-frozen liver tissues or cells.
We use a protein extraction kit (Keygenbio, KGP250) and centrifuge
tube (Guangzhou Jet Bio-Filtration Co., Ltd.) for proteins extracting.
The protein lysates (30 μg) were separated by electrophoresis in an
8–15% SDS–PAGE gel and transferred to polyvinylidene difluoride
(PVDF) membranes. The blots were incubated with appropriate
antibodies at 4°C overnight and then incubated with a goat anti-
rabbit ormouse conjugated secondary antibody (Sino Biological Inc.,
1:3000). All blots were developed using an ECL Plus
chemiluminescence system. The following antibodies were used:
anti-Trx-1 (CST, #2429, 1:800), anti-NLRP3 (CST, #15101, 1:800),
Caspase-1 p20 (Affinity, AF5418, 1:500), IL-1β (Wanleibio,
WL0227, 1:500), IL-18 (Wanleibio, WL01127, 1:1000), ASC
(Wanleibio, WL02462, 1:500), BAX (CST, #14796S, 1:500), BCL-
2 (CST, #3498S, 1:500) and Cleaved Caspase-3 (CST, #9664, 1:500).
ImageJ software was used for densitometry analysis and GAPDH
was used as an internal control.

Real-Time PCR Assay
According to the manufacturer’s instructions, we used TRIzol
reagent (Invitrogen, New York) to purify the total RNA from
the fresh livers and cells. The first-strand cDNA (1–2 μg) was
synthesized using a Superscript II kit (TAKARA, Japan). All the
primers were synthesized by Sangon Biotech Company (Shanghai,
China). The primer sequences were as follows: NLRP3: forward 5′-
AGC CAAGAATCC ACAGTG TAA CC-3′ and reverse 5′-AGT
GTT GCC TCG CAG GTA AG-3′; IL-1β: forward 5′-TGC CAC
CTTTTGACAGTGATG-3′ and reverse 5′-TTC TTGTGACCC
TGA GCG AC-3′; IL-18: forward 5′- GCA AAG CTT ATG ACC
ATGAGA CACAAC TG-3′ and reverse 5′-GCGAAT TCG TCG
ACT TTA ACC CTG CTG TGG ACT-3′; NOX-1: forward 5′-

GCT ACG CCT TCA ACA CCA AG-3′ and reverse 5′-AGT TCG
TCC CCT TCT CCT GT-3′; NOX-4: forward 5′-GCA CGC TGT
TGA TTT TTA TGG-3′ and reverse 5′-GCG AGG CAG GAG
AGT CAG TA-3′; GAPDH: forward 5′-CAT CAA GAA GGT
GGTGAA-3′ and reverse 5′-TGT TGAAGT CAG AGGAGA-3′.
We used GAPDH as the internal control and normalized the
resulting transcript levels to those of GAPDH gene. The results
were analyzed using the ΔΔCt technique.

Statistics
All data are expressed as the mean ± SD. The statistical analyses
were performed with GraphPad Prism 9 software. One-way
ANOVA followed by Tukey’s comparison test was used to
analyze significant differences among multiple groups. Values
of p < 0.05 were considered as being statistically significantly
different.

RESULTS

Treatment with PTS Suppresses
DOX-Induced Hepatotoxicity, Fibrosis and
Oxidative Stress Injury in Mice
To explore the effects of PTS on DOX-induced hepatotoxicity, we
pre-treated the mice with PTS (10 mg/kg) before DOX
administration (Figure 1A). H & E staining (Figure 1B)
revealed that the liver of control group mice displayed a
normal architecture whereas apparent injuries were found in
the DOX-treated group that could be restored by PTS. In
addition, Masson staining revealed that administration of
DOX in mice markedly increased the collagen deposition
compared to the control group and that PTS remarkably
reduced the DOX-induced fibrosis (Figure 1C). As shown in
Figure 1D, after treatment with DOX, compared with the control
group, the levels of ALT and AST were increased, respectively.
The pre-treatment of PTS significantly reduced the ALT and AST
levels in mice compared to the DOX-treated group. We next
detected the expression of Trx-1 protein. Compared to the
control group, the expression of Trx-1 was obviously
decreased after DOX treatment but could be rescued by PTS
(Figure 1E). We next evaluated the SOD, GSH, and MDA levels
in DOX-treated mice. As shown in Figure 1F, the SOD and GSH
levels were both markedly decreased after treatment with DOX
compared to the control group and the MDA level in the DOX-
treated group was higher than that of the control group. After
PTS treatment, the level of MDA was decreased and the levels of
SOD and GSHwere both increased compared to the DOX-treated
group. Therefore, PTS was able to prevent the increase in ROS
and the decrease of Trx-1 in DOX-treated mice.

PTS Application Alleviates the Inflammation
Reaction and Cell Apoptosis in
DOX-Treated Mice
Oxidative stress frequently results in inflammatory reactions
(Ventura et al., 2017). To further elucidate the effects of PTS,

FIGURE 3 | Effect of PTS treatment on cell viability in DOX-treated
HepG2 cells. (A). Effects of different DOX dose (0, 1, 2, 5, 8, 10 μM) - induced
hepatotoxicity on HepG2 cells (n = 3); (B) PTS effects (0, 5, 10, and 20 μM) on
DOX-induced HepG2 cell viability (n = 3). **p < 0.01 versus
control group.
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we performed immunohistochemical staining to detect the
expression of NLRP3 in DOX-treated mice. As shown in
Figure 2A, the expression of NLRP3 was upregulated in the
DOX-treated group and PTS was able to alleviate the increase
in NLRP3 expression. We then evaluated the levels of NLRP3,
IL-1β, and IL-18 mRNA. As shown in Figure 2B, PTS
significantly reduced the levels of NLRP3, IL-1β and IL-18
mRNA compared to those in the DOX-treated group. In
addition, we evaluated the expressions of NLRP3 and its
downstream proteins. Compared to the DOX-treated group,
the expression of NLRP3, ASC, Caspase-1 p20, IL-1β, and IL-
18 was significantly decreased after pretreatment with PTS
(Figure 2C). In addition, we detected the expressions of
Cleaved Caspase-3, BAX, and BCL-2 proteins. As shown in
Figure 2D, the expression of Cleaved Caspase-3 and BAX were
increased, and the expression of BCL-2 was significantly
decreased after treatment with DOX. Compared to the
DOX-treated mice, the pretreatment of PTS reduced the
expression of BAX and upregulated the expression of BCL-2.

PTS Pretreatment Rescues DOX-Induced
Cell Viability Inhibition
HepG2 cells were treated with different DOX doses (0, 1, 2, 5, 8,
10 μM) for 24 h. As shown in Figure 3A, the viability of HepG2
cells treated with 5 μM DOX for 24 h was decreased to nearly
75%, which is why we treated the cells in the following
experiments with 5 μM DOX. We used PTS at concentrations

of 0, 5, 10, and 20 μM to check whether PTS could protect cells
against DOX-induced injury in a dose dependent manner.
HepG2 cells were pretreated with different PTS concentrations
for 4 h and afterwards treated with DOX (5 μM) for 24 h.
Compared to the DOX-treated group, PTS at a 10 and 20 μM
concentration significantly increased the viability of HepG2 cells
(Figure 3B) so that we treated the cells in the following
experiments with a PTS concentration of 10 μM.

DOX Induces Inflammation in HepG2 Cells
by Reducing the Trx-1 Expression
To clarify whether the DOX-induced upregulation of NLRP3 was
mediated by the reduction in Trx-1 levels, we pretreated the
HepG2 cells with recombinant Trx-1 (1 μg/ml) for 4 h and
afterwards with DOX (5 μM) for 24 h. Upon administration of
recombinant Trx-1, the levels of both NOX-1 and NOX-4 were
decreased compared to those of the DOX-treated group
(Figure 4A). As shown in Figure 4B, this was also true for
the NLRP3 and IL-1β mRNA levels. Similarly, the expressions of
NLRP3, IL-1β, and IL-18 protein were decreased (Figure 4C).
The results confirmed that the upregulation of Trx-1 was able to
decrease the NLRP3 signal and inflammasome stimulation.

PTS inhibits DOX-induced oxidative stress in cells through
increasing Trx-1 expression.

We used a DCFH-DA staining to detect the effect of PTS on
DOX-treated cells. HepG2 cells were pretreated with PTS
(10 μM) for 4 h and afterwards treated with DOX (5 μM)

FIGURE 4 | DOX-induced damage in HepG2 cells through Trx-1/NLRP3 signaling. (A) HepG2 cells were pretreated with recombinant Trx-1 (1 μg/ml) for 4 h
afterwards with DOX (5 μM) for 24 h qPCR analyses of NLRP3 and IL-1β mRNA levels after application of recombinant Trx-1 in DOX-treated cells (n = 6); (B) qPCR
analyses of NOX-1 and NOX-4 mRNA levels after application of recombinant Trx-1 in DOX-treated cells (n = 6); (C) Western blot analyses of NLRP3, IL-1β, and IL-18
protein expressions after application of recombinant Trx-1 in DOX-treated cells (left, n = 3), the quantification of NLRP3, IL-1β, and IL-18 protein expressions (right,
n = 3).
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for 24 h. As shown in Figure 5A, treatment with DOX
increased the ROS level in HepG2 cells compared to the
control group. After pretreatment with PTS, the cellular
ROS levels were significantly decreased compared to those
in the DOX-treated group. Moreover, after treatment with
DOX, the NOX-1 and NOX-4 mRNA levels were both
increased compared to the control group. After
pretreatment with PTS, NOX-1 and NOX-4 mRNA levels
were decreased compared to those in the DOX-treated
group (Figure 5B). We next analyzed the expression of
Trx-1. As shown in Figure 5C, DOX induced the
downregulation of Trx-1 and PTS pretreatment was able to
rescue the expression of Trx-1.

PTS Relieves the Inflammatory Reaction in
DOX-Treated Cells
A TUNEL assay was used to detect apoptosis in DOX-treated
HepG2 cells and the protective effects of PTS. For this, HepG2
cells were pretreated with PTS (10 μM) for 4 h whereafter they
were treated with DOX (5 μM) for 24 h. As shown in Figure 6A,
DOX induced HepG2 cell apoptosis which could be reverted by

pretreatment with PTS. Compared to the control group, the
NLRP3 and IL-1β mRNA levels were markedly increased after
DOX treatment and this effect was inhibited by PTS. Similarly,
the expression of NLRP3, Caspase-1 p20, IL-1β, and IL-18 were
significantly decreased after PTS treatment (Figure 6B).

DISCUSSION

DOX is a potent anti-cancer agent and has been widely used in
chemotherapeutic treatment regimens against breast, gastric,
thyroid, lung, and ovarian cancers (Pugazhendhi et al., 2018;
Tacar et al., 2013). However, DOX may cause a range of
significant side effects in normal tissues one of which is
hepatotoxicity (Prathumsap et al., 2020; Wang et al., 2010;
Prasanna et al., 2020; Ingawale et al., 2014; Pingili et al.,
2019). Several studies have shown that the protective effect of
anti-oxidant agents against DOX-induced hepatotoxicity is
mediated via regulatory mechanisms related to oxidative stress
and inflammation (Jeon et al., 2014;Wang R. et al., 2019). PTS is a
natural stilbene derived from resveratrol that displays a higher
oral bioavailability and bioactivity but is far less abundant in
natural sources (Liu H. et al., 2019). The molecule exerts diverse
pharmacological activities, comprising anti-oxidation and anti-
inflammation effects (Song L. et al., 2019). Previous studies
showed that PTS was able to prevent hepatocyte epithelial-
mesenchymal transition in fructose-induced liver fibrosis
through modulating the Sirt1/p53 and TGF-β/Smads signaling
pathway (Song et al., 2019). We found that a mice pretreatment
with PTS was able to decrease a DOX-induced fibrosis
(Figure 1C). PTS also can reverse palmitic acid mediated
insulin resistance in HepG2 cells by reducing oxidative stress
(Malik et al., 2019). In addition, Dong et al. have found that PTS
was able to ameliorate DOX mediated cardiotoxicity by reducing
oxidative stress (Liu et al., 2020).

In our study, we applied PTS to explore the protective
effects in DOX-induced hepatotoxicity. Due to previous
reports, we chose a single DOX dose to induce
hepatotoxicity. The DOX dose (20 mg/kg) is based on the
clinical data for treating cancer patients (Chen et al., 2016).
Moreover, we chose a single PTS dose (10 mg/kg) to detect the
protective effects on DOX-induced hepatotoxicity (Yang et al.,
2016). However, due to the fact that a single dose treatment has
some limitations, future experiments will evaluate the
protective effect of a repeated dosage. In this study, we
could show that the serum ALT and AST levels both were
decreased after PTS treatment in the DOX-treated group. PTS
treatment also alleviated DOX-induced histopathological
changes in mice. The results imply that PTS has protective
effects by inhibiting DOX-induced hepatotoxicity, however,
the mechanisms are complex.

Several groups reported that DOX-induced hepatotoxicity was
resulting from ROS over-production, the imbalance between pro-
oxidant and anti-oxidant molecule concentrations and
inflammation over-activation (Lu and Holmgren, 2014). Trx-1
is an evolutionarily conserved protein disulfide reductase. Using
two cysteines at catalytic centers 32 and 35, Trx-1 cuts the

FIGURE 5 | PTS increases the expression of Trx-1 and prevents
oxidative damage in DOX-treated HepG2 cells. (A) HepG2 cells were
pretreated with PTS (10 μM) for 4 h and afterwards with DOX (5 μM) for 24 h.
DCFH-DA staining of each groupwas analyzed to detect possible effects
of PTS on the ROS level in DOX-treated HepG2 cells (n = 3); (B) PTS effects on
NOX-1 and NOX-4 mRNA levels in DOX-treated HepG2 cells (n = 6); (C) PTS
effects on Trx-1 protein expression in DOX-treated HepG2 cells (left, n = 3),
quantification of Trx-1 protein expression (right, n = 3).
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disulfide bonds of oxidized proteins and forms disulfide bonds in
Trx-1 (Oka et al., 2020). Trx-1 has been considered as an
important protective system against oxidative stress (El Hadri
et al., 2012) and is also involved in controlling inflammatory
responses (Ito et al., 2011). The NLRP3 inflammasome is a multi-
component assembly composed of NLRP3, ASC, and Caspase-1
precursor (Zhang et al., 2021) and has been reported to be
involved in the pathogenesis of liver injury (Iskusnykh et al.,
2021). Trx-1 could inhibit the NLRP3 inflammasome leading to
an attenuation of atherosclerosis and was able to exert protective
effects (Wang et al., 2020). In our study, we found that after DOX
treatment, the SOD and GSH levels were both markedly
decreased, whereas the MDA level was increased, both of
which were ameliorated by PTS in mice livers. We next

measured the expression of Trx-1, the results showed that
DOX treatment downregulated Trx-1 expression and that PTS
could recuperate Trx-1 expression (Figure 1). Therefore, in our
study, we next tested the expression of NLRP3 and its
downstream proteins ASC, Caspase-1, IL-1β, and IL-18. The
results showed that DOX upregulated the expression of
NLRP3 inflammasome and that PTS decreased its stimulation
(Figure 2). Consequently, inhibiting oxidative stress and
inflammation reactions by influencing the Trx-1/NLRP3
signaling pathway might be the way how PTS is able to reduce
the DOX-induced hepatotoxicity. Recent studies have found that
Trx-1 was able to inhibit apoptosis through redox regulation and
inflammation (Bai et al., 2021). We, therefore, evaluated the
expression of Cleaved Caspase-3, BAX, and BCL-2 proteins

FIGURE 6 | PTS effects on NLRP3 inflammasome expression in DOX-treated HepG2 cells. (A) HepG2 cells were pretreated with PTS (10 μM) for 4 h and
afterwards with DOX (5 μM) for 24 h. The cells were analyzed by TUNEL staining to detect apoptosis in DOX-treated HepG2 cells and the protective effects of PTS
against DOX-induced apoptosis (left), relative quantification of TUNEL positive cells (right, n = 3); (B) PTS effects on NLRP3 and IL-1β mRNA levels in DOX-treated
HepG2 cells (n = 6); (C) PTS effects on NLRP3, IL-1β, and IL-18 protein expression in DOX-treated HepG2 cells (n = 3); quantification of NLRP3, IL-1β, and IL-18
protein expressions (n = 3).
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and found PTS was able to protect mice against DOX-induced
apoptosis. The results confirmed that PTS could increase the
expression of Trx-1 leading to a decreased ROS level and a
stimulation of the inflammasome which in turn inhibited
apoptosis in DOX-treated mice (Figures 1, 2).

To further confirm the mechanisms and the protective effects
of PTS in DOX-induced liver damage, we treated HepG2 cells
with recombinant Trx-1. The results suggest that the Trx-1
overexpression can significantly decrease the oxidative injury
and to modulate the expression of the NLRP3 inflammasome
(Figure 3). PTS pretreatment has similar effects to recombinant
Trx-1 - they both raised the expression of Trx-1 in DOX-treated
cells. The upregulation of Trx-1 led to a reduction of ROS

production, inflammasome, and apoptosis (Figures 5, 6).
Taken Together, the protective effects of PTS in DOX-induced
hepatotoxicity might be attributable to its anti-oxidative, anti-
inflammatory, anti-fibrotic, and anti-apoptotic effects mediated
by an increase in the expression of Trx-1 and activation of the
Trx-1/NLRP3 signaling pathway (Figure 7). However, the
detailed mechanism of PTS action in DOX-induced
hepatotoxicity and its clinical application requires further
studies. In conclusion, these results might point into a new
direction in the therapy of this disease.

DATA AVAILABILITY STATEMENT

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

ETHICS STATEMENT

The animal study was reviewed and approved by Animal
experiments were conducted in accordance with the standards
approved by the Institutional Animal Care and Use Committee of
the University of Dalian Medical University (SCXK 2015-2003)
and in accordance with the Protection of Animals Act and the
National Institutes of Health Guide (NIH Publication No. 85-23)
for the Care and Use of Laboratory Animals.

AUTHOR CONTRIBUTIONS

ST and JB organized and analyzed the data and made diagrams,
carried out the molecular biology experiments and the
experiments in vitro; MX carried out the histopathological
staining and the experiments in vitro; LZ and YW drafted the
article and revised the manuscript and approval of version to
be published. All authors read and approved the final
manuscript.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.841330/
full#supplementary-material

REFERENCES

Bai, L., Yan, F., Deng, R., Gu, R., Zhang, X., and Bai, J. (2021). Thioredoxin-1 Rescues
MPP+/MPTP-Induced Ferroptosis by Increasing Glutathione Peroxidase 4. Mol.
Neurobiol. 58 (7), 3187–3197. doi:10.1007/s12035-021-02320-1

Carvalho, C., Santos, R. X., Cardoso, S., Correia, S., Oliveira, P. J., Santos, M. S., et al.
(2009). Doxorubicin: the Good, the Bad and the Ugly Effect. Curr. Med. Chem. 16
(25), 3267–3285. doi:10.2174/092986709788803312

Chen, X., Zhang, Y., Zhu, Z., Liu, H., Guo, H., Xiong, C., et al. (2016).
Protective Effect of Berberine on Doxorubicin-induced A-cute

H-epatorenal T-oxicity in R-ats. Mol. Med. Rep. 13 (5), 3953–3960.
doi:10.3892/mmr.2016.5017

Chen, Z., Zhong, H., Wei, J., Lin, S., Zong, Z., Gong, F., et al. (2019). Inhibition of
Nrf2/HO-1 Signaling Leads to Increased Activation of the NLRP3
Inflammasome in Osteoarthritis. Arthritis Res. Ther. 21 (1), 300. doi:10.
1186/s13075-019-2085-6

El Hadri, K., Mahmood, D. F., Couchie, D., Jguirim-Souissi, I., Genze, F.,
Diderot, V., et al. (2012). Thioredoxin-1 Promotes Anti-inflammatory
Macrophages of the M2 Phenotype and Antagonizes Atherosclerosis.
Arterioscler Thromb. Vasc. Biol. 32 (6), 1445–1452. doi:10.1161/
ATVBAHA.112.249334

FIGURE 7 | Working model for PTS in the regulation of DOX-induced
hepatotoxicity. DOX treatment induced fibrosis, oxidative stress and
inflammasome stimulation which resulted in hepatotoxicity through
downregulation of Trx-1. PTS is able to reduce fibrosis, oxidative stress,
and inflammasome stimulation through increasing Trx-1 levels. PTS may be
used as an agent to protect against DOX-induced hepatotoxicity.

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 8413309

Tan et al. Pterostilbene Protects Against Doxorubicin-Induced Hepatotoxicity

70

https://www.frontiersin.org/articles/10.3389/fphar.2022.841330/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.841330/full#supplementary-material
https://doi.org/10.1007/s12035-021-02320-1
https://doi.org/10.2174/092986709788803312
https://doi.org/10.3892/mmr.2016.5017
https://doi.org/10.1186/s13075-019-2085-6
https://doi.org/10.1186/s13075-019-2085-6
https://doi.org/10.1161/ATVBAHA.112.249334
https://doi.org/10.1161/ATVBAHA.112.249334
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Estrela, J. M., Ortega, A., Mena, S., Rodriguez, M. L., and Asensi, M. (2013).
Pterostilbene: Biomedical Applications. Crit. Rev. Clin. Lab. Sci. 50 (3), 65–78.
doi:10.3109/10408363.2013.805182

Gómez-Zorita, S., Milton-Laskíbar, I., Aguirre, L., Fernández-Quintela, A., Xiao, J.,
and Portillo, M. P. (2020). Effects of Pterostilbene on Diabetes, Liver Steatosis and
Serum Lipids. Cmc 28 (2), 238–252. doi:10.2174/0929867326666191029112626

Hashemy, S. I., and Holmgren, A. (2008). Regulation of the Catalytic Activity and
Structure of Human Thioredoxin 1 viaOxidation and S-Nitrosylation of Cysteine
Residues. J. Biol. Chem. 283 (32), 21890–21898. doi:10.1074/jbc.M801047200

Ingawale, D. K., Mandlik, S. K., and Naik, S. R. (2014). Models of Hepatotoxicity and the
Underlying Cellular, Biochemical and Immunological Mechanism(s): a Critical
Discussion.Environ. Toxicol. Pharmacol. 37 (1), 118–133. doi:10.1016/j.etap.2013.08.015

Iskusnykh, I. Y., Kryl’skii, E. D., Brazhnikova, D. A., Popova, T. N., Shikhaliev, K.
S., Shulgin, K. K., et al. (2021). Novel Antioxidant, Deethylated Ethoxyquin,
Protects against Carbon Tetrachloride Induced Hepatotoxicity in Rats by
Inhibiting NLRP3 Inflammasome Activation and Apoptosis. Antioxidants 10
(1), 122. doi:10.3390/antiox10010122

Ito, W., Kobayashi, N., Takeda, M., Ueki, S., Kayaba, H., Nakamura, H., et al.
(2011). Thioredoxin in Allergic Inflammation. Int. Arch. Allergy Immunol. 155
(Suppl. 1), 142–146. doi:10.1159/000327501

Jeon, B. T., Kim, K. E., Heo, R. W., Shin, H. J., Yi, C. O., Hah, Y. S., et al. (2014).
Myeloid-specific Deletion of SIRT1 Increases Hepatic Steatosis and
Hypothalamic Inflammation in Mice Fed a High-Fat Diet. Metab. Brain
Dis. 29 (3), 635–643. doi:10.1007/s11011-014-9542-3

Kolarovic, J., Popovic, M., Mikov, M., Mitic, R., and Gvozdenovic, L. (2009).
Protective Effects of Celery Juice in Treatments with Doxorubicin.Molecules 14
(4), 1627–1638. doi:10.3390/molecules14041627

Lange, K. W., and Li, S. (2018). Resveratrol, Pterostilbene, and Dementia.
Biofactors 44 (1), 83–90. doi:10.1002/biof.1396

Liu, D., Ma, Z., Xu, L., Zhang, X., Qiao, S., and Yuan, J. (2019a). PGC1α Activation
by Pterostilbene Ameliorates Acute Doxorubicin Cardiotoxicity by Reducing
Oxidative Stress via Enhancing AMPK and SIRT1 Cascades.Aging (Albany NY)
11 (22), 10061–10073. doi:10.18632/aging.102418

Liu, H., Wu, X., Luo, J., Wang, X., Guo, H., Feng, D., et al. (2019b). Pterostilbene
Attenuates Astrocytic Inflammation and Neuronal Oxidative Injury after
Ischemia-Reperfusion by Inhibiting NF-Κb Phosphorylation. Front.
Immunol. 10, 2408. doi:10.3389/fimmu.2019.02408

Lu, J., and Holmgren, A. (2014). The Thioredoxin Antioxidant System. Free Radic.
Biol. Med. 66, 75–87. doi:10.1016/j.freeradbiomed.2013.07.036

Lu,Y., Li, Y., Liu,Q., Tian,N.,Du,P., Zhu, F., et al. (2021).MondoA-Thioredoxin-Interacting
Protein Axis Maintains Regulatory T-Cell Identity and Function in Colorectal Cancer
Microenvironment. Gastroenterology 161 (2), 575–e16. doi:10.1053/j.gastro.2021.04.041

Malik, S. A., Acharya, J. D., Mehendale, N. K., Kamat, S. S., and Ghaskadbi, S. S.
(2019). Pterostilbene Reverses Palmitic Acid Mediated Insulin Resistance in
HepG2 Cells by Reducing Oxidative Stress and Triglyceride Accumulation. Free
Radic. Res. 53 (7), 815–827. doi:10.1080/10715762.2019.1635252

McCormack, D., and McFadden, D. (2012). Pterostilbene and Cancer: Current
Review. J. Surg. Res. 173 (2), e53–61. doi:10.1016/j.jss.2011.09.054

Oka, S. I., Chin,A., Park, J. Y., Ikeda, S.,Mizushima,W.,Ralda,G., et al. (2020).Thioredoxin-
1MaintainsMitochondrial Function viaMechanistic Target of Rapamycin Signalling in
the Heart. Cardiovasc. Res. 116 (10), 1742–1755. doi:10.1093/cvr/cvz251

Perkins, A., Poole, L. B., and Karplus, P. A. (2014). Tuning of Peroxiredoxin Catalysis for
Various Physiological Roles. Biochemistry 53 (49), 7693–7705. doi:10.1021/bi5013222

Pilco-Ferreto, N., and Calaf, G. M. (2016). Influence of Doxorubicin on Apoptosis
and Oxidative Stress in Breast Cancer Cell Lines. Int. J. Oncol. 49 (2), 753–762.
doi:10.3892/ijo.2016.3558

Pillay, C. S., Hofmeyr, J. H., and Rohwer, J.M. (2011). The Logic of Kinetic Regulation
in the Thioredoxin System. BMC Syst. Biol. 5, 15. doi:10.1186/1752-0509-5-15

Pingili, R. B., Pawar, A. K., Challa, S. R., Kodali, T., Koppula, S., and Toleti, V.
(2019). A Comprehensive Review on Hepatoprotective and Nephroprotective
Activities of Chrysin against Various Drugs and Toxic Agents. Chem. Biol.
Interact 308, 51–60. doi:10.1016/j.cbi.2019.05.010

Powis, G., and Montfort, W. R. (2001). Properties and Biological Activities of
Thioredoxins. Annu. Rev. Pharmacol. Toxicol. 41, 261–295. doi:10.1146/annurev.
pharmtox.41.1.261

Prasanna, P. L., Renu, K., and Valsala Gopalakrishnan, A. (2020). New Molecular
and Biochemical Insights of Doxorubicin-Induced Hepatotoxicity. Life Sci. 250,
117599. doi:10.1016/j.lfs.2020.117599

Prathumsap,N., Shinlapawittayatorn, K., Chattipakorn, S. C., andChattipakorn,N. (2020).
Effects of Doxorubicin on the Heart: From Molecular Mechanisms to Intervention
Strategies. Eur. J. Pharmacol. 866, 172818. doi:10.1016/j.ejphar.2019.172818

Pugazhendhi, A., Edison, T. N. J. I., Velmurugan, B. K., Jacob, J. A., and
Karuppusamy, I. (2018). Toxicity of Doxorubicin (Dox) to Different
Experimental Organ Systems. Life Sci. 200, 26–30. doi:10.1016/j.lfs.2018.03.023

Rivankar, S. (2014). An Overview of Doxorubicin Formulations in Cancer
Therapy. J. Cancer Res. Ther. 10 (4), 853–858. doi:10.4103/0973-1482.139267

Song, L., Chen, T. Y., Zhao, X. J., Xu, Q., Jiao, R. Q., Li, J. M., et al. (2019a). Pterostilbene
Prevents Hepatocyte Epithelial-Mesenchymal Transition in Fructose-Induced Liver
Fibrosis through Suppressing miR-34a/Sirt1/p53 and TGF-β1/Smads Signalling. Br.
J. Pharmacol. 176 (11), 1619–1634. doi:10.1111/bph.14573

Song, S., Chu, L., Liang, H., Chen, J., Liang, J., Huang, Z., et al. (2019b). Protective Effects
of Dioscin against Doxorubicin-Induced Hepatotoxicity via Regulation of Sirt1/
FOXO1/NF-Κb Signal. Front. Pharmacol. 10, 1030. doi:10.3389/fphar.2019.01030

Songbo, M., Lang, H., Xinyong, C., Bin, X., Ping, Z., and Liang, S. (2019). Oxidative
Stress Injury in Doxorubicin-Induced Cardiotoxicity. Toxicol. Lett. 307, 41–48.
doi:10.1016/j.toxlet.2019.02.013

Tacar, O., Sriamornsak, P., and Dass, C. R. (2013). Doxorubicin: an Update on
Anticancer Molecular Action, Toxicity and Novel Drug Delivery Systems.
J. Pharm. Pharmacol. 65 (2), 157–170. doi:10.1111/j.2042-7158.2012.01567.x

Ventura, M. T., Casciaro, M., Gangemi, S., and Buquicchio, R. (2017).
Immunosenescence in Aging: between Immune Cells Depletion and Cytokines
Up-Regulation. Clin. Mol. Allergy 15, 21. doi:10.1186/s12948-017-0077-0

Wang, R., Dong, Z., Lan, X., Liao, Z., and Chen, M. (2019a). Sweroside Alleviated
LPS-Induced Inflammation via SIRT1 Mediating NF-Κb and FOXO1 Signaling
Pathways in RAW264.7 Cells. Molecules 24 (5), 872. doi:10.3390/
molecules24050872

Wang, X., Zhao, H., Yan, W., Liu, Y., Yin, T., Wang, S., et al. (2019b). Thioredoxin-
1 Promotes Macrophage Reverse Cholesterol Transport and Protects Liver
from Steatosis. Biochem. Biophys. Res. Commun. 516 (4), 1103–1109. doi:10.
1016/j.bbrc.2019.06.109

Wang, Y., Ji, N., Gong, X., Ni, S., Xu, L., and Zhang, H. (2020). Thioredoxin-1
Attenuates Atherosclerosis Development through Inhibiting NLRP3
Inflammasome. Endocrine 70 (1), 65–70. doi:10.1007/s12020-020-02389-z

Wang, Y., Wei, X., Zhang, C., Zhang, F., and Liang, W. (2010). Nanoparticle
Delivery Strategies to Target Doxorubicin to Tumor Cells and Reduce Side
Effects. Ther. Deliv. 1 (2), 273–287. doi:10.4155/tde.10.24

Yang, F., Xu, J., Fu, M., Ji, J., Chi, L., and Zhai, G. (2020). Development of
Stimuli-Responsive Intelligent Polymer Micelles for the Delivery of
Doxorubicin. J. Drug Target. 28 (10), 993–1011. doi:10.1080/1061186X.
2020.1766474

Yang, Y., Wang, J., Li, Y., Fan, C., Jiang, S., Zhao, L., et al. (2016). HO-1 Signaling
Activation by Pterostilbene Treatment Attenuates Mitochondrial Oxidative
Damage Induced by Cerebral Ischemia Reperfusion Injury. Mol. Neurobiol. 53
(4), 2339–2353. doi:10.1007/s12035-015-9194-2

Zhang, J., Qiu, T., Jiang, L., Wang, N., Zhu, Y., Yan, R., et al. (2021). NLRP3
Inflammasome Blocked the Glycolytic Pathway via Targeting to PKLR in
Arsenic-Induced Hepatic Insulin Resistance. Ecotoxicol Environ. Saf. 223,
112590. doi:10.1016/j.ecoenv.2021.112590

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

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

Copyright © 2022 Tan, Bai, Xu, Zhang and Wang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 84133010

Tan et al. Pterostilbene Protects Against Doxorubicin-Induced Hepatotoxicity

71

https://doi.org/10.3109/10408363.2013.805182
https://doi.org/10.2174/0929867326666191029112626
https://doi.org/10.1074/jbc.M801047200
https://doi.org/10.1016/j.etap.2013.08.015
https://doi.org/10.3390/antiox10010122
https://doi.org/10.1159/000327501
https://doi.org/10.1007/s11011-014-9542-3
https://doi.org/10.3390/molecules14041627
https://doi.org/10.1002/biof.1396
https://doi.org/10.18632/aging.102418
https://doi.org/10.3389/fimmu.2019.02408
https://doi.org/10.1016/j.freeradbiomed.2013.07.036
https://doi.org/10.1053/j.gastro.2021.04.041
https://doi.org/10.1080/10715762.2019.1635252
https://doi.org/10.1016/j.jss.2011.09.054
https://doi.org/10.1093/cvr/cvz251
https://doi.org/10.1021/bi5013222
https://doi.org/10.3892/ijo.2016.3558
https://doi.org/10.1186/1752-0509-5-15
https://doi.org/10.1016/j.cbi.2019.05.010
https://doi.org/10.1146/annurev.pharmtox.41.1.261
https://doi.org/10.1146/annurev.pharmtox.41.1.261
https://doi.org/10.1016/j.lfs.2020.117599
https://doi.org/10.1016/j.ejphar.2019.172818
https://doi.org/10.1016/j.lfs.2018.03.023
https://doi.org/10.4103/0973-1482.139267
https://doi.org/10.1111/bph.14573
https://doi.org/10.3389/fphar.2019.01030
https://doi.org/10.1016/j.toxlet.2019.02.013
https://doi.org/10.1111/j.2042-7158.2012.01567.x
https://doi.org/10.1186/s12948-017-0077-0
https://doi.org/10.3390/molecules24050872
https://doi.org/10.3390/molecules24050872
https://doi.org/10.1016/j.bbrc.2019.06.109
https://doi.org/10.1016/j.bbrc.2019.06.109
https://doi.org/10.1007/s12020-020-02389-z
https://doi.org/10.4155/tde.10.24
https://doi.org/10.1080/1061186X.2020.1766474
https://doi.org/10.1080/1061186X.2020.1766474
https://doi.org/10.1007/s12035-015-9194-2
https://doi.org/10.1016/j.ecoenv.2021.112590
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Artemether Ameliorates
Non-Alcoholic Steatohepatitis by
Repressing Lipogenesis,
Inflammation, and Fibrosis in Mice
Jia Xu1, Xiaoyun He1,2, Xianghui Huang1, Feng Zhang1, Xinxin Ren1, Charles Asakiya1,
Yue Li3* and Kunlun Huang1,2*

1Key Laboratory of Precision Nutrition and Food Quality, Key Laboratory of Functional Dairy, Ministry of Education, College of
Food Science and Nutritional Engineering, China Agricultural University, Beijing, China, 2Key Laboratory of Safety Assessment of
Genetically Modified Organism (Food Safety), The Ministry of Agriculture and Rural Affairs, Beijing, China, 3Department of
Pathology, Beijing Ditan Hospital, Capital Medical University, Beijing, China

Background: Non-alcoholic fatty liver disease (NAFLD) is a widespread disease, but no
recognized drug treatment exists. Previous studies have shown that artemether (Art) can
ameliorate carbon tetrachloride (CCl4)–induced liver fibrosis in mice. This study sets out to
observe the therapeutic impact of Art on non-alcoholic steatohepatitis (NASH).

Methods:Model mice were provided with a methionine- and choline-deficient (MCD) diet
for 4 weeks or a high-fat diet (HFD) for 28 weeks, respectively, and then treated with Art.
RNA sequencing (RNA-Seq) analyzed gene expression changes caused by Art treatment.
The molecular mechanism of the therapeutic effects of Art on NASH was studied in the
mouse liver and HepG2 cells.

Results: Art treatment significantly attenuated hepatic lipid accumulation and liver
damage in MCD diet– or HFD-induced NASH mice. The RNA-Seq analysis revealed
lipid metabolism as a major pathway suppressed by Art administration, in addition to the
regulation of inflammation pathways. Mechanistically, Art reduced lipid accumulation by
repressing de novo lipogenesis of sterol regulatory element-binding protein-1c (SREBP-
1c), acetyl-CoA carboxylase (ACC), fatty acid synthase (FASN), stearoyl-CoA desaturase
(SCD1), promoting lipolysis of peroxisome proliferator–activated receptor-γ co-activator-
1α (PGC1α), adipose triglyceride lipase (ATGL), and carnitine palmitoyltransferase I (CPT-
1a) in NASH mouse liver and HepG2 cells. In addition, Art inhibited the secretion of pro-
inflammatory factors and reduced inflammatory infiltration by effectively inhibiting M1
macrophage activation. Furthermore, Art inhibited transforming growth factor-beta 1
(TGF-β), and the SMAD signaling pathway mediates the development of liver fibrosis.

Inclusion: Art improved fat deposition by repressing de novo lipogenesis and promoting
lipolysis in vivo and in vitro. Furthermore, Art improved inflammation and fibrosis with a
significant effect. It is a prospective therapeutic agent for NASH.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a pathologic
syndrome that comprises non-alcoholic fatty liver (NAFL), non-
alcoholic steatohepatitis (NASH), NASH-associated cirrhosis, and

hepatocellular carcinoma (HCC). NAFLD is thought to be a
hepatic demonstration of metabolic disorder and is often related
to metabolic risk factors, such as obesity, dyslipidemia,
hypertension, and diabetes (Chalasani et al., 2020). NAFLD is
becoming a major chronic liver disease worldwide, with a

FIGURE 1 | Effect of Artemether treatment on hepatic injury and hepatic steatosis in the MCD model. (A) Experimental design: after 4 weeks of the MCD
diet-induced NASHmodel, the experiment was divided into four groups: the MCD diet group (MCD); MCD diet coupled with low-dose artemether (Art-L) group: 100 mg/kg
BW;MCD diet coupled with high-dose artemether (Art-H) group: 200 mg/kg BW, artemether gavage once daily for 2 weeks; andMCS control group (MCS) (n = 6). (B)Body
weight change after dosing in mice. (C) Mouse liver weight. (D) Serum ALT and AST levels in mice. (E) Serum TG and TC concentrations in mice. (F) TG and TC
concentrations in the liver. (G) From left to right, H&E staining of the liver (scale bar: 50 μM) and oil red O staining of the liver (scale bar: 50 μM). The MCS was compared with
the MCD group: #p < 0.05, ##p < 0.01, and ###p < 0.001. MCD compared with Art-L and Art-H groups: *p < 0.05, **p < 0.01, and ***p < 0.001.
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worldwide prevalence of around 25% of the adult population, and
an important cause of liver transplantation for primary
hepatocellular carcinoma (Paik et al., 2020; Loomba et al., 2021).

The theory of multiple hits has already been proposed in
NAFLD (Loomba et al., 2021). Fatty acids are a substrate for
lipotoxic substances when oversupply or elimination is impaired,
causing endoplasmic reticulum stress, hepatocellular injury, and

death (Pei et al., 2020). It has been shown that the main causes of
hepatic fatty acid oversupply include insulin resistance (IR)
(Chen et al., 2019), increased hepatic de novo lipogenesis
(DNL) (Lambert et al., 2014), and intrahepatic lipolysis defects
(e.g., decreased ATGL/CGI-58 activity and decreased hepatic
mitochondrial/peroxisome beta-oxidation) (Schweiger et al.,
2009). Therefore, it is important to identify the source and

FIGURE 2 | Artemether improves hepatic steatosis and liver injury in NASHmice induced by a HFD. (A) Experiment design was divided into three groups: chow diet
group (Chow), high-fat diet group (HFD), and high-fat diet combined with the artemether treatment group (Art): 20 mg/kg BW intraperitoneally once a week for 7 weeks
(n = 6). (B) Body weight change after dosing. (C) Liver weight. (D) Serum ALT and AST levels. (E) Serum TG and TC levels. (F) TG and TC concentrations in the liver. (G)
From left to right, H&E staining of the liver (scale bar, 50 μM) and oil red O staining of the liver (scale bar: 50 μM). The Chow group vs. the HFD group: #p < 0.05, ##p <
0.01, and ###p < 0.001. The Art group compared with the HFD group: *p < 0.05, **p < 0.01, and ***p < 0.001.
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clearance mechanism of fatty acids in hepatocytes to understand
the metabolic basis of NASH and to identify therapeutic targets.
Several drugs have previously been developed to inhibit fatty acid
metabolism genes, such as pioglitazone, thiazolidinediones, and
Aramchol. Unfortunately, there is no currently approved drug
treatment for NAFLD (Violi and Cangemi, 2010; Iruarrizaga-
Lejarreta et al., 2017).

Plant extracts or natural products have been extensively studied
in preventing or improving NAFLD (Li et al., 2021). Artemether is
a derivative of artemisinin and has good lipid solubility (Jung et al.,
2004). Artemether is currently primarily used to treat malaria and
attempts to treat a variety of malignancies. Guo Y et al. (2018)
found that artemether could improve the degree of hepatic
steatosis, glucose homeostasis, and insulin resistance in db/db

FIGURE 3 | Effect of artemether treatment on the liver lipid metabolic pathway in NASH mice induced by an HFD. (A) KEGG pathway enrichment of the differential
gene. (B)Heat map of the free fatty acid metabolism-related gene. (C,D) Real-time PCR analysis of lipid synthesis-related genes (C) and lipolysis-related genes (D) in the
liver. (E–H) Expression and quantification analysis of lipid synthesis-related protein (E,F) and lipid breakdown-related protein (G,H) in the liver were detected by western
blot. *p < 0.05, **p < 0.01, and ***p < 0.001.
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FIGURE 4 | Artemether treatment reduces lipid deposition in oleic and palmitic acid–treated cells. (A) Cytotoxicity effect of artemether treatment in the of HepG2
cells (n = 6). (B) Images of oil red O staining of HepG2 cells that were treated with BSA (Con), 0.5 mM FFA mixture (OA-PA), 6.25 μM Art along with 0.5 mM FFA (Art-L),
and 25 μM Art along with 0.5 mM FFA mixture (Art-H). (C) Quantification of oil red O staining with ImageJ. (D) Intracellular triglyceride level. (E) Intracellular cholesterol
level. (F,G) AST (F) and ALT (G) levels in the supernatant of HepG2 cells. (n = 3). Con vs. OA-PA: #p < 0.05; ##p < 0.01, and ###p < 0.001. OA-PA compared with
Art-L and Art-H: *p < 0.05, **p < 0.01, and ***p < 0.001.
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mice, but they did not observe improvement in hepatic
inflammation. Wang et al. (2019) showed that artemether had a
certain repressive effect on liver fibrosis induced by CCl4 in mice,
but the pathogenic mechanism of CCl4 was different from that of
diet-induced NASH-associated fibrosis. However, there has been
little discussion about the ameliorated effect of artemether on
NASH, and its mechanism of action is unclear.

In this study, a NASH model induced by methionine- and
choline-deficient (MCD) diet or high-fat diet (HFD) in mice and a
HepG2 cell model were constructed, and the molecule mechanism
of artemether in the protection of NASH was clarified.

MATERIALS AND METHODS

Materials
Artemether was purchased from Solarbio, Beijing (SA8510,
purity: HPLC ≥ 98%). A high-fat diet (60% of energy derived
from fat) was purchased from Beijing Huafukang Co., Ltd.
(H10060, Beijing, China). Methionine- and choline-deficient
L-amino acid diet (MCD, 22% of calories derived from fat)
and methionine- and choline-supplemented diet (MCS) were
purchased from Trophic Animal Feed High-tech Co., Ltd., China
(TP 3005GS and TP 3005G, Nantong, China).

Animal Experiments
The animal program was approved by the Animal Ethics
Committee of China Agricultural University (approval
number: KY 1700025). Animal experiments were performed in
the SPF Animal Room, Beijing Agricultural Product Quality
Supervision, Inspection, and Testing Center of the Ministry of
Agriculture. Six-week-old male C57BL/6J mice were purchased
from Beijing Vital River Laboratory Animal Technology Co., Ltd.,
and fed in an acclimatization period of 1 week before the
experiment.

The MCD diet-induced NASH model includes the following:
1) MCS group: mice were fed with MCS diet for 6 weeks; 2) MCD
group: mice were fed with MCD diet, and 0.5%
carboxymethylcellulose sodium (CMC-Na+) was given to MCS
and MCD mice by oral administration; 3) Art-L and 4) Art-H
group mice were fed MCD diet and orally administered with Art
at 100 mg/kg or 200 mg/kg per day. MCD, Art-L, and Art-H
groups maintained an MCD diet for 4 weeks and then were
treated with artemether or vehicle for 2 weeks (Figure 1A).

The NASH model induced by HFD includes the following: 1)
Normal diet group (chow): mice were fed with normal diet; 2)
HFD mice group (HFD): mice were fed with HFD for 35 weeks,
and DMSO was given to chow and HFD mice by intraperitoneal
injection; 3) Artemether groups: mice were given HFD, and
20 mg/kg Art (dissolved in DMSO) was given by
intraperitoneal injection. The HFD and artemether groups
maintained an HFD for 28 weeks and were treated once a
week for 7 weeks (Figure 2A).

Some of the livers of mice were fixed with 4%
paraformaldehyde, and the rest were used for molecular and
biochemical tests.

Body Composition Measurements
The whole fat and lean masses of mice were detected with the
NiuMag Small Animal Body Composition Analysis and Imaging
System (MesoQMR 23-060H-I, Niumag Corp., Shanghai, China),
according to the reference method.

Determination of Glucose Tolerance inMice
Fasting blood glucose was measured after 12 h fast. The glucose
solution was administered intraperitoneally at 1.5 g/kg body
weight, and blood glucose levels were detected at 15, 30, 60,
90, and 120 min after injection (Li et al., 2019).

Determination of Biochemical Indications in
Mice
Sera of mice were collected, and a biochemistry analyzer
(98640000, Indiko™ Plus Clinical Chemistry Analyzer,
Thermo Fisher Scientific, California, United States) was used
to determine the levels of triglycerides (TG), cholesterol (TC),
alkaline phosphatase (ALP), aspartate aminotransferase (AST),
and alanine aminotransferase (ALT).

RNA-Seq and Bioinformatic Analysis
TRIzol reagent (Thermo Fisher Scientific, Waltham,
United States) was used to extract total RNA of HFD-fed mice
liver. The mRNA library was constructed by Beijing Geek Gene
Technology Co., Ltd. (Beijing, China) according to the NEBNext
super RNA library preparation kit for Illumina. The main
functions of differential genes were classified using the
PANTHER database (HTTP://www.Un.Org). The enrichment
of genes was carried out using the Metascape database (http://
metascape.org/gp/index.html#/main/step1).

Cell Viability Assay
HepG2 cells (purchased fromCell Resource Center, Institute of Basic
Medicine, Chinese Academy of Medical Sciences) were seeded into
96-well plates and treated with 0.5 mM free fatty acids (oleic acid:
palmitic acid 2:1, molar ratios) for 24 h with or without artemether,
and cell viability was detected according to the protocol of the Cell
Counting Kit-8 (C0038, Beyotime, Beijing, China).

Liver Tissue and Cell Oil Red O Staining
In total, 4% paraformaldehyde-fixed liver samples were
cryoprotected in 20% sucrose at 4°C overnight, and then,
samples were embedded with OCT compounds in liquid
nitrogen. Frozen blocks were sectioned with a cryostat (CM
1590, Leica, Wetzlar, Germany). The slides were fixed with 4%
paraformaldehyde for 15 min, washed, dried, and stained with oil
red dye solution (BA 4081, Baso Diagnostics, Zhuhai, China)
(Rom et al., 2019). HepG2 cells were stimulated with 0.5 mM free
fatty acids. Then, cells were treated with 6.25 and 25 μm
artemether, respectively, for 24 h. Cells were fixed with 4%
paraformaldehyde and then stained with oil red O solution
(O0625, Sigma, Darmstadt, Germany), as described previously
(Huang et al., 2019). The positive area of oil red O staining was
quantified by ImageJ.
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Liver and Cellular Lipid Detection
The supernatant is taken after homogenization of the liver tissues;
for HepG2 cells, the cell particles were collected in PBS buffer.
The contents of TC and TG were determined with commercially
available kits (A110-1-1 and A111-1-1, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

Western Blot Analysis
For Western blot analysis, standard SDS-PAGE blotting methods
were used. Primary antibodies used in Western blot are as follows:
GAPDH, β-tubulin, TLR4, and MYD88 (Beyotime, Beijing, China);
ATGL and PPAR-α (Santa Cruz Biotechnology, Inc., Dallas,
United States); and CPT-1, SREBP-1c, FASN, ACC, SCD1, and
NF-kB (Cell Signaling Technology, Danvers, MA, United States).

Chemiluminescence was visualized using an imaging system
(330037, Clinx Science Instruments Co. Ltd., Shanghai, China).

Hematoxylin-Eosin, Masson, and
Immunohistochemistry Staining
The fixed livers were dehydrated, embedded, sectioned, and then
stained by hematoxylin-eosin (HE) and Masson’s staining
(BA4079A, Zhuhai Beiso Biotech Co., Ltd.), and then, sections
were observed under a microscope (DM2500, Leica, Germany)
(Jia et al., 2019).

Slides were incubated with 3% hydrogen peroxide buffer and
10% normal goat serum. The primary antibodies included α-
SMA, F4/80, CD11C, and CD206 (Cell Signaling Technology,

FIGURE 5 | Artemether improves lipid metabolism induced by oleic and palmitic acids in HepG2 cells. (A,B) Real-time PCR analysis of lipid synthesis-related genes
(A) and lipolysis-related genes (B) in the HepG2 cells. (C) Western blot was used to detect the expression of lipid synthesis-related proteins in HepG2 cells. (D)
Quantitative plots of the protein expression associated with lipid synthesis. (E) Western blot detected the expression of lipolytic protein in HepG2 cells (n = 3). (F)
Quantitative plots of lipid breakdown-related protein expression. Con vs. OA-PA: #p < 0.05, ##p < 0.01, and ###p < 0.001. OA-PA vs. Art-L and Art-H: *p < 0.05,
**p < 0.01, and ***p < 0.001.
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Danvers, MA, United States) and TGF-β (Abcam, Waltham,
United States), and secondary antibodies labeled with
horseradish peroxidase were used. Detection was conducted
using a horseradish peroxidase–based commercial detection
system, disclosure with diaminobenzidine chromogen, and
nuclear counterstaining with hematoxylin.

Real-Time Quantitative PCR
RNA was reverse-transcribed into cDNA with a One-Step gDNA
Removal and cDNA Synthesis SuperMix (AT311, TransGen
Biotech, Beijing, China). Real-time quantitative PCR (qPCR)
was performed with a SuperReal PreMix Plus (FP 205-03,
TIANGEN Biotech, Beijing, China) by using a real-time PCR
system (C1000, Bio-Rad, California, United States). Gene
expression levels were normalized to β-actin. Primer sequences
are listed in Supplementary Table S1.

Statistical Analysis of Data
Statistical analyses were performed using GraphPad Prism 8
(GraphPad Software Inc., La Jolla, CA, United States). The
significance of the difference between groups was calculated by
Student’s unpaired t-test or one-way ANOVA (Tukey’s multiple
comparison tests). Significant differences were considered when
p < 0.05. Data are presented as means ± standard deviation (SD).

RESULTS

Artemether Improved Liver Injury and Lipid
Deposition in the Methionine- and
Choline-Deficient Diet–Induced
Non-Alcoholic Steatohepatitis Model
First, we assayed the effects of artemether on MCD-induced
liver injury and steatosis in NASH mice. Mice were divided into
four groups, two of which were fed with MCD for 4 weeks and
treated with Art-L (100 mg/kg) and Art-H (200 mg/kg) for
2 weeks, respectively (Figure 1A). The results showed that
the body weight decreased by about 50% after 6 weeks of
MCD treatment compared with that of the MCS group,
whereas artemether at 100 and 200 mg/kg had no significant
effect on the body weight of MCD mice (Figure 1B). Similarly,
wet liver weight decreased by 75% in the MCD group, but no
significant difference between the MCD and Art group was
observed (Figure 1C). The serum ALT and AST of the MCD
group were significantly higher than those of the MCS group,
and artemether could significantly reverse this phenomenon.
The reversal effect of the Art-H (200 mg/kg) group was better
than that of the Art-L (100 mg/kg) group (Figure 1D). The
serum lipid assay showed that treatment with Art-H
(200 mg/kg) significantly reversed the trend of decrease in
serum TC due to the MCD diet but had no effect on TG
levels (Figure 1E).

We also observed a reversal effect of artemether on hepatic
steatosis induced by the MCD diet in NASH mice. We found
that treatment with Art-H (200 mg/kg) significantly reduced
TG and TC levels (Figure 1F). In addition, H&E staining

showed that numerous hepatocytes in the MCD group
appeared as vacuole-like steatosis with inflammatory cell
infiltration. In contrast, the number and area of fatty
vacuoles and inflammatory cell infiltration in liver tissues of
artemether-treated mice were decreased, and the pathological
morphology of liver of MCD mice was improved in a dose-
dependent mode (Figure 1G). Oil red O staining also
demonstrated a significant increase in lipid deposition in
the MCD mouse liver, and the treatment with artemether
reduced lipid accumulation in a dose-dependent mode
(Figure 1G).

Artemether ImprovedHepatic Steatosis and
Liver Injury in the HFD-Induced
Non-Alcoholic Steatohepatitis Model
We also tested the impact of artemether on liver injury and
steatosis in NASH mice induced by an HFD because MCD
mice differed from human NASH in their pathogenesis. As
shown in Figure 2A, we found that artemether could decrease
the body weight of the HFD by 20% (Figure 2B). Compared
with the Chow group, the percentage of fat in the HFD group
was significantly increased by 2.05 times (p < 0.05), while that
in the Artemether group was significantly decreased by 56.4%
(Supplementary Figure.S1A). GTT analysis showed that
treatment with artemether significantly improved glucose
intolerance in mice. (Supplementary Figures.S1B,C). In the
HFD group, the wet liver weight was significantly increased by
1.5 times compared with that of the control group (p < 0.01).
However, artemether treatment reduced the wet liver weight
by 27.1% (p < 0.05) (Figure 2C). Compared with the Chow
group, the level of serum ALT and AST in the HFD group
increased 3.3 times and 2.5 times, respectively. Compared with
the HFD group, serum ALT decreased by 70% and AST
decreased by 42% in the artemether group (p < 0.05)
(Figure 2D). The analysis of TG and TC concentrations in
serum showed that artemether significantly reversed the
increase of the serum lipid level induced by the HFD (p <
0.05) (Figure 2E).

Similarly, we observed the anti-hepatic steatosis effect of Art in
NASH mice induced by the HFD. In the HFD group, the levels of
hepatic TG were increased by 1.34 times as compared with those
of the control group (p < 0.01). However, artemether treatment
reduced the hepatic TG concentration by 22.2% (p < 0.01).
Artemether had no significant effect on hepatic TC in mice
(Figure 2F). H&E staining showed that a large number of
hepatocytes in the HFD group showed vacuolar steatosis with
inflammatory infiltration, and artemether improved the
pathological morphology of the liver in the HFD group. The
number and area of fat vacuoles were significantly decreased, and
the accumulation of inflammatory infiltration was decreased in
the HFD group (Figure 2G). Oil red O staining confirmed that
compared with the Chow group, lipid accumulation was
significantly increased in the HFD group and decreased in the
artemether group (Figure 2G). In conclusion, artemether could
effectively reverse liver damage and hepatic steatosis induced by
the HFD.
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Artemether Influences the LipidMetabolism
Pathway in the Liver of Non-Alcoholic
Steatohepatitis Mice
To explore the molecular mechanism by which artemether
ameliorated liver pathological phenotypes in NASH mice,
RNA-Seq was used to analyze the liver transcriptome in
NASH models induced by the HFD and in Art-treated mice.
Volcanic mapping of differentially expressed genes (DEGs)
revealed the whole change in gene expression patterns
between HFD and Artemether-treated mice. A total of 1713
DEGs were selected from Artemether-treated mice, of which
883 were elevated and 830 were decreased (Supplementary
Figures.S2A,B). DEGs are classified by the PANTHER
database, and involved molecular functions including
molecular regulation, transcriptional regulation, catalysis, and
translation regulation. The biological processes include
metabolism and stimulation (Supplementary Figure.S2C).
DEGs were enriched using the Metascape database, with the
most prominent metabolic pathways in the first 20 pathways
being monocarboxylic acid metabolism, lipid metabolism, and
long-chain fatty acid metabolism. In addition, enriched
pathways include inflammation, insulin response, and protein
folding (Figure 3A). We analyzed significantly downregulated
genes of the artemether group, compared with the HFD group,
which were mainly enriched in lipid metabolism pathways
(Supplementary Figure.S2D). Artemether reduced fatty acid
synthesis and transport-related gene expressions, including
Cbr3, Ces1g, Fads 2, Slc44a3, Cyp2a4, Cyp2b13, Cyp2b9,
Cyp2a22, Ddit4, Scd1, Cd36, Thrsp, Gck, Mogat 1, Phospho1,
and Cieda (Figure.3B).

Artemether Improved Hepatic Steatosis in
Non-Alcoholic Steatohepatitis Mice by
Repressing De Novo Lipogenesis and
Promoting Lipolysis
Excessive TG storage in the liver is a dynamic imbalance between
lipogenesis and lipolysis. SCD1, a key gene for de novo
lipogenesis, was decreased in RNA-Seq assays. Therefore, we
first analyzed whether artemether could improve hepatic lipid
metabolism by inhibiting DNL. Interestingly, treatment with
artemether significantly reduced the expression of the key
genes involved in de novo lipogenesis, containing Srebp-1c,
Fasn, Acc, Scd1, and Ascl (Figure 3C). Western blotting
further confirmed that artemether decreased the protein
expressions of SREBP-1C, ACC, FASN, and SCD1 in the liver
tissue (Figures 3E,F).

Second, we considered the effects of artemether on lipolysis
and fatty acid β-oxidation-related gene expressions. The results
showed that artemether significantly increased the expression of
fatty acid β-oxidation genes, including Pgc1α and Cpt1α
(Figure 3D). The protein levels of ATGL, PGC-1a, and CPT-
1α were also confirmed by Western blotting (Figures 3G,H).
However, artemether had no significant effect on lipid synthesis
genes (Fasn, Acc, and Scd1) in the MCD model and significantly
increased the expression of lipolysis-related genes Hsl, Mcad,

Atgl, and Cpt1α. (Supplementary Figures S3A,B). Therefore,
artemether primarily reduced hepatic lipid deposition by
increasing the expression of lipolysis genes in NASH mice
induced by the MCD diet.

Artemether Reduced Oleic-Palmitic
Acid–Stimulated Lipid Deposition and
Cellular Damage in HepG2 Cells
Next, we observed the improved effect of artemether on
hepatic lipid deposition and explored its mechanism in oleic
acid (OA):palmitic acid (PA)–induced fatty liver models of
HepG2 cells. CCK-8 analysis showed that the concentrations
of 6.25 μmol/L and 25 μmol/L artemether had no toxic effect
on HepG2 cells, so we used these concentrations as the
working concentrations in the following experiments
(Figure 4A). Art-L (6.25 μmol/L) and Art-H (25 μmol/L)
significantly decreased the area of oil red O staining,
respectively (p < 0.05) (Figures 4B,C). The detection of the
intracellular TG concentration showed that artemether
significantly reduced the intracellular TG concentration in a
dose-dependent mode (p < 0.05) (Figure 4D). There was no
evidence that revealed artemether influences the intracellular
TC content (Figure 4E). Artemether significantly reduced the
AST and ALT levels in the supernatant of HepG2 cells (p <
0.001) (Figures 4F,G).

Artemether Improved Lipid Metabolism of
Oleic-Palmitic Acid–Stimulated HepG2
Cells by Repressing De Novo Lipogenesis
and Promoting Lipolysis
The mechanism of artemether improving lipid metabolism
was further validated in HepG2 cells. The results of mRNA
analysis showed that artemether inhibited the gene
transcription of Acc, Fasn, Scd1, and Srebp-1 significantly
(Figure 5A). The proteins of SREBP-1C, ACC, FASN, and
SCD1 were also confirmed by Western blotting (Figures
5C,D). In addition, artemether significantly increased the
transcription expression of Atgl (Figure 5B). At the protein
level, the expressions of ATGL and PGC-1a were significantly
increased by artemether treatment (Figures 5E,F). These
results demonstrated that artemether significantly
improved hepatic fatty deposition by inhibiting the
expression of key enzymes of DNL and increasing lipolysis
in HepG2 cells.

Artemether Reduced Hepatic Inflammation
in High-Fat Diet-Induced Non-Alcoholic
Steatohepatitis Mice
Liver inflammation is an important pathological feature of
NASH, so we also observed the effect of artemether on liver
inflammation in mice with NASH. Immunohistochemical
staining of F4/80, CD11C, and CD206 showed that
artemether significantly decreased liver inflammation by
inhibiting M1-type macrophage activation and increasing
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FIGURE 6 | Artemether reduced HFD-induced liver inflammation. (A) F4/80, CD11C, and CD206 immunohistochemistry. (B)Quantification of F4/80, CD11C, and
CD206 staining positive areas (n = 3). (C) qRT-PCR was used to detect the expression of M1-type marker genes (Cd11 and Cd197) and M2-type marker genes (Arg1,
Cd206, and Cd163). (D) Heat map of liver inflammation–related differential genes between NASH and Art groups. (E,F) Real-time PCR analysis of chemokine-related
genes (E) and inflammatory factor-related genes (F) in the liver. (G,H) Protein levels of TLR4, MYD88, and NF-kb in the liver. *p < 0.05, **p < 0.01, and ***p < 0.001.
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FIGURE 7 | Artemether prevented NASH-induced liver fibrosis. (A) From top to bottom: Masson’s staining (scale bar: 50 μM) and α-SMA immunohistochemistry
(scale bar: 50 μM). (B)Quantification of Masson’s staining area. (C)Quantification of immunohistochemical staining for α-SMA. (D) TGF-β immunohistochemical staining
(scale bar: 50 μM). (E)Quantification of TGF-β immunohistochemical staining. (F,G) Real-time PCR analysis of hepatic TGF-β expression (F) Acta 2, Timp1, and Smad2
(G) in the liver. *p < 0.05, **p < 0.01, and ***p < 0.001.
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M2-type polarization (Figures 6A,B). qPCR analysis showed
that artemether significantly decreased Cd11cmRNA levels and
significantly increased Cd163 mRNA levels (Figure 6C).
Enrichment analysis of hepatic transcriptional pathways also
revealed that some of the genes downregulated by artemether
treatment were closely related to the inflammatory pathway
(Figure 2B), including interleukin-4 and interleukin-13
signaling (Stat 1, Pik3r1, Socs1, Ccl2, Col1a2, Cdkn1a, S1pr1,
Fos, Il6ra, Il10, Il1a, and Tgfb1). (Figure 6D). qPCR analysis
further confirmed that artemether significantly inhibited the
expressions of chemokines (Ccl4, Ccl2, Cxcl12, Cxcl10, and
Mcp1β) and pro-inflammatory genes (Ifnγ, IL-1β, and TNF-
α) (Figures 6E,F) and significantly increased the expression of
the anti-inflammatory gene (Il10) (Figure 6F). Western blotting
showed that artemether decreased the levels of TLR4 and
significantly decreased the levels of Myd88 and NF-κB
(Figures 6G,H).

Artemether Ameliorated the High-Fat
Diet-Induced Liver Fibrosis
Previous research has shown that artemether prevents CCl4-
induced liver fibrosis in mice (Wang et al., 2019). Does
artemether improve liver fibrosis in NASH model mice?
Masson staining and immunohistochemical analysis of α-
smooth muscle actin (α-SMA) showed that artemether had a
significant inhibitory effect on NASH-related liver fibrosis

(Figures 7A–C). It is well known that the TGF-β/SMAD
pathway mediates the development of liver fibrosis, of which
TGF-β1 is the key initiator of fibrosis (Xu et al., 2016). Therefore,
we examined whether artemether could reduce TGFβ-mediated
liver fibrosis. These results showed artemether significantly
decreased the TGF-β gene expression (Figure 7F) and protein
level (Figures 7D,G). Finally, we tested other genes in the SMAD
pathway and showed that the treatment with artemether
significantly decreased fibrogenic gene expressions in the
NASH mouse liver, including smad2, Timp1, and Actaα
(Figure 7H).

DISCUSSION

Although NAFLD disease is becoming more prevalent
worldwide, the main challenge faced by many researchers is
the lack of authorized drugs specifically for the treatment of
NAFLD (Paik et al., 2020). Screening and exploring novel
therapeutic agents have an important social and scientific
value (Peng et al., 2020). Artemether was found for the first
time to improve hepatic steatosis, inflammatory infiltrates, and
fibrotic progression in mice induced by HFD and MCD diet.
Molecular mechanistic studies based on RNA-Seq analysis and
cell models suggested that artemether plays a major role in
repressing de novo lipogenesis, promoting lipolysis, and
increasing fatty acid beta-oxidation.

FIGURE 8 | Summary figure showing that the presumable molecular mechanism of artemether ameliorates non-alcoholic steatohepatitis.
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Monomeric analysis of Chinese herbal drugs is considered one
of the effective approaches for exploiting new drugs. In addition
to the treatment of malaria, recently, investigators have examined
the effects of artemether on the treatment of metabolic disorders.
Artemether has improved glucose metabolism in a diabetic
mouse model (Chalasani et al., 2020). Kim et al. (2016) found
that Artemisia annua leaf extract administration in
Sprague–Dawley rats with HFD-induced obesity, the major
source of artemisinin, prevented the development of liver
fibrosis and reduced lipid storage and inflammation in the
liver. Guo Y et al. (2018) found that artemether improves
glucose metabolism abnormalities in db/db mice by reducing
pancreatic β-cell apoptosis and increasing insulin emission in
mice. However, it did not explore the impact on liver
inflammation and fibrosis in mice. This study constructed two
well-known mouse models of NASH using the HFD and MCD
diet. The results demonstrated that artemether consistently
significantly improved the degree of hepatic steatosis,
inflammatory injury, and fibrotic progression in the mouse
model. In the MCD model, positive concentration-related
treatment effects were also observed.

In this study, artemether could significantly inhibit the
weight gain and reduce the body fat rate of NASH mice
induced by the HFD, which showed a good effect on weight
loss. In addition, artemether significantly improved glucose
tolerance in NASH mice. The large accumulation of
subcutaneous and visceral fat in obese individuals can induce
insulin resistance and liver inflammation (Loomba et al., 2021),
so improving obesity and weight loss is one of the important
strategies for the treatment of NASH. These results reflect those
of Lu et al. (2016), who also found that artemether injected
subcutaneously or intravenously via the tail vein could
effectively reduce the weight gain induced by a high-fat diet
improve cold tolerance and insulin sensitivity in mice.
Furthermore, the study conducted by Guo Y et al. (2018)
showed that artemether significantly reduced body weight
and improved insulin sensitivity in db/db mice. Subsequently,
we will investigate whether artemether reduces hepatic lipid
deposition by improving adipose tissue inflammation and
insulin resistance.

One of the more significant findings to emerge from this
study is that DNL synthesis key genes, including ACC, SREBP-
1C, FASN, and SCD1, were significantly inhibited in Art-treated
mice and hepatocyte models. These results further
demonstrated that artemether, as a natural inhibitor of the
DNL pathway, decreases hepatic lipid deposition primarily by
inhibiting the DNL pathway. In this study, RNA-Seq screening
in HFD-induced NASH confirmed that regulating lipid
metabolism-related pathways is the primary pathway for
artemether. DNL synthesis is mainly mediated by ACC,
FASN, and SCD1, which play a critical role in promoting
hepatic lipid deposition. Of these, ACC is an essential
enzyme in the DNL process. In a phase II trial, the
treatment of high-dose ACC inhibitors for 12 weeks
significantly reduced hepatic steatosis in patients with
NASH, but elevated serum TG levels were considered likely
to be due to a compensatory increase in SREBP-1C activity

(Kim et al., 2017). In our study, the expression of ACC in the
liver was decreased, and the serum TG concentration was
decreased in mice. SCD1 is a rate-limiting enzyme for
hepatocyte lipogenesis. Aramchol, the inhibitor of SCD1,
reduces hepatic steatosis in mice (Iruarrizaga-Lejarreta et al.,
2017). SREBP-1c is an important transcription factor upstream
of hepatic TG synthesis, which plays an important role in
regulating the FASN expression and increasing lipid
synthesis (Friedman et al., 2018). Our results demonstrate
that treatment with artemether significantly inhibits the
expression of SREBP-1C and its downstream FASN.

We also found that artemether could act as a potential drug
to modulate macrophage polarization to reduce inflammatory
damage in NASH. Hepatic macrophages have an obvious
inflammatory phenotype that promotes disease progression
in NASH through a variety of mechanisms (Tacke, 2017). The
inflammatory microenvironment induces macrophages to
polarize into the pro-inflammatory M1 type, increases the
secretion of pro-inflammatory cytokines (TNF-α and IL-1β)
and chemokines (CCL2 and CCL4), inhibits the polarization
of M2-type macrophages, decreases the secretion of anti-
inflammatory cytokines (IL-10), and increases the
disproportionality of M1/M2-type macrophages (Li et al.,
2020). In this study, artemether treatment significantly
decreased the expression of the M1 macrophage marker
genes (Cd11c and Cd197), pro-inflammatory factors (TNF-
α and IL-1β), and chemokines (Ccl4, Ccl2, and Mcp1). At the
same time, the expression of M2-type macrophage markers
(Arg-1 and Cd206) and anti-inflammatory factor (Il-10) were
significantly increased by artemether treatment. There is
scope for further progress in determining the relationship
between artemether and metabolic inflammation. Guo C et al.
(2018) found that the SCAP-SREBP2 complex incorporates
NLRP3 inflammasome activation and cholesterol
biosynthetic signaling during inflammation. We also found
that artemether administration greatly decreased the
cholesterol levels of liver. Further work could examine
more closely the links between cholesterol and the SCAP-
SREBP2 pathway by artemether administration in the
NASH model.

In conclusion, our experiments showed the therapeutic effects
of artemether on NASH and related disorders. Artemether
effectively reduced lipid deposition by repressing de novo
lipogenesis and promoting lipid breakdown. In addition,
artemether inhibited the secretion of pro-inflammatory factors
and reduced inflammatory infiltration by promoting the
polarization of M2 macrophages in livers. Furthermore,
artemether inhibited the TGF-β/SMAD pathway and mediates
the development of liver fibrosis. Finally, our discovery provided
a theoretical reference for artemether use in clinical studies
(Figure 8).
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Scoparone Improves Nonalcoholic
Steatohepatitis Through Alleviating
JNK/Sab Signaling Pathway-Mediated
Mitochondrial Dysfunction
Yuwei Jiang1†, Jiaoya Xu2†, Ping Huang1†, Lili Yang1, Yang Liu1, Yiping Li1, Jue Wang1,
Haiyan Song1* and Peiyong Zheng1*

1Institute of Digestive Diseases, Longhua Hospital, Shanghai University of Traditional Chinese Medicine, Shanghai, China,
2Department of Gout, Guanghua Hospital, Shanghai University of Traditional Chinese Medicine, Shanghai, China

The activated c-Jun N-terminal kinase (JNK) specifically combined with SH3 domain-binding
protein 5 (Sab) may mediate damage to the mitochondrial respiratory chain. Whether
mitochondrial dysfunction induced by the JNK/Sab signaling pathway plays a pivotal role
in the lipotoxic injury of nonalcoholic steatohepatitis (NASH) remains a lack of evidence.
Scoparone, a natural compound fromTraditional ChineseMedicine herbs, has the potential for
liver protection and lipid metabolism regulation. However, the effect of scoparone on NASH
induced by a high-fat diet (HFD) as well as its underlying mechanism remains to be elucidated.
The HepG2 and Huh7 cells with/without Sab-knockdown induced by palmitic acid (PA) were
used to determine the role of JNK/Sab signaling in mitochondrial dysfunction and cellular
lipotoxic injury. To observe the effect of scoparone on the lipotoxic injured hepatocytes,
different dose of scoparone together with PA was mixed into the culture medium of HepG2
and AML12 cells to incubate for 24 h. In addition, male C57BL/6J mice were fed with an HFD
for 22weeks to induce theNASHmodel andwere treatedwith scoparone for another 8weeks
to investigate its effect on NASH. Molecules related to JNK/Sab signaling, mitochondrial
function, and lipotoxic injury were detected in in vitro and/or in vivo experiments. The results
showed that PA-induced activation of JNK/Sab signaling was blocked by Sab knockdown in
hepatocytes, which improved mitochondrial damage, oxidative stress, hepatosteatosis, cell
viability, and apoptosis. Scoparone demonstrated a similar effect on the PA-induced
hepatocytes as Sab knockdown. For the NASH mice, treatment with scoparone also
downregulated the activation of JNK/Sab signaling, improved histopathological changes of
liver tissues including mitochondrial number and morphology, lipid peroxide content,
hepatosteatosis and inflammation obviously, as well as decreased the serum level of lipid
and transaminases. Taken together, this study confirms that activation of the JNK/Sab
signaling pathway-induced mitochondrial dysfunction plays a crucial role in the
development of NASH. Scoparone can improve the lipotoxic liver injury partially by
suppressing this signaling pathway, making it a potential therapeutic compound for NASH.

Keywords: nonalcoholic steatohepatitis, mitochondrial dysfunction, lipotoxic injury, C-jun N-terminal kinase, SH3
domain-binding protein 5, scoparone
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most
common chronic liver disease worldwide, which
encompasses the spectrum from simple nonalcoholic fatty
liver (NAFL), to nonalcoholic steatohepatitis (NASH), and
liver cirrhosis (Cotter and Rinella, 2020). NASH is the
progressive form of NAFLD, characterized by the presence
of inflammation with or without fibrosis in addition to
hepatic steatosis (Younossi et al., 2019). Previous studies
have shown that the onset of NASH is triggered by
lipotoxic liver injury (Machado and Diehl, 2016). Excessive
lipid accumulation promotes insulin resistance, oxidative
stress, mitochondrial dysfunction, and endoplasmic
reticulum stress, resulting in cell apoptosis, inflammation,
and fibrosis of liver tissues (Herbert and Alexander, 2010).
However, up to now, its mechanism has not been completely
clarified, and there is no effective treatment available for
NASH (Patel and Siddiqui, 2019).

Mitochondria produce energy for eukaryotic cells through
oxidative phosphorylation and electron transport (Vinten-
Johansen, 2020). Recently, mounting evidence has revealed
that mitochondrial dysfunction is closely involved in NASH
development (Patterson et al., 2016). Excessive accumulation
of free fatty acids in the liver could exacerbate reactive oxygen
species (ROS) production during oxidation, which in turn
suppresses the enzyme activities within the mitochondrial
respiratory chain and results in mitochondrial dysfunction,
thereby affecting energy metabolism and cell damage (Genova
and Lenaz, 2014; Sunny et al., 2017). The mitochondrial
membrane protein SH3 domain-binding protein 5 (Sab) is a
scaffold protein located on the outer mitochondrial membrane. It
can interact with the key kinase Bruton’s tyrosine kinase (BTK)
and stress-activated protein kinase 3 (SAPK3) to regulate B cell
growth and mitochondrial signal transcription (Tsukada, 1998;
Wiltshire et al., 2002; Court et al., 2004). Sab activation was found
up-regulated in Alzheimer’s disease, neonatal cerebral ischemic
injury and liver injury, etc. (Wiltshire et al., 2002; Nijboer et al.,
2013). c-Jun N-terminal kinase (JNK) is a member of the
mitogen-activated protein kinase (MAPK) family. Its activation
played a pivotal role in lipotoxic damage (Rockenfeller et al.,
2010; Ibrahim and Gores, 2012). Studies have shown that during
liver injury, JNK combined with Sab, can trigger the disruption of
mitochondrial electron transport chain and promote ROS release,
ultimately leading to the death of hepatocytes (Takeshita et al.,
2013; Win et al., 2016). However, whether JNK/Sab signaling
pathway induces lipotoxic liver injury by mediating
mitochondrial dysfunction in NASH still lacks evidence.

Scoparone (Scop) is a natural compound from Traditional
Chinese Medicine (TCM) herbs such as Artemisia scoparia
Waldst. etKit and Artemisia capillaris Thunb., with the
chemical name 6,7-dimethoxycoumarin (Jin et al., 2005; Yan
et al., 2011). It has the function of relieving asthma and cough,
anti-myocardial injury, liver protection, anti-tumor, and so on
(Nawrot-Modranka et al., 2006; Kang et al., 2013; Fang et al.,
2016; Wan et al., 2018). The pharmacological activities of
scoparone include anti-inflammatory, antioxidant, anti-

apoptotic, anti-fibrotic, and hypolipidemic effects. In recent
years, mounting evidence has shown its therapeutic potential
in various liver diseases, such as acute liver injury, alcohol-
induced hepatotoxicity, NAFLD, and liver fibrosis (Hui W. Y.
et al., 2020). In our preliminary experiment, scoparone was found
able to improve PA-induced lipid deposition and lipotoxic injury
of the hepatocyte. In addition, we also find that scoparone could
inhibit fatty acid-induced JNK activation.

Therefore, this study aims to clarify the contribution of
JNK/Sab signaling-mediated mitochondrial dysfunction to
NASH, then to explore the role of scoparone against NASH
and whether the JNK/Sab signaling pathway-mediated
lipotoxic injury in hepatocytes is involved in its underlying
mechanism through in vivo and in vitro experiments.

MATERIALS AND METHODS

Cell Culture and Experimental Design for
in vitro Experiment
Mouse hepatocyte AML12 and human hepatocarcinoma cell
line HepG2, Huh7 were purchased from the Cell Biology
Institute of Chinese Academy of Science (Shanghai, China)
and cultured in DMEM with 10% FBS and 1% penicillin/
streptomycin (Lonsera, Grand Island, United States) at 37°C
in a humidified atmosphere containing 5% CO2.

To induce hepatic steatosis model, cells were incubated in
DMEM containing 0.5 mM palmitic acid (PA) and 1% BSA
(Sigma, Steinheim, Germany) for 24 h. The cells were treated
with scoparone at different doses simultaneously. The cells
cultured in the DMEM with 1% BSA were used as normal
control. Scoparone was purchased from Shanghai Winherb
Pharmaceutical Technology Development Co., Ltd. (Batch No:
190623; Purity ≥98%), and initially dissolved in 50 mM
dimethyl sulfoxide (DMSO). The final concentrations of
DMSO were kept below 0.1% in all culture conditions.

Establishment of Sab Knockdown Cells
Three Sab-RNAi lentiviral vectors (sh Sab1, sh Sab2, and sh
Sab3) were constructed by Genomeditech Co, Ltd (Shanghai,
China) by using the vector pGMLV-SC5 RNAi-GFP. HepG2,
Huh7, and AML12 cells were cultured in a 6-well plate (5 ×
104 cells/well) for 24 h, and were transfected with sh Sab
lentivirus with a multiplicity of infection (MOI) of 10 to
establish the stable Sab knockdown cell line. Cells
transfected with empty-vector lentivirus were used as a
scramble. Polybrene (2 μg/ml) was used to enhance
transfection efficiency. After 72 h, RNA and protein of cells
were extracted to detect Sab expression level to evaluate the
transfection and knockdown efficiency.

Cell Viability Assay
The cell viability was measured using the Cell Counting Kit-8
(CCK-8, Dojindo, Kumamoto, Japan). The cells were cultured
in a 96-well plate (5 × 104 cells/well), and treated with
0.5 mM PA for 24 h. Then, a 110 μl CCK-8 detection
reagent (CCK-8 detection solution: DMEM = 1:10) was
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added and incubated for 4 h. The optical density (OD) of the
cultures was detected at the absorbance of 450 nm by using
Synergy H4 Hybrid Multi-Mode microplate reader (BioTeck,
Winooski, United States).

DAPI and Nile Red Double Staining of Cells
The cells were fixed with 4% paraformaldehyde and then stained
using Nile Red (SIGMA, Steinheim, Germany) and DAPI (MP,
Biomedicals, United States). The cell image was acquired by
ImageXpress Microsystem High-content imaging system
(Molecular Devices, LLC. San Jose, CA, United States). The
cellular imaging analysis software MetaXpress Analysis
(Molecular Devices) was used to run the quantitative analysis
of the lipid content in cells.

TMRM Assay and ROS Generation
Determination
Tetramethyl rhodamine, methyl ester (TMRM) staining can
quantify changes in mitochondrial membrane potential in
living cells. It was used to monitor mitochondrial function.
Cells were incubated with TMRM (Sigma, Steinheim,
Germany) staining solution at 37°C for 20 min in the dark.
Then TMRM was replaced with Hank’s solution, and finally,
cells were viewed and photographed by ImageXpress
Microsystem High-content imaging system (Molecular
Devices).

Intracellular reactive oxygen species (ROS) generation
level was determined by using the probe 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA)
(Beyotime Biotechnology, Shanghai, China). Briefly, cells
were incubated with DCFH-DA in DMEM for 20 min.
After washing twice with PBS, cells were observed and
photographed under a fluorescence microscope (Olympus
IX71, Tokyo, Japan).

Experimental Design for in vivo Experiment
A total of 40 male C57BL/6J mice (6-week old) of SPF grade,
were purchased from Shanghai Slack Laboratory Animal Co.,
Ltd. (license number SCXK (Shanghai) 2017-0005), and bred
at room temperature (22°C) and relative humidity 50–70%.
The mice were divided into a control group, a model group,
and three scoparone intervention groups (low, medium, and
high dose scoparone group), by using a completely random
design according to their body weights (n = 8 for each group).
The mice in the control group were fed a normal diet and the
mice in the model group and intervention groups with a high-
fat diet (HFD) (Research diet, Inc., New Brunswick,
United States, D12492) for 30 weeks. From the 23rd week,
mice of the low, medium, and high scoparone groups were fed
with HFD supplemented with scoparone powder, at a dose of
25, 50, and 100 mg/kg body weight for 8 weeks. At the end of
the experiment, the mice were fasted overnight, anesthetized,
and sacrificed. The blood and liver tissues were collected for
the subsequent experiments. The animal experiment
procedure was approved by the Animal Experiment Ethics
Committee of Longhua Hospital, Shanghai University of

Traditional Chinese Medicine (No. LHERAW-190001). All
animals were kept in compliance with the National Guideline
for the Care and Use of Animals.

Serum Biochemical Analysis and Detection
of Serum TNF-α
The mouse serum was separated at 3,000 r/15 min, and the
serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), triglyceride (TG)、cholesterol
(TC), high-density lipoprotein cholesterol (HDL), and low-
density lipoprotein cholesterol (LDL) were measured by using
ROCHE cobas 8,000 modular analyzer series and
corresponding reagent kits (Basel, Switzerland). The serum
TNF-α was determined by using an ELISA assay (Shanghai
WestTang Bio-tech Co., Ltd) according to the manufacturer’s
protocol.

Measurement of TG and TC Content in Liver
Tissues
Mouse live tissues (40 mg) were homogenized with 360 μl
alcohol, then centrifuged for 15 min at 4°C, 2,500 rpm. The
supernatant was measured based on the instructions of a TG
or TC assay kit (Jiancheng Institute of Bio Engineering, Inc.)
using the GPOPAP enzyme method. The absorbance was
measured by Synergy H4 Hybrid Reader (BioTek,
United States), and calculations of TG and TC content
were performed according to the formula of the kit.

Histopathology of Liver Tissues
The liver tissue was fixed with 4% paraformaldehyde, then
dehydrated and embedded in paraffin and cut into 5 µm
sections. The section was stained with hematoxylin-eosin
(HE) solution (Yixin Biotechnology, Shanghai, China)
according to a standard procedure. After mounting, the
pathological changes of liver tissue were observed and
photographed under a light microscope (Nikon ECLIPSE
50i, Tokyo, Japan).

TUNEL Staining of Liver Tissues
The paraffin-embedded liver tissue sections were
deparaffinized, hydrated, and permeabilized. A TUNEL
apoptosis detection kit (In Situ Cell Death Detection Kit,
Roche, Indianapolis, United States) was used to label the
apoptotic cells with TMR red, and nuclei were
counterstained with DAPI. The images of slides were
scanned and analyzed by using ImageXpress MicroSystem
and MetaXpress Analysis (Molecular Devices).

The Observation of Hepatocyte
Mitochondrion by Transmission Electron
Microscope
The fresh liver tissues were fixed in 2% glutaraldehyde for 2 h,
and the samples were then processed and photographed using
HITACHI H-7650 transmission electron microscope in the
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Science and Technology Experiment Center of Shanghai
University of Traditional Chinese Medicine.

Immunohistochemistry of 4-HNE of Liver
Tissues
The immunohistochemical experiment was performed to
detect the level of 4-hydroxynonenal (4-HNE) in liver
tissues. The paraffin-embedded liver sections were
dewaxed, antigen-retrieved, and blocked, then incubated
with a 4-HNE antibody (Alpha Diagnostic, Texas,
United States) overnight. The secondary antibody and
chromogenic reagent (Gene technology, Shanghai, China),
were used to detect the positive stain. After being
counterstained with hematoxylin, the section was
photographed.

Real-Time Quantitative Reverse
Transcription-Polymerase Chain Reaction
The total RNA from liver tissue or cells was extracted with
Trizol (Invitrogen, United States) reagent, reverse-
transcribed with a reverse transcription kit (Applied
Biosystems, Carlsbad, CA, United States). qRT-PCR was
then performed with an SYBR Green PCR Mix kit
(Accurate Biology, Changsha, China) with StepOnePlus
Real-Time PCR System (Applied Biosystems). The
expression level relative toβ-actin was calculated with the
2−ΔΔct method. The gene sequence was verified on the Blast

website, and the primers were synthesized by Shanghai
Shinegene Biotechnology. The sequence of the primers was
listed in Table 1.

Relative Copy Number of
Mitochondrial DNA
The total DNA of liver tissue or cells was extracted by using a
DNA extraction kit (Tiangen Biotech, Shanghai, China). The
expression level of mitochondrial DNA (mtDNA) was
detected by real-time PCR. The primer sequences, which
are located at the D-loop region in mitochondrial DNA,
were also listed in Table 1.

Western Blot
The liver tissue and cell proteins were extracted with RIPA lysate
(Beyotime Biotechnology), and the concentration was
determined using the BCA method. The protein was separated
by 10% acrylamide gel electrophoresis and transferred to the
PVDF membrane (Millipore, Darmstadt, and Germany). TBST
solution containing 5% skim milk (BD, Maryland, United States)
was used to block the membrane for 1 h, followed by incubation
with primary antibodies at 4°C overnight. Antibodies against
P-JNK, JNK, P-Src, Src, P-SHP-1, SHP-1, Peroxisome
proliferator-activated receptor-γ coactivator-1α (PGC-1α), and
β-actin were purchased from Cell Signaling (Massachusetts,
United States). Antibodies against Sab and Cleaved PARP
were obtained from Proteintech (Wuhan, China) and
ABclonal (Wuhan, China) respectively. The membrane was
then incubated with the secondary antibodies at room
temperature for 1 h and subsequently incubated with ECL
luminescent substrate (Millipore, Billerica, United States). The
signals were acquired using Tanon-5200 chemiluminescence
image analysis system (Shanghai, China).

Statistical Analysis
The measurement data were expressed as mean ± standard
deviation (SD). All data were statistically analyzed using
SPSS24.0 (SPSS Inc., Chicago, IL, United States) and
Graphpad Prism 8.0 software (GraphPad Software Inc., San
Diego CA, United States). Student t-test was used to compare
the means of the two groups, and One-way analysis of variance
(ANOVA) followed by Tukey’s post hoc comparison for three or
more groups. p < 0.05 was considered statistically significant.

RESULTS

Sab Knockdown Suppressed PA-Induced
Activation of JNK/Sab Signaling Pathway in
Hepatocytes
To identify the role of JNK/Sab signaling in the NASH
mechanism, the key molecule Sab was knockdown in
hepatocytes to block this pathway by using RNA interference.
The expression of Sab mRNA and protein in hepatocytes
transfected with Sab shRNA lentivirus or scramble was

TABLE 1 | The sequences of primers used in PCR.

Gene Sequence(59-39)

h β-actin Forward: TCAAGAAAGGGTGTAACGCAATA
Reverse: CGACAGGATGCAGAAGGAGAT

h Sab Forward: AGTTCCGCTCTGTTCTGGTTG
Reverse: CCTCTGGAAGTCCTGCGTG

h PGC-1α Forward: CAAATATCTGACCACAAACGATG
Reverse: AAGTTGTTGTTGGTTTGGCTTGTAAG

h NRF1 Forward: CCAGTTTAGTGGGTGGTAGG
Reverse: CGGGAGCTTTCAAGACATTC

h TFAM Forward: GTCACTGCCTCATCCACC
Reverse: CCGCCCTATAAGCATCTT

m β-actin Forward: GAGACCTTCAACACCCCAGC
Reverse: ATGTCACGCACGATTTCCC

m PGC-1α Forward: TGGCACGCAGCCCTATTC
Reverse: GAGGATCTACTGCCTGGGGAC

m NRF1 Forward: TCCCAGAGATGCTCAAGTATTCC
Reverse: TTAACTATGGTCCGTAATGCCTG

m TFAM Forward: GCATCCCCTCGTCTATCAGTC
Reverse: TGTGGAAAATCGAAGGTATGAAC

m IL-1β Forward: GCTTCAGGCAGGCAGTATCA
Reverse: TGCAGTTGTCTAATGGGAACG

m TNF-α Forward: CCCTCCAGAAAAGACACCATG
Reverse: CACCCCGAAGTTCAGTAGACAG

h mtDNA Forward: CCACTTTCCACACAGACATCA
Reverse: TGGTTAGGCTGGTGTTAGGG

m mtDNA Forward: ACATCTCGATGGTATCGGGTC
Reverse: CCTTAGGTGATTGGGTTTTGC
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FIGURE 1 | Sab knockdown inhibited PA-induced activation of JNK/Sab signaling pathway in hepatocytes. (A) The mRNA and protein expression level of Sab in
HepG2 cells transfected with Sab shRNA lentivirus or scramble. ***p < 0.001 vs. Scramble. (B) The protein expression level of Sab in Huh7 cells with Sab shRNA
lentivirus or scramble. ***p < 0.001 vs. Scramble. (C) The effect of different concentrations of PA on cell viability. *p < 0.05, ***p < 0.001 vs. PA 0 mM group. (D) The
expression and activation level of JNK, SHP-1, and Src protein in HepG2 cells with PA induction (Model) or without (Control). *p < 0.05, ***p < 0.001. n = 3.
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FIGURE 2 | Sab knockdown improved PA-induced mitochondrial dysfunction and lipotoxic injury of hepatocytes. (A) TMRM staining of HepG2 and Huh7 cells
(200×). (B) The ATP production of HepG2 cells. (C) PGC-1α protein expression of HepG2 cells. (D) ROS level of HepG2 cells (200×). (E) DAPI and Nile Red double
staining of HepG2 cells (200×). (F) The effect of Sab knockdown on HepG2 cell viability with PA induction. (G) The effect of Sab knockdown on Cleaved PARP level in
HepG2 cells. *p < 0.05, ***p < 0.001.
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detected by qRT-PCR and Western blot. Figures 1A,B showed
that sh Sab#3 lentiviral transfection had the most obvious
inhibitory effect on Sab expression, with an inhibition rate of
more than 80% in both HepG2 and Huh7 cell lines and around
60% in AML12 cells (Supplementary Figure S1A).

To imitate the lipotoxic liver injury of NASH in vitro,
hepatocytes were incubated with PA (0.1, 0.25, 0.5, 1, 1.5,
and 2 mM) for 24 h and the corresponding cell viability was
measured by CCK8 assay. The cell viability was down-
regulated by PA incubation in a dose-dependent manner.
The cell survival rate was around 50% with 0.5 mM PA
induction in HepG2 and Huh7 cells, which was thereby
selected as the dose of PA for subsequent experiments
(Figure 1C).

Figure 1D showed that PA increased the P-JNK/JNK and
P-SHP-1/SHP-1 ratios of protein expression in HepG2 cells,
whereas decreased P-Src/Src ratio. Knockdown of Sab
prevented the PA-induced activation of JNK/Sab signaling,
demonstrated by the significantly reduced P-JNK/JNK and
P-SHP-1/SHP-1 ratios, and increased P-Src/Src value.

PA-Induced Mitochondrial Dysfunction and
Lipotoxic Injury of Hepatocytes Were
Reversed by Suppression of the JNK/Sab
Signaling Pathway
TMRM can accumulate in normal functional mitochondria
and emit fluorescent signals. If the mitochondrial
transmembrane potential is damaged, TMRM will diffuse,
and fluorescence intensity decreases. As shown in
Figure 2A; Supplementary Figure S1B, the fluorescence
intensity of TMRM in PA-induced hepatocytes (Model)
was significantly reduced, indicating impaired membrane
potential and function of mitochondria. Whereas cells with
Sab knockdown showed higher fluorescence intensity
compared with scramble with PA treatment. Figure 2B also
demonstrated the knockdown of Sab rescued mitochondrial
function, as sh Sab HepG2 cells generated more ATP with PA-
induction when compared with the scramble cells. As a
nuclear transcription co-activator, PGC-1α can promote
the transcription of target genes related to regulating
mitochondrial proliferation, mitochondrial respiration
chain, and β-oxidation of fatty acid (Guerrero-Beltrán
et al., 2017). Western blot results showed that Sab
downregulation reversed the decrease of PGC-1α level
induced by PA (Figure 2C). Figure 2D showed that
intracellular ROS generation increased notably in the PA-
induced hepatocytes. When Sab was knocked down, the green
fluorescence was significantly reduced, indicating the
inhibitory effect of Sab knockdown on oxidative stress
during PA-induced lipotoxic injury.

DAPI and Nile Red double staining was performed to
observe cellular lipid accumulation. As shown in Figure 2E
and Supplementary Figure S1C, the control HCC cells
showed no obvious lipid deposition. After PA incubation
for 24 h, Nile red signal was significantly enhanced, whereas
the DAPI-presented cell number was reduced, and the Nile red

dots normalized to cell number indicated the increased
intracellular lipid content. Meanwhile, the decreased
number and the presence of some irregular morphology of
nuclei showed by DAPI staining also indicated cell damage
with PA induction. Sab knockdown alleviated the PA-induced
lipid accumulation and the decrease of cell number
significantly. Similarly, the CCK8 assay also showed Sab
knockdown significantly improved the viability of HepG2
cells and AML12 cells when treated with 0.5 mM PA for
24 h (Figure 2F, Supplementary Figure S1D). PARP
protein can be cleaved and activated during apoptosis.
Western blot results showed that PA increased the
expression of cleaved PARP of scramble HepG2 cells
significantly, while the Sab-knockdown cells had a lower
expression, suggesting that lipid-induced apoptosis had
been alleviated by inhibiting JNK/Sab signaling (Figure 2G).

Scoparone Reversed PA-Induced Lipotoxic
Injury of Hepatocytes
To determine the concentration of scoparone to be used, the
viability of HepG2 and AML12 cells incubated with
scoparone at different doses was detected by CCK8 assay.
Compared with control, cell viability increased with the
increase of concentration and reached a peak at 25 µM.
The calculated IC50 value of HepG2 cells was 350 µM and
that of AML12 cells was 480 µM (Figure 3A). With
0.5 mM PA induction, the viability of HepG2 and AML12
cells decreased significantly. Whereas intervened by
scoparone at 10 and 25µM, cell viability was improved,
with the highest viability at 25 µM (Figure 3B). The
concentration of 25 µM was far less than the IC50 value of
scoparone in hepatocytes, which was thus selected to be used
in subsequent experiments.

DAPI and Nile red double staining were performed on the
hepatocytes in each group. Compared with the model group,
the number of cells with 25 µM scoparone treatment group
increased significantly and the lipid deposition decreased
significantly (Figure 3C). Western blot results presented
that scoparone could significantly reduce the expression of
apoptosis indicator protein cleaved PARP in HepG2 and
AML12 cells induced by PA (Figure 3D).

PA-InducedMitochondrial DysfunctionWas
Reversed by Scoparone
The TMRM staining found that scoparone treatment could
significantly improve the attenuation of cellular mitochondrial
membrane potential caused by PA (Figure 4A). As shown in
Figure 4B, scoparone could also improve the PA-induced
decrease of ATP production. Compared with the control
group, the mtDNA copy number, the mRNA levels of PGC-
1α, NRF1, and TFAM, as well as PGC-1α protein level were
detected downregulated in PA-induced cells, which was
improved by scoparone significantly (Figures 4C,D). The
ROS level of cells in each group was observed under the
fluorescence microscope. Compared with the model group,
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FIGURE 3 | Scoparone reversed PA-induced lipotoxic injury of hepatocytes. (A) The effect of different concentrations of Scoparone on the viability of HepG2 and
AML12 cells. *p < 0.05, ***p < 0.001 vs. Scop 0 µM. (B) The effect of different concentrations of Scoparone on the viability of HepG2 and AML12 cells with PA induction.
(C) DAPI and Nile Red double staining of HepG2 and AML12 cells. (D) The effect of Scoparone on Cleaved PARP protein level in HepG2 and AML12 cells. *p < 0.05,
***p < 0.001 vs. Control; #p < 0.05 vs. Model.
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the ROS generation of cells in scoparone group was
significantly reduced and the oxidative stress injury was
improved (Figure 4E). Together, these results indicated that
the PA-induced damage of mitochondrial function was
improved by scoparone.

Scoparone Inhibited PA-Induced Activation
of JNK/Sab Signaling Pathway
The protein expression of JNK/Sab signaling pathway-relatedmolecules
in HepG2 and AML12 cells were detected, which were shown in
Figure 5. Compared with the control group, the ratio of P-JNK/JNK

and P-SHP-1/SHP-1 increased, and the ratio of P-Src/Src decreased
significantly. With the intervention of scoparone, compared with the
model group, the ratio of P-JNK/JNK and P-SHP-1/SHP-1 decreased,
and the ratio of P-Src/Src increased significantly. There was no
significant difference in the expression of Sab in cells of different groups.

Scoparone Alleviated Lipotoxic Liver Injury
Induced by HFD in NASH Mice
As shown in Figure 6A, after 30 weeks of the HFD-induction, the
body weight and liver weight of mice in the model group were
increased significantly compared with the control group. These

FIGURE 4 | Scoparone improved PA-induced mitochondrial dysfunction in hepatocytes. (A) TMRM staining (200×). (B) The ATP content of hepatocytes. (C) The
mRNA level of mtDNA, PGC-1α, NRF1, TFAM in HepG2 and AML12 cells. (D) The effect of Scoparone on PGC-1α protein level in HepG2 and AML12 cells. (E) ROS
staining of HepG2 and AML12 cells (200×). ***p < 0.001 vs. Control; #p < 0.05, ###p < 0.001 vs. Model.
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were down-regulated by scoparone treatment in a dose-
dependent manner. The levels of serum ALT, AST, LDH, TC,
HDL, and LDL in HFD-fed mice were higher than the control
group, which were also decreased by scoparone dose-dependently
(Figures 6B,C).

The liver tissues of model mice stained with HE
demonstrated the histology characteristics of NASH, with
the abundant accumulation of lipid droplets in hepatocytes,
scattered lobular inflammatory infiltration, and
hepatocellular ballooning. The medium and high dose of
scoparone improved the histopathological changes of
NASH mice (Figure 7A). The levels of TG and TC in the
liver tissues were also reduced by scoparone (Figure 7B),
which was consistent with the impaired hepatosteatosis
shown in HE staining. Moreover, the levels of serum TNF-
α and mRNA expression of IL-1β, TNF-α in the liver tissues of
scoparone groups were decreased as compared with NASH
mice (Figure 7C). The Western blot results showed the
Cleaved PARP protein level in the model group was
significantly increased versus control, which was decreased
by scoparone treatment (Figure 7D). Figure 7E showed red
fluorescence in the nuclei in a large number of cells in the liver
tissues of NASH model mice, whereas no obvious positive
TUNEL staining in the liver tissues of control and scoparone
groups. The quantified fluorescence value normalized to cell
number according to DAPI counterstain revealed that the
apoptotic rate of liver cells in the model group was
significantly higher than that of the control and the
scoparone groups.

Scoparone Alleviated Mitochondrial
Dysfunction in the Hepatocytes of NASH
Mice by Inhibiting JNK/Sab Signaling
Pathway
Through the transmission electron microscopy images of
liver tissues (Figure 8A), we can observe a closed cystic
structure composed of the bilayer membrane of the normal
mitochondria. In the slices of the model group, the
mitochondrial number was significantly reduced and the
mitochondria swelled when compared with control. And as
indicated by the yellow arrow, the mitochondria of the model
group were cavitated, which may be attributed to reduced
matrix particles. While in the scoparone group, there were
almost no lipid droplets and the number of mitochondria was
more than that of the model group. The mRNA levels of PGC-
1α, NRF1, and TFAM, and relative copy number of mtDNA
were detected reduced in the liver of NASH mice, which were
raised by scoparone significantly (Figure 8B). Mitochondrial
dysfunction is generally involved in excessive ROS
production, which can trigger lipid peroxidation to cause
cell damage. 4-hydroxynonenal (4-HNE), a product of lipid
peroxidation, is often used to indicate the ROS level. As
shown in Figure 8C, the IHC of 4-HNE displayed an
obviously higher level of oxidative stress in the liver
tissues of the model group than that in the control, which
was improved by scoparone treatment.

The expression levels of JNK/Sab pathway-related
molecules in mice liver tissues were also measured

FIGURE 5 | Scoparone inhibited PA-induced activation of JNK/Sab signaling pathway in hepatocytes. The expression and activation levels of JNK, SHP-1, Src,
and Sab protein in HepG2 and AML12 cells with PA induction were detected and analyzed. *p < 0.05, ***p < 0.001 vs. Control; #p < 0.05 vs. Model.
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(Figure 8D). There was no difference in Sab expression as well
as total JNK and Src protein among different groups.
Compared with the control, P-JNK/JNK and P-SHP-1/SHP-
1 ratios were significantly increased, while P-Src/Src ratio

decreased in the liver tissues of NASH mice. Scoparone
could reverse the changes of these protein ratios, suggesting
its inhibitory effect on the activation of JNK/Sab signaling
pathway in the liver of NASH mice.

FIGURE 6 | Scoparone improved the body weight, liver weight and serum levels of lipid and aminotransferases in the HFD-induced NASH mice. (A) Body weight
and liver weight of mice. (B) Serum lipid level. (C) Serum liver enzyme levels. *p < 0.05, ***p < 0.001 vs. Control; #p < 0.05, ###p < 0.001 vs. Model.
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FIGURE 7 | Scoparone reduced the lipotoxic liver injury in the HFD-induced NASHmice. (A)HE staining of mouse liver tissues (200×). (B) The TG and TC content of
mouse liver tissues. (C) Serum TNF-α level and IL-1β, TNF-αmRNA expression of liver tissues. (D) Cleaved PARP protein expression in mouse liver tissues. (E) TUNEL
staining of mouse liver tissues (200×). *p < 0.05, ***p < 0.001 vs. Control; #p < 0.05, ###p < 0.001 vs. Model.
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FIGURE 8 | Scoparone inhibited the JNK/Sab signaling pathway and improved mitochondrial dysfunction in the liver tissues of NASH mice. (A) Electron
microscope images of the mouse liver tissues (blue arrow: normal mitochondria, yellow arrow: mitochondrial cavitation, red arrow: lipid droplets) (200,00×). (B) PGC-1α
protein expression in mouse liver tissues. (C) IHC staining of 4-HNE in mouse liver tissues (200×). (D)The expression and/or activation level of JNK/Sab signaling-related
protein. ***p < 0.001 vs. Control; #p < 0.05, ###p < 0.001 vs. Model.
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DISCUSSION

Lipotoxic liver injury refers to cell damage or even cell death
attributed to the excessive accumulation of fatty acids in the liver,
which is the most obvious characteristic of NASH (Machado and
Diehl, 2016). Mitochondrial dysfunction induced by an overload
of fatty acids is regarded as a major factor for lipotoxic liver injury
of NASH (Satapati et al., 2012). Mitochondria are organelles with
a biolayer membrane composed of four parts: the outer
membrane, intermembrane space, inner membrane, and
matrix (Vakifahmetoglu-Norberg et al., 2017). Under
physiological conditions, mitochondria produce direct energy
ATP and a few amounts of ROS to maintain normal cell
activities (Shadel and Horvath, 2015). When the mitochondrial
function was damaged, electron transfer is blocked and ATP
synthesis is suppressed, leading to increased ROS generation
(Cortez-Pinto et al., 1999). A high level of ROS, in turn,
exacerbates mitochondrial dysfunction and energy
dysmetabolism, as well as induces lipid peroxidation to cause
cell damage (Kaser et al., 2005; Weltman et al., 2010). In addition,
as mitochondrial membrane permeability rises when damaged,
apoptosis-related factors release from the mitochondria into the
cytoplasm, which could activate downstream proteins of the
cysteinyl aspartate specific proteinase (Caspase) family to
trigger cell apoptosis (Ma et al., 2014). Moreover,
mitochondrial dysfunction can also induce inflammation,
necrosis, and fibrosis of liver cells (Ding, 2010). It has been
found that the severity of liver steatosis is positively relevant to the
degree of mitochondrial function in NASH (Morris et al., 2011).
Alleviating mitochondrial damage can reduce lipid accumulation
in hepatocytes induced by high glucose (Hsu et al., 2015). And in
patients with NASH, liver steatosis can be inhibited by drugs
restoring the mitochondrial respiratory chain and reducing
inflammation and fibrosis (Begriche et al., 2013).

In this study, the mice induced by a high-fat diet showed
diffuse liver steatosis, accompanied by increased apoptosis and
up-regulation of transaminase, indicating the lipotoxic liver
injury in the NASH model. Of note, we found abnormal
mitochondrial structure and decreased quantity in the
hepatocytes and decreased PGC-1α protein expression, as well
as increased lipid peroxide in the NASH mice. The in vitro
experiment also showed PA-induced cell apoptosis and lipid
accumulation, which resulted in lipotoxic damage. In addition,
the decrease of mitochondrial membrane potential, ATP level,
and PGC-1α protein expression, and the increase of ROS level
indicated mitochondrial dysfunction in NASH mice. Consistent
with previous studies, these results also proved the crucial role of
lipid-induced mitochondria dysfunction in NASH progress. But
the regulated mechanism remains unclear.

It has been found that sustained JNK activation plays an
important role in the lipotoxic injury of NASH. JNK can be
phosphorylated and activated by a variety of stress-related
signals, such as saturated fatty acids, ROS, and pro-
inflammatory cytokine (Gan et al., 2014). Its activation
could upregulate the transcription of inflammatory
cytokines and promote their release through activating the
NLR family pyrin domain-containing protein 3 (NLRP3)

inflammasome (Li et al., 2015). JNK can also mediate cell
apoptosis by inducing activation of transcription factors like
c-Jun to produce apoptotic related molecules or by directly
regulating the activation of Bcl-2 family members (Han et al.,
2009; Win et al., 2011). It was reported that continuous JNK
activation could damage the function of the mitochondrial
respiratory chain and causes mitochondrial dysfunction (Gan
et al., 2014). Furthermore, previous studies have found that
JNK is activated in a Sab-dependent manner in
acetaminophen (APAP) and tumor necrosis factor/
Galactosamine-induced acute liver injury of mice (Win
et al., 2016). Under physiological conditions, the
mitochondrial membrane protein Sab binds to SH2-
containing protein tyrosine phosphatase (SHP-1). Whereas
under stress pathological state during liver injury,
continuously activated JNK specifically binds to Sab and
causes its conformational change, which makes SHP-1
separate from Sab and is phosphorylated by non-receptor
tyrosine kinase c-Src (Tyrosine Phosphatase c-Src, Src). SHP-
1 is an important member of the protein tyrosine kinase
(PTK) family and plays a role in maintaining the
phosphorylation level of tyrosine (Zhang et al., 2000). Src
is located both on the outer membrane and inside the
mitochondrion (Gomez-Puerta and Mocsai, 2013). It
regulates multiple signal transduction involving processes
such as proliferation, differentiation, and apoptosis.
Inhibition of Src could directly suppress the electron
transport of mitochondria and promote ROS generation
(Yeatman and Timothy, 2004; Sharma et al., 2016). In

FIGURE 9 | The sketch of the mechanism of JNK/Sab signaling pathway
involved in mitochondrial dysfunction in NASH and the effect of Scoparone.
Stimulated by free fatty acids, JNK is activated and binds to the outer
mitochondrial transmembrane protein Sab, which then releases and
promotes the activation of SHP-1 in mitochondria. Phosphorylated SHP-1
could induce the inactivation of Src, which leads to damage of mitochondrial
electron transport chain, thereby reducing ATP production and increasing
ROS generation. The mitochondrial damage in turn stimulates JNK and thus
results in sustained activation of JNK. Scoparone can reverse this process
partly through inhibiting the JNK/Sab signaling.
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turn, excess ROS can reduce ATP production and the activity
of Src (Srikanthan et al., 2016). Activated SHP-1 by JNK/Sab
is transferred to the inner mitochondrial membrane and
mediates the inactivation of Src, thereby causing
mitochondrial dysfunction (Win et al., 2015; Win et al.,
2016).

In this study, to further clarify the role of the JNK/Sab pathway
in NASH-related hepatotoxicity injury, we used the key molecule
Sab knockdown cells in PA induction experiments. It was found
that, compared with the scramble, Sab knockdown inhibited the
activation of downstream SHP-1 while increasing Src
phosphorylation level, suggesting that Sab knockdown has an
inhibitory effect on this pathway. Affected by the inhibition of the
JNK/Sab pathway, the mitochondrial dysfunction of Sab
knockdown cells was improved than that of scramble cells
induced by PA, as evidenced by the restorative upregulation of
mitochondrial ATP production and mitochondrial membrane
potential. And in the hepatocytes with Sab knockdown, cell
viability was enhanced, whereas lipid accumulation and
apoptosis were reduced, when compared with scramble cells.
Interestingly, Sab knockdown also significantly reduced the
phosphorylated JNK level, probably because that Sab
knockdown reversed PA-induced mitochondrial dysfunction
and reduced ROS level, forming a feedback inhibition to JNK.
Collectively, our results indicate that JNK/Sab signaling pathway
is activated after fatty acids deposit in hepatocytes of NASHmice,
a mechanism that may be involved in liver mitochondrial
dysfunction and liver damage (Figure 9).

At present, TCM is widely used in the treatment of fatty liver
disease and shows curative effects. Based on the pathogenesis of
NAFLD of TCM theory, we developed the compound formula
Jiangzhi Granule, composed of five herbal medicine including
Artemisiae Scopariae Herba, which is effective for the clinical
treatment of NAFLD (Pan et al., 2013). Previous studies have
shown that the compound can improve hepatic steatosis and
inflammation, reduce serum transaminases, and inhibit JNK
activation in liver tissue of NASH mice (Liu et al., 2014). To
further explore its mechanism, pharmacological research on its
components was carried out. Scoparone, one component of
Artemisiae Scopariae Herba, was found effective in reducing lipid
accumulation and protecting liver function. The in vivo experiments
in our study confirmed its potential against lipotoxic liver injury in the
HFD-induced NASH mice. This effect against liver injury is
consistent with some previous studies. It has been found that
scoparone could improve acute liver injury in mice caused by
p-acetylphenol, significantly reducing histopathological changes in
liver tissue and cell apoptosis (Hui Y. et al., 2020). In an in vivo
experiment of cholestatic liver disease, scoparone inhibited liver
inflammation and fibrosis, improved cholestasis, and promoted
the recovery of liver injury by upregulating the expression of
farnesoid X receptor/bile salt export pump (FXR/BSEP) pathway
(Yuan et al., 2020). Liu X Showed that scoparone could inhibit the
transforming growth factor-β (TGF-β)/Smad/Stat3 signaling
pathway, therefore inhibiting the proliferation of hepatic stellate
cells and significantly reducing liver fibrosis (Liu and Zhao, 2017).

Notably, Liu B et al. have shown that scoparone could
improve hepatocyte inflammation, apoptosis, inflammation

as well as hepatic steatosis in methionine and choline-
deficient (MCD) diet-induced NASH mice, which was
similar to our results in HFD-induced mice. However, in
their in vitro experiment, scoparone was found unable to
reduce the hepatosteatosis in PA-induced AML12 cells. And it
was concluded that the effect of scoparone against NASH
through blocking TLR-4/NF-κB signaling-mediated immune
responses of macrophages (Liu et al., 2020). Different from
the above study, our results demonstrated that scoparone
could reverse PA-induced lipotoxic injury of hepatocytes,
such as cell viability, apoptosis, and lipid accumulation in
HepG2 and AML12 cells. This contradiction may be due to
the different intervention conditions and the degree of cell
damage in the two experiments, which may need further
analysis and confirmation. However, scoparone has been
shown capable of regulating lipid metabolism in some
previous researches. In one study, scoparone exposure at a
low, non-cytotoxic dose significantly altered metabolism in
primary hepatocytes isolated from ICR male mice. Lipid
changes, e.g., the levels of identified PG (19:1 (9Z)/14:0),
PE (17:1 (9Z)/0:0), PE (19:1 (9Z)/0:0) were found to be
upregulated in the ethanol-induced group, which were
downregulated in scoparone group (Zhang et al., 2016).
Moreover, scoparone could inhibit TG accumulation in the
mature adipocytes. Further study revealed that scoparone
negatively regulated the expression level and
transcriptional activity of the key adipogenic transcription
factor, PPARγ, in 3T3-L1 preadipocytes and suppressed
adipogenesis (Noh et al., 2013). These studies support that
scoparone could suppress the lipotoxic injury of hepatocytes
directly.

In ethanol-induced HepG2 cells, it has been found that scoparone
could ameliorate oxidative stress-mediated injury (Noh et al., 2011).
Our results also demonstrated the level of ROS and lipid peroxide 4-
HNE was downregulated by scoparone. Moreover, PA-induced
reduction of mitochondrial membrane potential and ATP
generation of hepatocytes, as well as the changes of mitochondrial
number and morphology in the liver tissues of NASH mice were
reversed by scoparone treatment, indicating the effect of scoparone in
improving mitochondrial number and function. As mitochondrial
dysfunction is themajor contributor to ROS generation, thus the anti-
oxidative stress role of scoparone might be through restoring
mitochondrial function. Further study showed that scoparone
treatment could reverse the PA-induced activation of JNK and
SHP-1, and inactivation of Src in the experiments in vitro and in
vivo, which was consistent with the results of Sab knockdown. As the
aforementioned involvement of JNK/Sab signaling in mitochondrial
dysfunction of hepatocytes, we consider that scoparone could
ameliorate the lipotoxic liver injury in NASH partially via
inhibiting the JNK/Sab pathway and improving mitochondrial
dysfunction (Figure 9).

CONCLUSION

In summary, the accumulation of fatty acids activates JNK/Sab
signaling pathway to induce mitochondrial dysfunction, promoting
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ROS release and cell apoptosis, which contributes to the lipotoxic liver
injury in NASH. Blocking this signaling pathway can reverse hepatic
steatosis and cell damage. Moreover, we confirmed the effect of the
naturally-derived compound scoparone againstHFD-inducedNASH.
The pharmacological mechanism of scoparone involves the inhibition
of JNK/Sab signaling-mediatedmitochondrial dysfunction. Therefore,
scoparone may serve as a potential therapeutic compound in the
treatment of NASH.
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Nonalcoholic fatty liver disease (NAFLD) is defined as liver disease in which more than 5%
of hepatocytes are steatotic with little or no alcohol consumption. NAFLD includes benign
nonalcoholic fatty liver (NAFL) and nonalcoholic steatohepatitis (NASH). Importantly, NASH
is an advanced progression of NAFL and is characterized by steatosis, hepatocyte
ballooning, lobular inflammation, and fibrosis. However, to date, no drugs specifically
targeting NAFLD have been approved by the FDA. Therefore, a new drug or strategy for
NAFLD treatment is necessary. However, the pathogenesis of NAFLD is complex and no
single-target drugs have achieved the desired results. Noticeably, traditional Chinese
medicine formulations are a complex system with multiple components, multiple targets,
and synergistic effects between components. The Ganweikang tablet is a compound
formula based on traditional Chinese medicine theory and clinical experience. In this study,
network pharmacology analysis indicates Ganweikang tablet as a candidate for NAFLD
treatment. Furthermore, we evaluated the therapeutic effects of Ganweikang tablet on the
NAFL andNASH and tried to clarify the underlyingmolecular mechanisms in animal models
and cell experiments. As expected, Ganweikang tablet was found to improve NAFL and
NASH by modulating inflammation, apoptosis, and fatty acid oxidation by inhibiting NFκB,
caspase-8, and activating PPARα, which not only indicates that Ganweikang tablet as a
drug candidate but also provides a theoretical basis of Ganweikang tablet for the treatment
of NAFL and NASH.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is defined as liver
disease in which more than 5% of hepatocytes are steatotic
under the condition of little or no alcohol consumption
(Sanyal et al., 2011). NAFLD commences with nonalcoholic
fatty liver (NAFL) which is characterized by steatosis with
minimal or no lobular inflammation. Throughout the disease,
the accumulation of triacylglycerols leads to a fatty infiltration
with inflammation, which evolves into a more severe stage of
NAFLD, nonalcoholic steatohepatitis (NASH), characterized by
ballooning hepatocyte degeneration, diffuse lobular
inflammation, and fibrosis (Leoni et al., 2018). As NASH
develops, it can progress further to cirrhosis and
hepatocellular carcinoma (Goldner and Lavine, 2020).
However, to date, no drugs for NAFLD have been approved
by the FDA (Sanyal et al., 2015).

The mechanisms underlying NAFLD are mainly related to
lipid-induced apoptosis and inflammation (Buzzetti et al.,
2016). When the fatty acid catabolism is not sufficient to
offset hepatic lipid overload, toxic fatty acid derivatives are
generated, which lead to activating inflammatory vesicles,
increased endoplasmic reticulum, oxidative stress, and
hepatocyte death, thereby promoting the progression of
steatosis to NASH (Koliaki et al., 2015). Furthermore, signals
from stressed or damaged hepatocytes and activated
macrophages drive resident hepatic stellate cells to activate
myofibroblasts and produce excessive matrix proteins, which
contribute to NASH to a severe stage (Friedman et al., 2018).
Dysregulation of NF-κB activation has a significant effect on the
development of hepatic steatosis and inflammation, and
inhibition of NF-κB ameliorates inflammatory infiltration in
the liver of NASHmice (Romics et al., 2004; Locatelli et al., 2013;
Rom et al., 2020). In addition, the apoptotic markers, such as
caspase-3 and caspase-8, were found to be significantly
upregulated in NASH and NAFL mice; and inhibition of
either can reduce apoptosis and inflammatory infiltration,
which alleviates liver damage in NASH and NAFL mice
(Hatting et al., 2013; Wang et al., 2017; Li et al., 2018; El-
Derany and El-Demerdash, 2020). Therefore, targeting lipid
metabolism and inflammation is an important strategy for
NAFLD treatment. The current evidence suggests that
pioglitazone, a PPARγ agonist that can improve insulin
sensitivity, transaminases, steatosis, inflammation, and
ballooning in patients with NASH and T2DM, showed the
potential for treating NAFLD (Cusi, 2016; Rinella and
Sanyal, 2016; Francque et al., 2021). However, the side effects
such as heart failure, fracture, and weight gain caused by
pioglitazone limit its further clinical application in the
treatment of NAFLD (Morán-Salvador et al., 2011). More
importantly, the pathogenesis of NAFLD is complex and no
single-target drugs have achieved the desired results (Friedman
et al., 2018). Noticeably, traditional Chinese medicine
formulation is a complex system with multiple components,
multiple targets, and synergistic effects between components,
which is supported by the approach of network pharmacology
(Hopkins, 2007; Ma et al., 2015). Therefore, traditional Chinese

medicine formulation is a potential candidate for NAFLD
treatment.

Ganweikang tablet is a compound formula based on
traditional Chinese medicine theory and clinical experience,
which shows beneficial effects on the liver and no serious
adverse reactions have been observed to date. Lianqiao
(Fructus Forsythiae), Fangfeng (Radix Saposhnikoviae
divaricatae), Shanyinchaihu (Gypsophila pacifica), Mabiancao
(Verbena officinalis), Huoxiang (Agastache rugosus), Baishu
(Rhizoma Atractylodis macrocephalae), Huangqi (Radix
Astragali), and Gancao (Radix Glycyrrhizae) are the main
herbal ingredients of Ganweikang tablet. Previous studies have
revealed that these herbals formulating Ganweikang tablet can
attenuate inflammation (Zhou et al., 2019; Lee et al., 2021), liver
injury (Hu et al., 2020), and apoptosis (Fattorusso et al., 2006; Hu
et al., 2014; Adesso et al., 2018; Lee et al., 2021; Zhao et al., 2021),
which indicates the potential and beneficial effects of Ganweikang
tablet on NAFLD. However, whether it can alleviate NAFLD,
especially the NAFL and NASH, remains unclear. Therefore, in
this study, we attempt to determine the protective effect of
Ganweikang tablet on NAFL and NASH and disclose the
underlying mechanism through an approach of network
pharmacology and animal model experiment as well as cell
experiment.

METHODS

Construction of Ganweikang
Tablet–Chinese Herbal–Target Genes
Network
HERB (http://herb.ac.cn/), a high-throughput experimental and
reference Chinese medicine database, was used for mining the
target genes of herbal ingredients in Ganweikang tablet (Fang
et al., 2021). Totally, 232 potential target genes of the Ganweikang
tablet were predicted by HERB, and the Ganweikang herb-target
genes network was constructed by Cytoscape software (Shannon
et al., 2003). KEGG and WIKI enrichment analysis of
Ganweikang target genes was achieved by the ENRICHR
online analysis tool (maayanlab.cloud/Enrichr/) (Chen et al.,
2013). The ggplot2 and ggpubr packages of R software were
used for the visualization of enrichment results (Ito and Murphy,
2013; Whitehead et al., 2019), including terms, gene ratio, gene
counts, and p-value.

Regents
Rabbit anti-α-SMA (Cat No. ab179467), Col4α1 (Cat No.
ab6586), CD206 (Cat No. ab64693), CD68 (Cat No.
ab125212), PPARα (Cat No. ab227074), and mouse anti-CD86
(Cat No. ab220188) antibodies were purchased from Abcam
(Cambridge, MA). Rabbit anti-F4/80 (Cat No. #30325), NF-
κB-p65 (Cat No. #8242), and phosphorylation of NF-κB-p65
(Cat No. #3033) antibodies were purchased from Cell Signaling
Technology. Rabbit anti-β−actin (Cat No. AC028) was purchased
from ABclonal (Wuhan, China). Mouse AST ELISA kit (Cat No.
ab263882), ALT assay kit (Cat No. ab241035), ALP assay Kit (Cat
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No. ab267583), gamma-glutamyl transferase (γ-GT) assay kit
(Cat No. ab241029), triglyceride assay kit (Cat No. ab65336), free
fatty acid assay (Cat No. ab65341), ROS detection assay (Cat No.
ab139476), caspase-3 assay kit (Cat No. ab39401), and
mitochondrial complex I enzyme activity microplate assay kit
(Cat No. ab109721) and mitochondrial complex III activity assay
kit (Cat No. ab287844) were obtained from Abcam (Cambridge,
MA). Glycyrrhetinic acid (Cat No. HY-N0375), betaine (Cat No.
HY-B0710), ursolic acid (Cat No. HY-N0140), and wogonin (Cat
No. HY-N0400) were purchased from MedChemExpress
(Shanghai, China).

In Vivo Studies With Animals
All experimental protocols for animal care and in vivo studies
conform to the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health (NIH) (NIH
Publication No. 85–23, revised 1996). The animal experiments
were conducted under the ARRIVE guidelines (McGrath and
Lilley, 2015; Lilley et al., 2020; Percie du Sert et al., 2020) and were
approved by the Ethics Committee of the Second Clinical School
of Jinan University (Shenzhen People’s Hospital). Male C57BL/6J
wild-type mice (8 ± 0.5 weeks old) were purchased from
Gempharmatech Co., Ltd (Nanjing, Jiangsu, China). The mice
were housed in the SPF unit of the Shenzhen People’s Hospital
Animal Centre (12-h light cycle from 8 a.m. to 8 p.m., 23 ± 1°C,
60–70% humidity) and maintained on standard rodent food with
free access to water as we previously reported (Xiang et al., 2021).
A maximum of 5 mice were housed in each cage bedding with
corn cobs, and the mice were given a 7-days acclimatization
period before the experiment. The mice were randomly divided
into 12 groups and were induced into NAFL and NASH models,
respectively. In detail, male C57BL/6J mice were fed a high-fat
diet (HFD: 41% fat plus 0.5% cholesterol) for 8 weeks to induce
the NALF model; or an MCD diet with 0% methionine and 0%
choline for 1 week to induce the NASH model. In the current
study, different doses of Ganweikang tablets (low dose, L,
336 mg/kg/day; medium dose, M, 672 mg/kg/day; high dose,
H, 1,344 mg/kg/day) were administered in an in vivo
experiment to detect the therapeutic effects on NAFL and
NASH. Fenofibrate (Feno, 100 mg/kg) was used as the positive
control drug as previously reported (Lefere et al., 2020). In the
NAFL experiment, themice were treated with normal chow (NC),
high-fat diet (HFD), HFDwith fenofibrate (Feno), HFDwith low-
dosage Ganweikang tablet (HFD + L), HFD with medium-dosage
Ganweikang tablet (HFD + M), and HFD with high-dosage
Ganweikang tablet (HFD + H). In the NASH experiment, the
mice were treated with normal chow (NC), MCD, MCD with
fenofibrate (Feno), MCD diet with low-dosage Ganweikang tablet
(MCD + L), MCD with medium-dose Ganweikang tablet (MCD
+ M), and MCD with high-dosage Ganweikang tablet (MCD +
H). At the end of the experiment, all mice were anesthetized in a
CO2 chamber with the blood and liver being collected. The blood
was rested for 4 h and centrifuged (3,000 rpm/min) to obtain the
serum that was used to test for γGT, AST, ALT, and ALP to
evaluate liver function by the fully automatic biochemical
analyzer.

Liver Histology
The liver was pathologically sectioned to assess the lesion.
Formalin-fixed and paraffin-embedded liver sections were
assessed by hematoxylin and eosin (H&E) for liver histology,
Sirius red for fibrosis, and oil red O staining for lipid droplet
accumulation. The nonalcoholic fatty liver activity score (NAS)
and fibrosis stage were assessed according to the NASH CRN
scoring system (Kleiner and Makhlouf, 2016). Histological
scoring was performed blinded to the knowledge of the
assessor of the treatment received. In addition, CD68, CD206,
CD86, F4/80, Col4α1, and αSMA in the liver were detected by
immunofluorescence staining to assess inflammation and
fibrosis.

Quantitative Real-Time Polymerase Chain
Reaction, Western Blot Assay, and ELISA
Assay
The method of RNA extraction and cDNA obtained was used as
we reported (Xiang et al., 2021). Briefly, qRT-PCR was
performed using the ABI Step One Plus ™ Real-time PCR
system (Applied Biosystem) with specific primers
(Supplementary Table S1). The relative mRNA level of
target genes was normalized using the level detected in the
control group as 1. The expression of IL-1β, TNF-α, IL-6, Mmp9,
Bax, Ccl2, Ccr2, Cxcl1, IL-4, Tgf-β1, Col1α1, Col1α2, Timp-1,
Bcl2, and Caspase3mRNA was normalized by β-actinmRNA in
the corresponding samples to reflect the transcript levels of
inflammation, fibrosis, and apoptosis in the liver. Western blot
was performed as we previously reported (Xiang et al., 2021).
First, the collected tissue is lysed and homogenized in lysis
buffer (Sigma-Aldrich; St. Louis, MO, United States), and total
protein was obtained according to the classical protocol. Dilute
fresh primary antibody (1:1,000) or anti-β-actin antibody (1:
5,000) and fresh HRP-conjugated anti-rabbit or mouse IgG (1:
5,000) in 1% fresh non-fat dry milk in PBS. The expression of
NFκB-p65, p-NFκB-p65, caspase8, PPARα, and β-actin were
determined by Western blot as we reported. The livers were
cryogenically homogenized, and the TG and FFA levels in them
were measured by ELISA according to the instructions.

Molecular Docking
Discovery Studio (DS) is molecular modeling software for drug
discovery and protein structure analysis (Zhang et al., 2020). In
this study, the DS 2019 version was used to molecularly dock the
active ingredient of the Ganweikang tablet with its target protein.
The structures of the active ingredients and proteins were
downloaded from the NCBI database (https://www.ncbi.nlm.
nih.gov/pccompound) and the Protein Data Bank (https://
www.rcsb.org), respectively (Barrett et al., 2013; Karuppasamy
et al., 2020). The proteins required a series of preparations before
docking, including the removal of water molecules, the addition
of hydrogen atoms, and the setting up of active pockets. CDocker,
an algorithm that can precisely dock any number of ligands to a
single protein receptor, was used for molecular docking in this
study (Wu et al., 2003).
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Cell Culture
HepG2 cells (a human hepatic cell line, were purchased from
ATCC, Manassas, VA, United States) and were cultured in a
complete DMEM medium (10% FBS, 50 μg mL−1 penicillin/
streptomycin, and 2 mM glutamine). When cells grew to ~
90% confluence in the culture dish, the complete DMEM

medium was replaced by the serum-free medium. Cells
received the treatment by glycyrrhetinic acid (GA, 20 μg/ml),
ursolic acid (UA, 5 μM), betaine (bet, 5.0 mg/ml), and wogonin
(wog, 10 μg/ml) in the presence or absence of LPS (1 μg/ml). After
treatment, RNA and protein were extracted for the following
q-RT-PCR and Western blot assay.

FIGURE 1 | Ganweikang tablet alleviates liver lesions in HFD-induced NAFL mice. (A) Representative images of mouse liver. (B) The ratio of liver weight (LW) to
body weight (BW) in mice with different treatments as indicated in the figure, n = 10. (C) Serum γGT, AST, ALT, and ALP were detected using kits, n = 10. (D)
Representative images of HE staining (up panel) and oil red O staining (down panel) of mouse liver. (E)Hepatocyte ballooning of mice liver, n = 10. (F)Hepatic TG and FFA
content were determined by kit, n = 10. *p<0.05, **p<0.01, ***p<0.001, by one-way ANOVA with Bonferroni correction.
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Data Analysis
The size of the in vivo study was calculated based on previous
studies and pre-experiments. No outliers were identified in this
study, and no data were excluded from the analysis. All data were
generated from at least three independent experiments. The
density of the target band and qRT-PCR target gene mRNA
was normalized to β-actin in the corresponding sample to reduce
variance. All values were normalized to the mean value of the
experimental control group. The density of the images was
quantified through ImageJ software (National Institutes of
Health, Bethesda, MD, United States). The significance of
differences between two or more sample means was tested by
one-way ANOVA with Bonferroni correction. The declared
group size is the number of independent values, and that
statistical analysis was carried out using these independent
values. All data are expressed as mean ± SEM. The significant
difference was considered at p < 0.05.

Chemical Compounds Studied in This
Article
Hematoxylin (PubChem CID: 442514); eosin (PubChem CID:
11048); oil red O (PubChem CID: 62330); fenofibrate (PubChem
CID: 3339); glycyrrhetinic acid (PubChem CID: 73398); betaine
(PubChem CID: 247); ursolic acid (PubChem CID: 64945); and
wogonin (PubChem CID: 5281703).

RESULTS

Ganweikang Tablet Alleviates Hepatic Lipid
Accumulation and Liver Lesion in
HFD-Induced NAFL Mice
To investigate the protective effect of the Ganweikang tablet on
NAFL, C57BL/6J background mice were fed HFD for a total of
16 weeks, and different doses of the Ganweikang tablet were
added to the diet at the 8th week. Mice fed HFD had whiter
livers and an increased liver-to-body ratio compared to that in
the NC group (Figure 1A). Compared to the mice fed only HFD,
the mice given fenofibrate and a medium or high dose of
Ganweikang tablets along with HFD showed a progressive
reddening of the liver and a significant decrease in the liver-
to-body ratio (Figures 1A, B). Similarly, liver injury-related
indicators, including γGT, AST, ALT, and ALP, were
significantly reduced in the fenofibrate and the medium- or
high-dose Ganweikang tablet group compared to the HFD
group (Figure 1C). In addition, decreased hepatocyte
ballooning and lipid droplet deposition were observed in the
fenofibrate group and the Ganweikang tablet group by HE and
oil red O staining (Figures 1D, E). Moreover, the levels of TG
and FFA were significantly lower in the liver of mice that were
treated with the medium dose of Ganweikang compared to
the HFD group (Figure 1F). Altogether, these data suggest
that the Ganweikang tablet protects the liver from HFD-
induced lipid deposition and liver injury in HFD-induced
NAFL mice.

Ganweikang Tablet Inhibits Hepatic
Inflammation and Fibrosis in HFD-Induced
NAFL Mice
Macrophage plays an important role in liver function. CD68 is a
marker for macrophages. In addition, CD86 and CD206 are the
markers of macrophage M1 and M2, respectively; the M1
phenotype is associated with an inflammatory response and
the M2 phenotype with an anti-inflammatory response (Wynn
and Vannella, 2016; Fan et al., 2020; Dong et al., 2016). In this
study, HFD intervention increased hepatic CD68+, CD206+, and
CD86+ macrophages in mice (Figure 2A). Fenofibrate and
medium-dose Ganweikang tablet administration reduced the
number of CD68+, and CD86+ macrophages and increased the
number of CD206+ macrophages (Figure 2A). Moreover, we
further evaluated the expression of pro-inflammatory cytokines
in the liver. Notably, similar to fenofibrate, a medium dose of
Ganweikang tablet significantly inhibited the HFD-induced
increase in mRNA expression of TNFα and Ccl2 in the liver of
mice (Figure 2B). Meanwhile, the medium- and high-dose
Ganweikang tablet intervention significantly inhibited Ccr2
expression. Compared to the HFD group, fenofibrate slightly
attenuated the Ccr2 and IL1β expression but without a
difference (Figure 2B). In addition, Ganweikang tablet
slightly reduced the IL1β expression but without a significant
difference (Figure 2B). Hepatic inflammation and fibrosis are
accompanied by NAFL development (Brunt et al., 2015). αSMA
is a marker of hepatic stellate cell activation and liver fibrosis
(Xiang et al., 2020). Intervention with fenofibrate or medium
dose of Ganweikang tablet significantly inhibited the expression
of fibrosis-related phenotype markers, including αSMA,Mmp9,
and Tgf-β1 (Figures 2A, C). In addition, fenofibrate and
Ganweikang tablet slightly reduced the Col1α1 and Timp-1
expression but without significant difference (Figure 2C).
The aforementioned results suggest that Ganweikang tablet
can reduce the inflammatory infiltration and fibrosis in the
liver of HFD-fed NAFL mice, partially by which ameliorating
the liver injury.

Ganweikang Tablet Alleviates Liver Lesion
in MCD-Induced NASH Mice
NASH is a further stage of NAFL. Therefore, we further
experimented to evaluate the effect of the Ganweikang tablet
on NASH. Eight-week-old male mice on a C57BL/6J background
were fed an MCD diet for a total of 8 weeks (NASH mice), with
the fenofibrate or Ganweikang tablet intervention at the
fourth week, and the serum and liver were collected at the
time of mouse euthanasia. Compared to the NC group, the
MCD-fed mice led to a change in the liver to whiter
(Figure 3A), a decrease in body weight and liver weight
(Figures 3B, C), and an increase in the liver to body ratio
(Figure 3D), which indicated that the NASH model was
successfully induced. The NASH model is accompanied by the
development of lipotoxicity and extensive inflammatory
infiltration as well as apoptosis in the liver. Despite no
significant increase in the liver and body weight after
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FIGURE 2 | Ganweikang tablet inhibits hepatic inflammation and fibrosis in NAFL mice. (A) Immunofluorescence staining for CD68 (green), CD206 (green), CD86
(red), α-SMA (red), and DAPI (blue) in liver sections from NC, HFD, HFD + L, HFD + M, HFD + H, and HFD + Feno group, followed by the quantitative analysis below. (B)
The fold changes of TNFα, Ccl2, Ccr2, and IL1β mRNA in the liver from the indicated group (n = 10 mice examined per group). (C) The mRNA fold level changes of
Col1α1, Timp-1,Mmp9, and Tgf-β1 in the liver from the group as indicated (n = 10 mice examined per group). *p<0.05, **p<0.01, ***p<0.001, by one-way ANOVA
with Bonferroni correction. ns, no significance.
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treatment by Ganweikang tablet or fenofibrate compared to the
MCD group (Figures 3B, C), the features of the liver in MCD-
induced NASH mice, including the whiter color and the
decreased liver-to-body weight ratio, were improved by the
medium-dosage Ganweikang tablet or fenofibrate
administration (Figures 3A, D), suggesting that Ganweikang
tablet administration plays a beneficial role in the NASH
treatment. In addition, we detected the liver injury-related
indicators ALT and AST and observed that both were
significantly elevated in MCD-induced NASH mice,
fortunately, which was partially reversed by fenofibrate or
medium dose of Ganweikang tablet; but no differences were
found in the low or high dose administration groups (Figures
3E, F). However, the other indicator of liver damage, ALP, was
decreased only in the fenofibrate group (Figure 3G). Taken
together, these results suggest that Ganweikang tablet
intervention improves liver damage in MCD-induced NASH
mice.

Ganweikang Tablet Alleviates Hepatic
Steatosis in MCD-Induced NASH Mice
Hepatic steatosis is a characteristic of NASH (Manne et al., 2018).
Methionine and choline are essential precursors for lecithin
biosynthesis in hepatocytes and are important substrates for
VLDL synthesis and secretion. When the mice are treated with
an MCD diet, the synthesis and secretion of VLDL are impaired,
so that endogenous TG cannot be transported out of hepatocytes
and is deposited in the liver, leading to fatty degeneration of
hepatocytes (Rinella and Green, 2004). In this study, we observed
a large accumulation of lipid droplets in the liver of the MCD-
induced NASH mice model (Figure 4A), accompanied by a
significant increase in TG and FFA levels in the liver, which
was attenuated by the administration of Ganweikang tablet or
fenofibrate (Figures 4A–C). Moreover, HE staining showed that
hepatocyte ballooning was also significantly elevated in the mice
under the condition of the MCD diet (Figure 4D). On the other
hand, the MCD diet leads to a decrease in the precursors of

FIGURE 3 | Ganweikang tablet alleviates liver lesions in MCD-induced NASH mice. Eight-week-old male mice on a C57BL/6J background were fed an MCD diet
for a total of 8 weeks, with the Ganweikang tablet intervention at the fourth week, and the serum and liver were collected at the time of mouse euthanization. (A)
Representative images of mouse liver. (B–D) The bodyweight (BW), liver weight (LW), and the ratio of LW to BW, n = 10 per group. (E–G)SerumAST, ALT, and ALPwere
detected by kit, n = 10 per group. *p<0.05, **p<0.01, ***p<0.001, by one-way ANOVA with Bonferroni correction.
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antioxidants, also known as reactivemethyl groups, followed by the
activation of oxidative stress in the liver, which causes
inflammation and apoptosis of hepatocytes (Merry et al., 2016).
Accordingly, the HE staining showed that hepatic inflammation
was also increased in theMCD-fed mice (Figure 4G). Intriguingly,
similar to the fenofibrate group, these features of NASH, such as
high hepatic TG and FFA level, hepatic steatosis, inflammation

score, and NAS, were significantly decreased in the medium-dose
Ganweikang tablet administration group, while hepatocyte
ballooning was slightly reduced but without significance in the
medium-dose Ganweikang tablet administration group (Figures
4B–H). The aforementioned results indicate that the Ganweikang
tablet improves lipid deposition in the liver of MCD-induced
NASH mice.

FIGURE 4 | Ganweikang tablet alleviates steatosis in the liver of MCD-fed mice. (A) Representative images of oil red O staining on the liver sections. (B,C) Hepatic
TG and FFA in different groups were detected by the kit. (D) Representative images of HE staining on the liver sections from the indicated groups. (E–H) After analysis of
HE staining, the changes in steatosis (E), hepatocyte ballooning (F), inflammation score (G), and NAS (H) between the groups are shown in the figure. *p<0.05,
***p<0.001, by one-way ANOVA with Bonferroni correction. ns, no significance.
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FIGURE 5 |Ganweikang tablet ameliorates fibrosis and inflammation in the liver of MCD-fed NASH mice. (A) Representative images of Sirius Red staining, n = 10.
(B) q-RT-PCR analysis of the mRNA level of TNFα, IL1β, Ccr2, and Ccl2 in the liver, n = 10. (C) Mouse liver sections were stained for F4/80, Col4α1, and α-SMA,
respectively, and followed by quantitative analysis, n = 10. F4/80 (red), Col4α1 (green), α-SMA (red), and DAPI (blue). (D) q-RT-PCR analysis of the mRNA level of Tgf-β1,
Timp-1, Col1α1, and Col1α2 in the liver, n = 10. *p<0.05, **p<0.01, ***p<0.001, by one-way ANOVA with Bonferroni correction.
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Ganweikang Tablet Ameliorates Hepatic
Inflammation and Fibrosis in MCD-Fed
NASH Mice
Fibrosis is accompanied by NASH development. Therefore, we
determined whether the Ganweikang tablet could attenuate fibrosis
in the NASH mice. Intriguingly, similar to the fenofibrate group,

the data of Sirius Red staining showed that the Ganweikang tablet
attenuated the fibrosis (Figure 5A). In addition, a medium dose of
Ganweikang tablet significantly reduced the increase in liver
fibrosis indicators, including TGF-β1, Timp-1, Col1α1, and
Col1α2 in NASH mice (Figure 5B). Fenofibrate reduced the
expression of TGF-β1 and Timp-1 but did not affect the Col1α1
and Col1α2 expression in NASH mice (Figure 5B). Moreover,

FIGURE 6 | Network pharmacology analysis on target genes and disease of the Ganweikang tablet. (A) Ganweikang tablet (yellow)–Chinese herbal medicine
(blue)–target genes (red) network. (B) Enrichment analysis of Ganweikang tablet target genes in WIKI and KEGG diseases (top 20). (C) Venn diagram representing the
intersection of Ganweikang tablet target genes in KEGG and WIKI-enriched diseases. (D) Venn diagram representing Ganweikang target genes that are co-owned by
KEGG and WIKI in NAFLD.

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 89333610

Ma et al. Ganweikang Tablet Alleviates NAFL and NASH in Mice

113

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


immunofluorescent staining on the fibrosis marker, such as Col4α1
and αSMA, was markedly decreased by fenofibrate and
Ganweikang tablet treatment (Figure 5C). These data suggest
that the Ganweikang tablet can reduce liver fibrosis in NASH
mice. Hepatic macrophages act as a key regulator of liver fibrosis,
and excessive accumulation of macrophages markedly contributes
to liver fibrosis development (Krenkel et al., 2018). According to
the F4/80 (macrophage marker) immunofluorescence staining,
macrophage infiltration was significantly increased in MCD-fed
mice compared to NC-fed mice, which was significantly attenuated
in the fenofibrate group and the medium-dose Ganweikang tablet
group (Figure 5C). Consistent with this, the mRNA levels of
inflammatory factors, such as TNFα, IL1β, Ccr2, and Ccl2, in
the liver were significantly reduced in the medium-dose
Ganweikang-treated group (Figure 5D). The aforementioned
results suggest that the Ganweikang tablet can ameliorate
inflammation and fibrosis in the liver of MCD-fed NASH mice.

Network Pharmacology Analysis Indicates
Ganweikang Tablet as a Candidate for
NAFLD Treatment
Furthermore, we conducted the network pharmacology analysis
to determine the potential effect and molecular mechanism of
Ganweikang tablet on the NAFLD. First, Ganweikang’s target
genes were predicted from the HERB high-throughput database
(http://herb.ac.cn/) based on literature data. Ganweikang tablet
consists of eight Chinese herbal ingredients, including Lianqiao,
Fangfeng, Shanyinchaihu, Mabiancao, Huoxiang, Baishu,
Huangqi, and Gancao, which were individually predicted by
HERB, resulting in the integration of 232 potential target
genes for Ganweikang tablet (Figure 6A). In addition, these
232 genes were analyzed for enrichment by ERICHR (https://
maayanlab.cloud/Enrichr/) and showcased the top 20 disease-
related signaling pathways in the KEGG and WIKI databases

FIGURE 7 |Ganweikang tablet reduces inflammation, apoptosis, and fatty acid oxidation in the liver of NAFLmice. C57BL/6J-backgroundmice induced into NAFL
model by HFD, n = 3. (A)Western blotting demonstrates the expression of p-NFκB-p65 and NFκB-p65, n = 3. (B) Differences in mRNA fold level changes of IL6, Cxcl1,
and IL4 between the indicated groups (n = 10mice examined per group). (C)Western blotting demonstrates the expression of Caspase8, n = 3. (D)Differences in mRNA
fold level changes of Bcl2, Bax, andCaspase3 between the indicated groups (n = 10mice examined per group). (E)Western blotting demonstrates the expression
of PPARα, n = 3. (F)Differences in the amount of ROS between the indicated groups (n = 10mice examined per group). (G) Differences in activity between the groups for
complex I and complex III (n = 10 mice examined per group). *p<0.05, **p<0.01, ***p<0.001, by one-way ANOVA with Bonferroni correction. ns, no significance.
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(Figure 6B). In addition, we crossed the most significant gene
enrichment in KEGG and WIKI databases and found that the
targets of the Ganweikang tablet were mainly associated with
NAFLD (Figure 6C). Furthermore, the predicted genes enriched
in NAFLD in KEGG and WIKI databases were taken for
intersection, and 16 genes were overlapped in KEGG and
WIKI databases, including AKT1, BAX, CASP3, CASP8,
CXCL8, CYP2E1, GSK3B, IL6, INSR, JUN, NFκB1, PKLR,
PPARα, RELA, RXRα, and TNFα (Figure 6D). Taken together,
network pharmacology analysis indicates that the Ganweikang
tablet can serve as a candidate for NAFLD treatment and predicts
the potential molecular mechanism underlying the action.

Ganweikang Tablet Attenuates the NAFL
and NASH by Inhibiting Inflammation,
Apoptosis and Enhancing Fatty Acid
Oxidation Through Inhibiting NFκB and
caspase8 and Activating PPARα
According to the network pharmacology analysis, the targeting
genes of the Ganweikang tablet associated with NAFLD were
mainly enriched in inflammation, apoptosis, and fatty acid
oxidation. Therefore, further validation on the key targets of
these signaling pathways was carried out in the liver of NAFL and
NASH mice. Western blot results suggested that Ganweikang
tablet significantly reduced the phosphorylation level of NF-κB in
either NAFL or NASH liver (Figure 7A and Supplementary
Figure S1A). Consistent with this result, the expression of the
inflammatory factors IL-6 and Cxcl1 was significantly reduced
after Ganweikang tablet treatment, while the expression of IL-4
(anti-inflammatory cytokine) was significantly increased in either
NAFL or NASH liver (Figure 7B and Supplementary Figure
S1B). In the liver, caspase8, a protein that upregulates apoptosis,
was reduced by intervention with the Ganweikang tablet
(Figure 7C and Supplementary Figure S1C). In addition,
Ganweikang tablet significantly inhibited the mRNA levels of
Bax and Caspase3 in NAFL and NASH mice and increased Bcl2
mRNA level (Figure 7D and Supplementary Figure S1D).
PPARα is an important target for the upregulation of fatty
acid oxidation (FAO). Inhibition of PPARα in NAFLD leads
to reduced FAO and mitochondrial dysfunction (Pawlak et al.,
2015). In this study, the expression of PPARα was significantly
reduced in NAFL and NASH mice compared to the NC group;
however, Ganweikang tablet partially reversed this effect
(Figure 7E and Supplementary Figure S1E), suggesting that
Ganweikang tablet could increase FAO levels in the liver of
NAFLD model mice. When the hepatocyte was exposed to
excess FFAs for a prolonged time, oxidative stress can be
activated, prompting the release of large amounts of reactive
oxygen species (ROS) from the mitochondria. In line with the
level of PPARα expression, the medium-dose Ganweikang tablet
reduced hepatic ROS (Figure 7F and Supplementary Figure S1F),
further implying that Ganweikang tablets can ameliorate oxidative
stress. Mitochondria are a source of ROS and a major organelle for
ROS attack. Herein, we explored the state of mitochondrial
biological function by assaying the activity of mitochondrial
complexes I and III. We found that Ganweikang tablets could

increase the activity of mitochondrial complex III in NAFL and
NASH mice (Figure 7G and Supplementary Figure S1G), which
maintained normal mitochondrial function. The aforementioned
results suggest that the Ganweikang tablet can reduce
inflammation and apoptosis and enhance FAO by inhibiting
NFκB and Caspase8 and activating PPARα, which protected the
mice from NAFL and NASH suffering.

Study on the Molecular Mechanism of
Ganweikang Tablet Improving NAFL and
NASH via Network Pharmacology
Combined Cell Experiment
Visualization of -Cdocker interaction energy (CIE) between the
Ganweikang tablet’s active ingredients that were analyzed by
network pharmacology and the corresponding target genes that
we have determined in vivo experiment is shown in Figure 8A.
First, molecular docking simulations of the binding sites and the
interaction forces of glycyrrhetinic acid (GA), CASP3 (Figure 8B),
ursolic acid (UA), and CASP8 (Supplementary Figure S2A) were
performed. Subsequently, Western blot analysis showed that LPS
(1 μg/ml) induced an increase in protein levels of CASP3 and
CASP8 in HepG2 cells, which was reversed by GA (20 μg/ml) and
UA (5 μM) treatment, respectively (Figure 8C). In addition,
CASP3 activity was enhanced by LPS, while GA treatment
inhibited CASP3 activity (Figure 8D). Moreover, the mRNA
expression levels of BAX and BCL2 were increased and
decreased by LPS, respectively, and GA significantly attenuated
the effect of LPS on these BAX and BCL2 expressions (Figure 8E).
Next, molecular docking simulations of betaine and PPARα are
shown in Figure 8F. In addition, the PPARα protein level was
reduced by LPS while betaine (5.0 mg/ml) restored its expression
(Figure 8G). The mRNA level of CPT1α (the downstream gene of
PPARα) supported the finding that betaine treatment increased the
activity of PPARα in the presence of LPS (Figure 8H). Molecular
docking simulations of NFκB-p50 and wogonin are exhibited
in Figure 8I. Furthermore, LPS increased NFκB-p50 expression
in HepG2 cells, which was inhibited by wogonin (10 μg/ml)
(Figure 8J). In addition, wogonin inhibited the enhanced NFκB-
p65 phosphorylation caused by LPS (Figure 8J). Moreover, TNFα
mRNA expression levels were increased by LPS and wogonin
treatment significantly inhibited this change (Figure 8K).
Moreover, the molecular docking prediction of GA and TNFα,
UA and IL6, NFκB, and apigenin are presented in Supplementary
Figure S2. Taken together, the aforementioned results confirmed
that the active ingredient of Ganweikang that was analyzed by
network pharmacology can ameliorate LPS-induced changes in
apoptosis, fatty acid oxidation, and inflammatory signaling
pathways, possibly by which Ganweikang tablet protects the liver
from NAFL and NASH in the mice.

DISCUSSION

NAFLD, a liver disease associated with obesity, insulin resistance,
type 2 diabetes mellitus, hypertension, hyperlipidemia, and
metabolic syndrome, is now considered a significant driver of
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FIGURE 8 | Molecular docking between the potential molecule targets and the compound analyzed by network pharmacology. (A) The ggballoon plot
demonstrates the degree of interaction between Ganweikang’s potent small molecule compounds and the receptor proteins. The strength of the -CIE is shown by the
size and color of the circles. 0 means that the relationship between the active ingredients and the proteins has not been predicted by the HERB database (http://herb.ac.
cn/). (B) Molecular docking of glycyrrhetinic acid and CASP3. (C) Western blotting demonstrates the protein level of CASP3 and CASP8 in HepG2 cells after
indicated treatment, n = 3. (D)Casp3 activity in HepG2 cells was determined by the commercial kit, n = 5. (E) Transcriptional expression of BAX and BCL2 in HepG2 cells
after indicated treatment was determined by qRT-PCR, n = 5. (F) Molecular docking simulations of betaine and PPARα. (G,H) After indicated treatment, expression of
PPARα and CPT1α in HepG2 cells was determined by Western blotting and qRT-PCR, n = 5. (I) Molecular docking simulations of NFκB-p50 and wogonin. (J,K) After
indicated treatment, expression of NF-κB-p50, NF-κB-p65, p-NF-κB-p65, and TNFα in HepG2 cells was determined byWestern blotting and qRT-PCR, n = 5. *p<0.05,
***p<0.001, by one-way ANOVA with Bonferroni correction.
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the global burden of chronic liver disease and can carry serious
sequelae (Golabi et al., 2021). There is a potential progression of
NAFLD from simple steatosis (NAFL) to more severe NASH, with
terminal progression to liver fibrosis, cirrhosis, and hepatocellular
carcinoma, which places a heavy financial and life burden on
patients (Younossi, 2019). However, to date, there are no FDA-
approved drugs for the treatment of NAFLD. The pathogenesis of
NAFLD is complex and no single-target drugs have achieved the
desired results. Noticeably, traditional Chinese medicine has
gained increasing attention for NAFLD treatment due to its
multi-target and multi-pathway advantages. The underlying
mechanism of action of Ganweikang tablet, a compounded
traditional Chinese medicine, is not yet clear. Fortunately,
network pharmacology proposed by Hopkins University in 2007
is a comprehensive discipline that integrates systems biology,
information networks, computer science, and pharmacology
(20), which can provide a theoretical basis for predicting the
target genes and diseases potentially treated by compounded
herbal medicines. In this study, we found that NAFLD is a
major target disease of Ganweikang’s major components, with
target genes associated with inflammation, apoptosis, and fatty acid
oxidation, which provide a theoretical basis for its treatment of
NAFLD. Accordingly, we investigated the therapeutic effects of
Ganweikang tablet on two stages of NAFLD pathogenesis through
different disease models, NAFL and NASH mice, respectively. The
results suggested that the Ganweikang tablet significantly reduced
lipid deposition, fibrosis, and inflammation in the liver from both
the NALF and NASH models.

Hepatic lipid accumulation, inflammation, and apoptosis are
major contributors to NAFLD development (Friedman et al.,
2018). In this study, lipid accumulation, macrophage infiltration,
and collagen deposition were significantly reduced in NAFL and
NASHmice after Ganweikang tablet intervention. Kupffer cells and
newly recruited monocyte-derived macrophages play key roles in
the regulation of inflammation, fibrosis, and fibrinolysis. Following
injury, Kupfer cells recruit inflammatory blood monocytes, which
differentiate into classically activated M1-type macrophages with
the secretion of large amounts of pro-inflammatory cytokines and
ROS (Kazankov et al., 2019). In contrast, M2-type macrophages
with anti-inflammatory and repair phenotypes are associated with
reduced liver injury in NAFLD (Wan et al., 2014). Our study
indicates that the Ganweikang tablet can significantly promote the
M2 subtypes of macrophages and reduce pro-inflammatory
cytokines in the liver of mice in the NAFL model. The flow of
monocytes to the liver is mainly regulated by the chemokine CCL2
and its cognate receptor CCR2 in monocytes or macrophages
(Obstfeld et al., 2010). In this study, under the treatment of
Ganweikang tablets, the levels of Ccl2 and Ccr2 in the liver of
the NAFL mice were reduced, accompanied by a decrease in the
expression of the pro-inflammatory factor TNF-α, which accounts
for decreased macrophages infiltration and reducing inflammation
in the liver of NAFL and NASH mice. In addition, fibrosis-related
indicators in the liver were significantly reduced, especially in the
medium-dose Ganweikang group, suggesting a protective effect on
hepatic fibrosis in the NASH model.

Mechanistically, network pharmacology analysis showed that
the regulated genes of Ganweikang tablet mainly enriched in the

signaling pathway of fatty acidmetabolism (PPARα), inflammation
response (NFκB-p65), and apoptosis (Casp3 and Casp8). PPARα is
a key gene in the regulation of fatty acid metabolism, which can
affect the hepatic lipid level (Chung et al., 2018). Huangqi, as the
main component of the Ganweikang tablet, can affect PPARα
activity (Cao et al., 2021). In this study, the Ganweikang tablet
increased the expression of PPARα, suggesting that the
Ganweikang tablet may increase the hepatic FAO and thereby
attenuating NAFL and NASH. In addition, network pharmacology
predicts that PPARα is the target gene of betaine (the active
ingredient of Huangqi). Furthermore, betaine treatment
increased the protein level of PPARα and its regulated gene
expression, CPT1α, in HepG2 cells in the presence of LPS. In
addition, NFκB is an important factor in regulating the
inflammatory signaling pathway (Cartwright and Perkins, 2016).
Network pharmacology analysis indicated that NFκB is a potential
target gene of Lianqiao, a component of the Ganweikang tablet.
Indeed, after treatment with a Ganweikang tablet, the activity of
NFκB was markedly decreased in the liver of NAFL and NASH
mice. In line with the inactivation of NFκB, the inflammatory
cytokines were also decreased after Ganweikang tablet treatment,
which suggested that the treatment of NAFLD by Ganweikang
tablet is partially through inactivating NFκB. Furthermore, network
pharmacology analysis indicated that NFκB is a potential target
gene of wogonin (the active ingredient of Fangfeng from the
Ganweikang tablet). In vivo, after treatment with a Ganweikang
tablet, the phosphorylation of NFκB-p65 was markedly decreased
in the liver of NAFL and NASH mice. In vitro, wogonin treatment
inhibited the expression of NFκB-p50 and phosphorylation of
NFκB-p65 in HepG2 cells in the presence of LPS. Additionally,
the mRNA level of TNFα also supported our results that wogonin
decreased LPS-induced inflammation in HepG2 cells. In addition,
CASP3 and CASP8 are apoptosis-associated key genes (Mata et al.,
2010). The network pharmacology approach predicts that CASP3
and CASP8 are the target genes of UA and GA, two components of
that Gancao and Mabiancao that are contained in the Ganweikang
tablet. As expected, the markers of apoptosis were significantly
reduced in the liver of NAFL and NASH mice after Ganweikang
tablet treatment. In line with this, the in vitro experiment showed
that GA treatment inhibited LPS-induced markers of apoptosis in
HepG2 cells. These results showed that betaine-mediated PPARα
activation, GA-mediated inactivation of CASP3, UA-mediated
downregulation of CASP8, and wogonin-mediated inactivation
of NFκB may be the potential mechanisms of Ganweikang
tablet in the treatment of NAFLD. Altogether, Ganweikang
tablet attenuated the NAFLD development by attenuating the
hepatic lipid accumulation, inflammation, and apoptosis
through the different herbal components, suggesting that
Ganweikang tablet can ameliorate the disease by a multi-target
effect. Moreover, in vivo experiments revealed that medium-dose
Ganweikang tablet (672 mg/kg/day) significantly improved liver
injury in NAFLD mice, in some respects, which showed a better
effect than that of low- and high-dose treatments. Commonly, the
lower dose of the drug was safer than the high dose in the treatment
of NAFLD. Meanwhile, given the comparable effect between
medium- and high-dose Ganweikang tablets, we suggested that
the medium dose of Ganweikang tablet was better. Therefore, the
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optimal dose for Ganweikang tablet administration was considered
at 672 mg/kg/day in this study.

CONCLUSION

In summary, we have observed that Ganweikang tablet can
improve liver lesions in a mouse model of NAFL and NASH
by modulating inflammation, apoptosis, and fatty acid oxidation
through inhibiting NFκB, inactivating caspase3/8, and activating
PPARα, which indicates Ganweikang tablet not only as a drug
candidate but also provides a theoretical basis of Ganweikang
tablet in the treatment of NAFLD.
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Nootkatone, a Sesquiterpene Ketone
From Alpiniae oxyphyllae Fructus,
Ameliorates Metabolic-Associated
Fatty Liver by Regulating AMPK and
MAPK Signaling
Zhang Yong1†, Huang Zibao2†, Zhou Zhi3†, Ma Ning3, Wang Ruiqi 2, Chen Mimi2,
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Metabolic-associated fatty liver disease (MAFLD) is becoming more common due to
lifestyle changes. A long-term high-fat and high-glucose diet induces glycolipid
metabolism disorders in the liver, which results in the development of MAFLD. To
date, there is no specific clinically useful therapeutics for this disease. Natural products
or synthetic compounds were screened and investigated to find effective agents for
treating MAFLD. In this study, nootkatone (Nok), a natural sesquiterpene ketone isolated
from Alpiniae oxyphyllae fructus, was explored for its potential to treat MAFLD, and
underlying mechanisms were studied. Our results show that Nok dramatically ameliorated
the disordered lipid and glucose metabolism in MAFLD mice, decreased fat accumulation
in hepatic tissue, and improved liver injury. Inflammation, metabolic disorder, and oxidative
stress were ameliorated in liver tissue based on RNA-seq transcriptome comparison
between a Nok-treated group and an MAFLDmodel group. Furthermore, Nok significantly
activated AMPK activity and inhibited MAPK activity, especially the p38 and JNK signaling
pathways, in vivo based on western blot analysis. The pharmaceutical effects and potential
signaling pathways impacted by Nok were also investigated in L02 cells. Nok significantly
promoted the consumption of glucose and decreased the deposition of triglycerides
in vitro. The p-AMPKα level was notably upregulated by Nok, indicating dramatic AMPK
activation. In addition, Nok decreased the levels of p-ERK1/2, p-p38, and p-JNK. Nok also
inhibited the activation of MAPK signaling and, thus, alleviated MAFLD development. Our
results suggest that Nok may be useful in treating MAFLD. Nok may ameliorate MAFLD by
regulating glycolipid metabolism disorders by activating AMPK and inhibiting MAPK
activity. Collectively, this study suggests that Nok is an effective compound for the
treatment of MAFLD.
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INTRODUCTION

With changing lifestyles, the incidence of nonalcoholic fatty liver
disease (NAFLD) has increased. NAFLD has been newly termed
metabolic-associated fatty liver disease (MAFLD) to exclude
ethanol consumption and other liver disease factors in
diagnosis (Eslam, Sanyal et al., 2020). MAFLD is the most
common liver-related disease in the world and usually
includes simple fatty liver, fatty liver hepatitis, liver fibrosis,
alcoholic fatty liver, and even cirrhosis during development
(Friedman, Neuschwander-Tetri et al., 2018; Eslam, Sanyal
et al., 2020). MAFLD is becoming a great threat to human
health, and the medical burden on society will increase with
the increasing incidence (Younossi, Anstee et al., 2018). Multiple
parallel hits produced in the liver from lipid accumulation, lipid
toxicity from overaccumulation, oxidative stress and
inflammation from lipid metabolic disorders, endoplasmic
reticulum stress, mitochondrial damage, and insulin resistance
are acknowledged as the main drivers of MAFLD pathogenesis
(Younossi, Anstee et al., 2018; Eslam, Sanyal et al., 2020; Huang
M, Kim H et al., 2020). Although there are many studies of
MAFLD, the exact pathogenesis remains unclear, and there is no
specific drug for treating MAFLD in the clinic (Kuchay,
Choudhary et al., 2020). Finding effective and safe therapeutic
agents from natural or synthetic resources for MAFLD is a
common goal worldwide.

Glycolipid metabolism disorder in hepatocytes is considered a
key development risk factor for MAFLD. Regulating hepatocyte
glucose and lipid metabolism is beneficial to MAFLD and can
inhibit the development of MAFLD. AMP-activated protein
kinase (AMPK), the key enzyme regulating cellular glucose
and lipid metabolism, is considered a cell energy sensor
(Trefts and Shaw 2021). Targeting AMPK activation has been
widely shown to correct glycolipid metabolism disorders and is
useful for MAFLD treatment (Smith, Marcinko et al., 2016). The
effects of AMPK activation in promoting glucose and lipid
metabolic decomposition, inhibiting lipid synthesis and
gluconeogenesis, and especially promoting a metabolic switch
from fat synthesis to fat oxidation (Trefts and Shaw 2021) have
been widely studied and reported. AMPK agonists are potential
candidates for treating MAFLD.

Mitogen-activated protein kinase (MAPK) is also a very
important kinase regulating a multitude of hepatic metabolic
processes. There are three major MAPK subgroups in the
mammalian liver, including extracellular signal-regulated
kinases 1 and 2 (ERK1/2), c-Jun N-terminal kinases 1, 2, and
3 (JNK1/2/3), and p38α/β/δ/γ (p38) (Zeng, Tang et al., 2014;
Lawan and Bennett 2017). MAPK is usually activated by
disorders of glucose and lipid metabolism, oxidative stress,
inflammation, and other factors associated with MAFLD
(Lawan and Bennett 2017). Inhibiting the MAPK signaling
pathway could improve MAFLD by regulating glucose and
lipid metabolism and exhibiting anti-inflammatory,
antioxidant, and other effects (Lawan, Zhang et al., 2015;
Hwang, Wang et al., 2020). Many anti-MAFLD potential
compounds, such as betaine (Ge, Yu et al., 2016), liraglutide
(Zhang, Yang et al., 2013), and chlorogenic acid (Yan, Gao et al.,

2018), inhibit MAPK activity. Suppressing MAPK signaling is a
potentially effective therapeutic strategy for MAFLD treatment.

Nootkatone (Nok), 5,6-dimethyl-8-isopropyl-dicyclic-(4,4,0)-
dec-1-ene-3-one, with a molecular formula of C15H22O, is a
sesquiterpene ketone that naturally exists in Alpiniae
oxyphyllae fructus, grapefruit, and citrus (Wang, Wang et al.,
2018). Alpiniae oxyphyllae is a famous traditional Chinese
medicine and Li Medicine, rich in Hainan Province of China.
Alpiniae oxyphyllae has many effects in traditional Chinese
medicine, including warming the spleen, stopping diarrhea,
reducing salivation, warming the kidney, reducing urine, and
solidifying essence (Li, Du et al., 2021). Previous studies have
reported that Nok reduced weight gain (Murase, Misawa et al.,
2010), increased the sensitivity of the non-small-cell cancer cell
Line A549 to doxorubicin (Moon, Ryu et al., 2019), protected
against chronic kidney injury (Li, Tan et al., 2016; Chen, Lin et al.,
2021), and showed anti-anxiety and anti-depression effects (Yan,
Li et al., 2021). To date, there have been no reports about its anti-
MAFLD activity or potential mechanisms, which attracted our
interest in this study.

MATERIALS AND METHODS

Extraction and Isolation of Nok
Fructus (1.0 kg) from Alpiniae oxyphyllae was extracted using
petroleum ether under reduced pressure (30 g) and further
separated by a silica gel column eluted with a petroleum
ether-ethyl acetate (1:0-0:1) gradient to afford six fractions
(Fra. A-F). Fra. E was then isolated by Sephadex LH-20 to
give Nok (20 mg). The purity of Nok was determined by
HPLC. The methods were as follows. Column: Thermo
HyPURITY C18, 4.6 × 150 mm, 3.0 μm; UV detector
wavelength: 238 nm; mobile phase flow rate: 1.0 ml/min;
sample: prepared in methanol; mobile phase: A, acetonitrile; B,
0.1% phosphoric acid in water; gradient elution conditions: A,
50%–60%, 15 min. To obtain a sufficient amount of the
compound, 10 g of Nok was purchased from Chengdu
Biopurify Phytochemicals Ltd., and its purity was also
determined by HPLC.

Animals and Treatments
A total of 32 male mice (age, 5 weeks; weight 19–21 g) were
purchased from Gempharmatech Co., Ltd. (Jiang Su, China).
Mice were fed in the animal research center of Hainan Medical
University (HMU). Our study was approved by the ethics
committee of HMU. The environmental surroundings were
maintained at an indoor temperature of 25 ± 0.5°C with a 12-
h light–dark cycle and free access to water and food.

After adaptive feeding for 3 days, the mice were stochastically
divided, 8 mice each, into 4 experimental groups: normal,
MAFLD model, 25 mg kg−1 Nok and 50 mg kg−1 Nok. The
normal group was fed a basal control diet. The MAFLD model
group was fed a 60% high-fat diet (60% fat, HFD). For the Nok
test groups, mice were fed an HFD in addition to 25 mg kg−1·d−1
or 50 mg kg−1·d−1 Nok, i. g.; Nok was dissolved in vegetable oil.
The same volume of vegetable oil was given to the normal group
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and MAFLD model group mice. Fasting blood glucose levels and
body weights were tested weekly during the experimental period.
After 12 weeks of drug intervention, blood samples were taken
after 8 h of fasting, and serum samples were obtained by
centrifugation for further testing. Then, the mice were killed
by CO2, and the liver tissues were used for other experiments.

Oral Glucose Tolerance Test
During the 11–12 weeks of administration, the OGTT was
performed as follows. The blood glucose level of each mouse
was tested after 8 h of fasting overnight, and the data were defined
as an initial blood glucose value of 0 min. Each mouse was orally
gavaged with 50% glucose solution, and the volume was
calculated according to 0.02 g/10 g. We then detected blood
glucose levels using a glucose meter (Roche, ACCU-CHEK)
30, 60, 120, and 180 min after oral glucose administration.

Serum Biochemical Analysis
After 12 weeks of drug administration, blood was taken, and the
serum was isolated by centrifugation at 3,000 rpm at 15°C for
15 min. Then, serum lipids, such as triglyceride (TG), low-density
lipoprotein cholesterol (LDL-c), high-density lipoprotein
cholesterol (HDL-c), and total cholesterol (TC), were tested by
appropriate kits (Nanjing Jiancheng Bioengineering Institute).
The hepatic function indices in serum, such as alanine
aminotransferase (ALT) and aspartate aminotransferase (AST),
were also measured using kits (Nanjing Jiancheng Bioengineering
Institute). The serum IL-1β, TNFα, IL-6, and IL-18 levels were
assayed by corresponding ELISA kits from Nanjing Jiancheng
Bioengineering Institute.

Liver Histopathological Analysis
After 12 weeks of drug administration, liver tissue was isolated
from the same part of the mouse liver and drenched in a 10%
formalin tissue fixator for 48 h. After sufficient tissue fixation,
liver samples were embedded in paraffin, sectioned (4 μm),
stained with hematoxylin and eosin (H&E), and imaged. Oil
Red O staining was also performed on liver tissues to detect lipid
deposition. Scores of hepatic tissue steatosis based on H&E
staining were used to evaluate the pathological changes, and 5
grades were defined as follows: 0%–5% of parenchyma-involved
steatosis was scored as zero, 5%–25% was scored as one,
25%–50% was scored as two, 50%–75% was scored as three,
and over 75% was scored as four. Oil Red O staining was
quantified by the red area coefficient.

RNA-Seq Assay
Three mouse hepatic tissues were isolated from the normal,
MAFLD model, and Nok (50 mg kg−1) treatment groups. Total
RNA was extracted, and quality was assessed by integrity.
Relevant sample processing, sequencing, and data analysis
methods were described in our previous research (Yong, Ruiqi
et al., 2021).

Cell Culture and Treatment
L02 hepatocytes were used in this study, and the culture medium
was DMEM supplemented with 10% fetal bovine serum (FBS)

and 1% penicillin–streptomycin solution. After two generations
of stable passage of L02 cells, the cell suspension was prepared
and seeded into the plates and cultured for approximately 24 h.
Nok and metformin (Met) dissolved in dimethylsulfoxide
(DMSO) were added and treated with or without PO (200 μM
PA-BSA and 400 μM OA-BSA) coincubation for another 24 h.
For blocking experiments, L02 cells were cultured and seeded as
above, and before drug treatment, the cells were pretreated with a
AMPK inhibitor Compound C (CC, dissolved in DMSO) at
10 μM or a JNK agonist anisomycin (AN, dissolved in DMSO)
at 1 μM for 1 h. Following pretreatment, PO and drugs were
added to the corresponding wells and cocultured with the cells for
24 h. Then, total cellular protein was extracted after treatment
and detected by western blotting.

Cytotoxicity Assay
The cytotoxicity of Nok to L02 cells was evaluated by the MTT
method. Cell culture and treatment were performed as above, and
5 replicates were performed for each drug treatment. The highest
treatment concentration of Nok was 400 μM. A similar volume of
DMSO (volume ratio as 0.1%) was added to the control group.
After 24 h of drug treatment, the culture medium of each well was
removed, and 50 μl MTT solution was added to the cells. Then,
the plates were incubated at 37°C for 4 h. The level of formazan
was detected at OD 490 nm with a microplate reader to assess cell
viability. The DMSO treatment group was normalized to 100%
cell viability, and the others are shown as percentages of the
DMSO treatment group.

Glucose Consumption Assay
Cell culture and treatment were performed as above, and 5
replicates were performed for each drug treatment. The
glucose consumption was calculated by subtracting the
glucose level present in media from cells cultured for 24 h
with drug or equal volume DMSO (volume ratio as 0.1%)
treatment from the glucose level in plates containing only
culture medium. After drug treatment, the glucose
concentration in the supernatant of each cell culture well
was measured by a glucose detection kit (Beijing Strong
Biotechnologies, Inc.), and the glucose consumption level of
each treatment group was calculated as above.

Intracellular TG Assay
Cell culture was performed as described above. L02 cells were
inoculated in a cell culture plate at a density of 1.0*105 cells/ml,
and four replicates were performed for each drug treatment.
Then, 600 μM PO (200 μM PA-BSA and 400 μMOA-BSA) was
added to induce a cell model of intracellular TG accumulation.
The normal control group was supplemented with 10% BSA
solution. After incubation with PO or BSA for 24 h, equal
volumes of DMSO (volume ratio of 0.1%) to 40 μM Nok, or
Nok or Met at the indicated concentrations were added to the
cell culture wells for another 24 h of incubation. The cells were
collected, the intracellular TG content was determined by a
cellular TG assay kit (Applygen Technologies Inc.), and the
intracellular TG level was normalized to the protein
concentration. With the same treatment, the oil red O
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staining was done to evaluate the intracellular lipid
accumulation induced by PO.

Intracellular ATP Assay
With the same treatment conditions as intracellular TG assay, the
intracellular ATP in L02 cells was detected by ATP assay kits.

Western Blots
The L02 cells and liver tissue samples were prepared as
described above, and total protein was extracted. Western
blotting was used to detect the target proteins of each
sample, such as phospho-ERK1/2 (p-ERK1/2) (AM071,
Beyotime), ERK1/2 (AF1051, Beyotime), phospho-p38

FIGURE 1 | Isolation and structural characterization of nootkatone. (A) The structure and 1H-NMR spectrum of Nok (B) 13C-NMR spectrum of Nok; (C) HMQC
spectrum of Nok (D) HMBC spectrum of Nok. (E) HPLC of Nok from Alpiniae oxyphyllae Fructus. (F) HPLC of Nok from Chengdu Biopurify Phytochemicals Ltd.
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FIGURE 2 |Nootkatone ameliorated metabolic-associated fatty liver. Mice fed a high-fat diet were administered Nok at doses of 25 mg kg−1 and 50 mg kg−1 daily
for 12 weeks (A). Changes in body weight (B), OGTT test results at 11–12 weeks (C) and OGTT AUC (D), FBG (E), serum lipid (F–I), liver function (K–L), liver index (liver
weight/body weight, (M), liver TG (N), and liver histopathological examination including H&E and Oil Red staining (O), grading (P) and quantity by red area coefficient (Q)
were measured. All data points represent the means ± SD (n = 8 per group); *p < 0.05, **p < 0.01, ***p < 0.001 vs. normal group mice; #p < 0.05, ##p < 0.01,
###p < 0.001 vs. MAFLD group mice.
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MAPK (Thr180) (p-p38) (AF5884, Beyotime), p38 MAPK
(p38) (AF7668, Beyotime), phospho-JNK1/2 (Thr183/
Tyr185) (p-JNK) (AF5860, Beyotime), JNK (AJ518,
Beyotime), GAPDH (AF1186, Beyotime), phospho-AMPKα
(Thr172) (p-AMPKα) (2535T, CST), AMPKα (t-AMPK)
(2532S, CST), phospho-ACC (Ser79) (p-ACC) (3661S,
CST), and ACC (t-ACC) (3676T, CST). The target protein
bands of western blots were analyzed and quantified. The levels
of p-AMPKα, p-ACC p-ERK1/2, p-p38 and p-JNK were
normalized to those of AMPKα, ACC, ERK1/2, p38 and
JNK, respectively, and are presented as the fold change
compared to the control treatment.

Quantitative PCR Analysis
Total RNA was extracted from liver tissues, and quantitative
PCR (qPCR) assays were performed with SYBR Green PCR
master mix (rr42lr, Takara, Beijing, China) in an ABI Prism
7,900 high-throughput real-time PCR system. The forward (F)
and reverse (R) primer sequences were as follows: Il-1β (F,
5′cgacaaaatacctgtggcct3’; R, 5′ttctttgggtattgcttggg3′), IL-6 (R,
5′tagtcc ttcctaccccaatttcc3’; R, 5′ttggtccttagccactccttc3′), TNFα
(F, 5′ccctcacactcagatcatcttct3’; R, 5′gctacgacgtgggctacag3′), IL-
18 (F, 5′catgccatggctgctgaaccagtagaaga3’; R, 5′cgggatcc aatagc
tagtcttcgttttg3′) and β-actin (F, 5′ggatgcagaaggagattactgc3’; R,
5′ccaccg atccacagagta3′).

Statistical Analysis
For in vitro experiments, our values are displayed as the mean ±
SD with three independent repetitions. For the in vivo
experiments, our results are also presented as the mean ± SD.
There were 8 mice in each group. GraphPad Prism 5.0 software
was used to process and analyze data. The differences among the
studied groups were assessed by t test or one-way ANOVA, and
p < 0.05 was considered statistically significant.

RESULTS

Extraction and Identification of Nok
Nok was identified by analyzing NMR data. The 1H-NMR
(400 MHz, DMSO-d6) spectrum displayed signals of δH: 5.64
(1H, brs), 4.67 (2H, brs), 1.66 (3H, brs), 1.04 (3H, s), 0.87 (3H, d,
J = 7.2 Hz) (Figure 1A), which were attributed to two double
bonds and three methyl groups. In the 13C-NMR spectrum
(100 MHz, DMSO-d6), fifteen carbon signals were observed
(Figure 2B). These carbon signals were δC: 198.6, 170.1, 149.5,
124.5, 109.7, 43.8, 42.1, 40.5, 40.4, 39.9, 32.6, 31.7, 21.2, 17.0, and
15.2 (Figure 2B). These NMR data were identical to Nok and
were further confirmed by analyzing 2D HMQC and HMBC
NMR spectra (Figures 1C,D). In the HMQC spectrum,
correlations between hydrogen and carbons were observed to
assign the CH, CH2, and CH3 in Nok. In the HMBC spectrum,
long-range correlations between hydrogen and carbons were
carefully analyzed for connecting different structural units
together to confirm the structure of Nok. The purity of Nok
from our extraction and a commercial source were greater than
99% based on HPLC (Figures 1E,F).

Nok Ameliorates MAFLD Effects
The timeline and design of the animal experiments are shown in
Figure 2A. The body weight (Figure 2B), OGTT and AUC
(Figures 2C,D), levels of fasting blood glucose (Figure 2E),
serum TG (Figure 2F), LDL-c (Figure 2G) and CHO
(Figure 2H) of the MAFLD model group mice were
prominently higher than those of the normal control group,
and HDL-c was decreased (Figure 2I), indicating significant
glucose and lipid metabolism disorders. At the same time, the
liver weight (Figure 2L), liver index (Figure 2M) and liver TG
(Figure 2N) of mice in the MAFLD group were also significantly
increased, and liver function (Figures 2G–K) and liver glucose
tolerance (Figures 2C,D) were impaired. The H&E and oil red
staining (Figure 2O) results showed that the model group
displayed significant fatty liver characteristics, including bullae
steatosis, inflammation and lipid accumulation. Meanwhile, the
steatosis score (Figure 2P) and oil red O-positive area (Figure 2Q)
were significantly higher than those of the normal group,
suggesting that the model mice had significant metabolism-
associated fatty liver disease. In the Nok-treated group, body
weight (Figure 2B), fasting glucose (Figure 2E), and blood lipid
levels (Figures 2F–H) were significantly reduced, serum HDL-c
levels (Figure 2I) and glucose tolerance conditions (Figures
2C,D) were significantly improved, and liver function was
recovered (Figures 2G–K). The liver weight (Figure 2L), liver
index (Figure 2M) and liver TG (Figure 2N) were significantly
decreased. Histopathological changes were significantly
ameliorated in the Nok treatment group mice compared with
theMAFLDmodel group (Figure 2O–Q). This abnormality in the
MAFLD model was dose-dependently improved by Nok
treatment (Figure 2B-Q). Collectively, these results suggested
that Nok had the capability to improve MAFLD.

RNA-Seq Assay of the Effects of Nok on
MAFLD Treatment
RNA-seq of liver tissue was performed to investigate the
mechanisms underlying Nok’s effects on MAFLD. In the
normal group, the MAFLD model group, and the Nok
(50 mg kg−1·d−1) treatment group, 3 mouse liver tissues from
each group were isolated, and total RNA was extracted. In the
MAFLD group, compared with the normal group, there were 773
upregulated genes and 433 downregulated genes (Figure 3C). In
the Nok (50 mg kg−1)-treated group, compared with the normal
group mice, there were 893 upregulated genes and 1,153
downregulated genes (Figure 3A), and compared to the
MAFLD model group mice, there were 837 upregulated genes
and 1,896 downregulated genes (Figure 3B). All changes were
based on an FDR<0.05 and fold change>1.5. These three groups
of differentially expressed genes are depicted in the Venn diagram
in Figure 3D; 242 genes are common to all three comparisons,
including 119 upregulated genes and 123 downregulated genes in
the Nok group (Figures 3D,E). These genes were visualized by a
heatmap (Figure 3E). Gene ontology (GO) enrichment was
analyzed by the clusterProfiler R package and sangerbox, and
GO terms with padj less than 0.05 were considered significantly
differentially enriched. The biological processes (BP), cellular
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FIGURE 3 | Analysis of hepatic transcriptome. RNA-seq assay of mouse hepatocytes between the Nok treatment group (n = 3) and MAFLD model group (n = 3).
Volcano plots show the differentially expressed genes in (A) Nok-treated vs. normal mice, (B) Nok-treated vs. MAFLD mice, and (C)MAFLD vs. normal mice show fold
changes (|log2 (fold change)|>0.58 and adjusted p value padj≤0.05). (D) Venn diagram showing the intersections among differentially expressed genes in different group-
to-group comparisons. (E)Heatmap showing the differentially expressed genes between Nok-treated andMAFLDmodel mice. (F–K)Gene Ontology (GO) analysis
showing the main changes in gene functions between Nok-treated and MAFLD model mice. (L–M) Kyoto Encyclopedia of Genes and Genomes (KEGG) showing
enriched differentially expressed genes belonging to different pathways between Nok-treated and MAFLD model mice. (N–O) The Reactcomes of the main changes of
gene functions between Nok treated and MAFLD model mice.
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components (CC), and molecular functions (MF) of significantly
upregulated genes in the Nok treatment group compared to the
MAFLD model group mice are shown in Figures 3F–H. These
were mainly related to influencing metabolic processes, fatty acid
metabolic processes and carbohydrate metabolic processes in BP
and were mainly associated with the organelle inner membrane,
mitochondrial matrix, mitochondrial membrane, and
mitochondrial protein complex in CC and cofactor binding
and coenzyme binding in MF (Figures 3F–H). The biological
processes (BP), cellular components (CC), and molecular
functions (MF) of significantly downregulated genes in the
Nok treatment group compared to the MAFLD model group
mice are shown in Figures 3I–K. These genes were mainly
associated with positive regulation of the immune response,
defense response, cell motility, leukocyte activation, and
MAPK cascade in BP and were also correlated with side of
membrane, actin cytoskeleton, extracellular matrix, vacuole,
cell–cell junction, cell leading edge, plasma membrane protein
components in CC and cell adhesion molecule binding, actin
binding, protein heterodimerization activity, enzyme activator
activity, phospholipid binding, calcium ion binding, and small
GTPase binding in MF (Figures 3I–K). These results suggested
that Nok might act on the immune system and that its
pharmacological effects might be related to inflammation. The
clusterProfiler R package was applied to assay the differential
expression gene enrichments in KEGG pathways for the Nok
treatment group compared to the MAFLD model group mice.

The upregulated gene enrichment results showed that Nok could
significantly promote peroxisome, retinol metabolism, carbon
metabolism, steroid hormone biosynthesis, and fatty acid
degradation signaling pathways (Figure 3L). The
downregulated gene enrichment pathways suggested that Nok
could significantly inhibit the PI3K-AKT, MAPK, chemokine,
and Rap1 signaling pathways (Figure 3M). The reactome assay
also showed that Nokmay regulate biological oxidation, fatty acid
metabolism and inflammation in the liver (Figure 3N–O).

Nok Cytotoxicity in L02 Cells
As shown in Figure 4, Nok showed no cytotoxicity at a
concentration of 40 μM in L02 cells. However, the viability of
L02 cells was significantly reduced at 80 μM (Figure 4, p < 0.05 vs.
DMSO).

Nok Regulates Hepatocyte Glucose and
Lipid Metabolism by AMPK Activation In
Vitro and In Vivo
As shown in Figures 5A, 5 μM Nok significantly increased
glucose consumption (Figure 5A, p ˂ 0.05 vs. DMSO), and the
glucose consumption-promoting activity of 40 μM Nok was
similar to that of metformin at 2 mM (Figure 5A).
Moreover, Nok exhibited a remarkable dose-dependent
increase in glucose consumption in L02 cells (Figure 5A, p ˂
0.05, p ˂ 0.01 or p ˂ 0.001 vs. DMSO). Western blot analysis
showed that Nok activated AMPK (Figure 5B) and dose-
dependently increased the levels of p-AMPKα (Thr172) and
p-ACC (Ser79) in L02 cells (Figures 5B–D, p ˂ 0.05 or p ˂ 0.01 or
p ˂ 0.001 vs. DMSO). We further investigated the effects of Nok
on lipid metabolism through a PO-induced hepatocyte lipid
accumulation model in vitro. As shown in Figure 5E, the levels
of intracellular TG in L02 cells were dramatically increased by
incubation with 0.6 mM PO (0.2 mM PA-BSA and 0.4 mMOA-
BSA) for 24 h (Figure 5E, p ˂ 0.001 vs. DMSO+10% BSA), but
they were dose-dependently reduced by the addition of Nok
(Figure 5E, p ˂ 0.01 or p ˂ 0.001 vs. PO + DMSO). The oil red O
staining results showed that more lipid accumulation was
observed in L02 cells induced by PO (Figure 5F), but Nok
treatment limited this accumulation (Figure 5F). These
phenomena showed that Nok could regulate glycolipid
metabolism in L02 cells (Figures 5E,F). Because AMPK plays
a key role in the regulation of intracellular energy metabolism
and glycolipid metabolism, we tested the effects of Nok on
AMPK signal pathway activation in L02 cells undergoing PO
treatment. Nok could also activate the AMPK signaling pathway
(Figure 5G), and dose-dependently increased the levels of
p-AMPKα (Thr172) and p-ACC (Ser79) in L02 cells treated
with PO (Figures 5H,I). Nok also decreased the production of
ATP in L02 cells with PO incubation (Figure 5J). Moreover,
AMPK activation was abolished by pretreatment with
Compound C (CC), an AMPK inhibitor (Figure 5K-M). The
AMPK activation of Nok was also observed by western blots of
liver tissues (Figure 5N–P). These results suggest that the effects
of Nok on hepatocyte glucose and lipid metabolism regulation
may be dependent on AMPK activation (Figure 5).

FIGURE 4 | Effects of Nok on cell viability in vitro. L02 cells were
incubated with DMSO or Nok at the corresponding concentration for 24 h,
and viability was tested by MTT staining. All values are presented as the
means ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 vs. DMSO (0).
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FIGURE 5 | The effects of Nok on glucose and lipid metabolism and AMPK activation in vitro and in vivo. (A)Glucose consumption; values are the means ± SD, n =
5, *p < 0.05, **p < 0.01 or ***p < 0.001 vs. DMSO. (B)Western blots were performed to analyze the levels of p-AMPK, AMPK, p-ACC and ACC in L02 cells. Examples of
representative blots as above and fold changes of p-AMPK/T-AMPK (C) and p-ACC/T-ACC (D) are shown by semiquantitative analyses. Values are the means ± SD
from three separate experiments, *p < 0.05, **p < 0.01, ***p < 0.001 vs. DMSO. (E) Intracellular TG detection in L02 cells treated with Nok and undergoing PO
induction. Values are the means ± SD, n = 4, ***p < 0.001 vs. PO + DMSO, ##p < 0.01 or ###p < 0.001 vs. PO + DMSO. (O) Oil Red O staining detection in L02 cells
treated with Nok and undergoing PO induction, and the representative image as above. (G) Western blots were performed to analyze the phosphorylated and total

(Continued )
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Nok Inhibits MAPK Signaling in
Hepatocytes
The MAPK signaling pathway is closely related to a variety of
cellular biological processes, such as cell growth, differentiation,
apoptosis, necrosis and inflammation. Excessive MAPK signaling
pathway activation is commonly detected in many metabolic
diseases, including MAFLD. Elevated MAPK signaling involved
in the development of MAFLD and has been widely confirmed
and reported. Our RNA-seq results also demonstrated that Nok
might affect theMAPK signaling pathway in the liver. Our animal
and cellular experiments showed that Nok inhibited MAPK
pathways in hepatocytes by western blots of in vitro and in
vivo samples, as shown in Figure 6. We first detected the
main MAPK signaling pathway protein kinases, including
ERK1/2, p-ERK1/2, p38, p-p38, JNK, and p-JNK, in L02 cells
by western blotting. The results showed that Nok significantly
downregulated the p-ERK1/2, p-p38, and p-JNK levels
(Figure 6A) and showed no effect on the total MAPK protein
kinase level, especially when the Nok concentration reached
40 μM (Figures 6A–D). Moreover, inhibition of the p38 and
JNK signaling pathways was more potent and evident at only
10 μM (Figures 6A–D). The levels of p-p38 and p-JNK in the
10 μM Nok treatment group were 0.61 ± 0.040-fold and 0.37 ±
0.02-fold lower than those in the DMSO treatment group
(Figures 6C,D). When the treatment concentration increased
to 40 μM, the p38 and JNK signaling pathways were very
significantly suppressed, and the levels decreased to 0.25 ±
0.04-fold and 0.14 ± 0.03-fold compared to DMSO (Figures
6C,D). We further detected the effects of Nok onMAPK signaling
in L02 cells treated with PO and identified inhibition of MAPK
signaling and downregulated levels of p-ERK1/2, p-P38 and
p-JNK, as previously detected in L02 cells directly treated with
Nok (Figures 6E–H). Moreover, its inhibition of MAPK signaling
pathway activation was abolished by pretreatment with
anisomycin, a JNK agonist (Figure 6M–O). We further
detected the effects of Nok on MAPK signaling pathways in
vivo. In NAFLD mouse liver tissues, the MAPK signaling
pathways were significantly activated based on western blot
analysis. The levels of p-p38 and p-JNK were potently
upregulated in MAFLD model mice, but the phosphorylated
levels of these primary MAPK signal pathway kinases were
decreased in Nok-treated mice at doses of 25 mg kg−1 and
50 mg·kg-1 (Figure 6I-L).

Anti-Inflammatory Effects of Nok
Inflammation is one of the major risk factors for the development
of MAFLD. MAPK signaling pathways, especially the p38 and

JNK signaling pathways, regulate the production of inflammatory
cytokines. The serum levels of IL-1β, IL-18, TNFα and IL-6 are
the major inflammatory cytokines that were tested in this study.
The levels of all these cytokines were significantly higher in
MAFLD model mice than in normal animals (Figures 7A–D),
and they were significantly decreased by Nok treatment,
especially at a 50 mg kg−1 dose (Figures 7A–D). We also
detected the mRNA levels of IL-1β, IL-18, TNFα and IL-6 in
the liver, and Nok decreased the transcription levels of these genes
(Figures 7E–H). Therefore, Nok possessed potent anti-
inflammatory capability in vivo, which might be associated
with its inhibition of MAPK signaling.

DISCUSSION

Metabolic-associated fatty liver disease is a new description that
differs from NAFLD, in that alcohol consumption and other liver
disease factors are no longer considered (Eslam, Sanyal et al.,
2020). The pathophysiological changes of MAFLD include a
variety of interrelated pathological processes, such as glucose
and lipid metabolism disorders, insulin resistance, lipid toxicity,
inflammation, liver injury, and liver fibrosis (Lin, Huang et al.,
2020; Zhong, Huang et al., 2020). MAFLD has become the most
common chronic liver disease worldwide, with a prevalence of
24%, and the prevalence increases to 70–80% in obese and
diabetic patients (Ciardullo and Perseghin 2021). The
widespread prevalence of MAFLD has placed a huge financial
burden on the healthcare system in China and around the world.
With the increasing number of MAFLD patients and the lack of
effective treatments, the development of effective drugs for the
clinical prevention and treatment of MAFLD is greatly desired.
Nok is mainly extracted from Alpiniae Oxyphyllae Fructus, a
famous traditional Chinese medicine rich in Hainan Province.
This traditional medicine has been reported to have many
biological activities, including antioxidant stress, anti-
inflammation, and anti-apoptosis activities (Murase, Misawa
et al., 2010). In this work, we focused on the efficacy and
potential mechanisms of Nok in preventing MAFLD in vitro
and in vivo.

Our in vivo results showed that Nok significantly reversed the
body weight, liver weight and liver index increases in MAFLD
mice, ameliorated glucose and lipid metabolism disorders, and
improved liver function and glucose tolerance damage compared
to MAFLD mice. The in vitro results showed that Nok
significantly promoted glucose consumption and decreased
intracellular TG accumulation in L02 cells. We further
demonstrated that this activity might contribute to its

FIGURE 5 | protein levels of AMPK and ACC in L02 cells with Nok treatment and PO induction, and representative western blot images are shown above. The fold
changes in p-AMPK/T-AMPK (H) and p-ACC/T-ACC (I) are shown by semiquantitative analyses. The values are the means ± SD from three separate experiments, *p <
0.05, **p < 0.01, ***p < 0.001 vs. PO + DMSO. (J) Intracellular ATP detection in L02 cells treated with Nok and undergoing PO induction. Values are the means ± SD, n =
3, *p < 0.05, **p < 0.01 vs. PO + DMSO. (K) Inhibitory effect of Compound C (CC) on Nok activation of AMPK. Representative western blot images are shown, and fold
changes in p-AMPK/T-AMPK (L) and p-ACC/T-ACC (M) are shown by semiquantitative analyses. Values are the means ± SD from three separate experiments, ***p <
0.001. After 12 weeks of Nok treatment of C57BL/6J mice with a HFD, total protein was extracted from the livers. The p-AMPK, t-AMPK, p-ACC, t-ACC and GAPDH
levels in liver tissues were determined by western blotting. Representative blots for each group are presented in (N), and fold changes in p-AMPK/t-AMPK (O) and
p-ACC/t-ACC (P) are depicted above. Values are the means ± SD (n = 6 per group); #p < 0.05, ##p < 0.01, ###p < 0.001 vs. MAFLD group mice.

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 90928010

Yong et al. MAFLD; Nootkatone; AMPK; MAPK; Alpiniae Oxyphyllae Fructus

130

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


FIGURE 6 | Nok inhibited MAPK signaling pathways in vitro and in vivo. Total protein was extracted from the L02 cells after Nok treatment for 24 h. The levels of
p-ERK1/2, ERK1/2, p-p38, p38, p-JNK, JNK and GAPDH were determined by western blotting. Representative blots for each sample are presented in (A), and fold
changes in p-p38/p38 (B), p-JNK/JNK (C) and p-ERK1/2/ERK1/2 (D) are shown by semiquantitative analyses. Values are themeans ± SD from 3 separate experiments,
*p < 0.05, **p < 0.01, ***p < 0.001 vs. DMSO. (E)Western blots were performed to analyze the phosphorylated and total protein levels of p38, JNK and ERK1/2 in
L02 cells with Nok treatment and undergoing PO induction, and representative western blot images are shown as above. The fold changes in p-p38/p38 (F), p-JNK/JNK
(G) and p-ERK1/2/ERK1/2 (H) are shown by semiquantitative analyses. The values are the means ± SD from three separate experiments, *p < 0.05, **p < 0.01, ***p <
0.001 vs. PO + DMSO. After 12 weeks of Nok treatment of C57BL/6J mice with a HFD, total protein was obtained from the mouse livers. The levels of p-ERK1/2, ERK1/
2, p-p38, p38, p-JNK, JNK andGAPDHwere tested by western blotting. Representative blots for each group are presented in (I). Fold changes in p-p38/p38(J), p-JNK/
JNK (K) and p-ERK1/2/ERK1/2 (L) were determined by semiquantitative analyses, and the values are expressed as the means ± SD (n = 6 per group). *p < 0.05, **p <
0.01, ***p < 0.001 vs. Normal group mice #p < 0.05, ##p < 0.01, ###p < 0.001 vs. MAFLD model mice. (M) Inhibitory effect of anisomycin (AN, a JNK agonist) on Nok
inhibition of MAPK pathways, especially the JNK pathway. Representative western blot images are shown in (M), and fold changes in p-JNK/JNK (N) and p-p38/p38 (O)
are shown by semiquantitative analyses, *p < 0.05, **p < 0.01, ***p < 0.001.
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regulatory effects on the AMPK and MAPK signaling pathways
both in vitro and in vivo.

AMPK is a core kinase that regulates cellular energy
metabolism and balance and is also closely related to the
regulation of glycolipid metabolism, which is also a target for
MAFLD. AMPK activation in the liver is beneficial for glucose
consumption, lipid oxidative decomposition, and body energy
provision. Many AMPK agonists, such as mangiferin (Yong,
Ruiqi et al., 2021), berberine (Zhu, Bian et al., 2019), and
metformin (Zamani-Garmsiri, Hashemnia et al., 2021), are
considered potential drugs for MAFLD treatment. The results
of this study are the first to demonstrate that Nok can improve
MAFLD based on activation of hepatic AMPK in vitro and
in vivo.

MAPK signaling pathways participate in a multitude of
processes that control and are associated with MAFLD
development (Jiao, Feng et al., 2013; Lawan and Bennett
2017). The MAPK signaling pathway involves three primary
pathways: ERK1/2, p38 and JNK (Lawan and Bennett 2017).
The ERK1/2 signaling pathway is usually involved in the
proliferation and differentiation of cells, and the p38 and
JNK signaling pathways are mainly involved in the cell
stress response and apoptosis (Balmanno and Cook 2009;
Lawan and Bennett 2017). Many studies have reported that
hepatic metabolic dysfunction might cause JNK activation and
promote MAFLD development (Yan, Gao et al., 2017; Cai,
Zhang et al., 2018). Moreover, the expression level of p-p38
MAPK in the MAFLD model group induced by a high-fat diet
was higher than that in the normal group, and the activated
p38 MAPK signaling pathway promoted the development of

MAFLD by leading to insulin resistance (Zeng, Tang et al.,
2014). Meanwhile, inhibiting p38 MAPK activity could
ameliorate MAFLD progression in a rodent animal model
(Zeng, Tang et al., 2014; Lawan and Bennett 2017; Deng,
Tang et al., 2018). As extensively reported, the MAPK
signaling pathway mediates the production of inflammation,
oxidative stress and glycolipid metabolism disorders induced
by many factors, such as hyperglycemia and hyperlipidemia,
during the development of MAFLD. Many compounds, such as
berberine (Li, Geng et al., 2014), bergamot polyphenols
(Musolino, Gliozzi et al., 2020), baicalin (Fang, Sun et al.,
2019), and isoliquiritigenin (Kim, Kim et al., 2010), can
ameliorate MAFLD progression by inhibiting MAPK
activity. In our study, we confirmed that Nok inhibited
MAPK activity in vivo and in vitro. This is the first report
that Nok showed a potential role and efficacy in treating
MAFLD by inhibiting MAPK activation. Interestingly, the
inhibition of p38 and JNK activity by Nok was more
obvious than the inhibition of ERK1/2 signaling.

Our study also showed that Nok could improve hepatic tissue
glucose tolerance and liver function in HFD-induced MAFLD
mice. Impaired hepatic glucose tolerance is another cause of
MAFLD development, especially in type 2 diabetic or obese
patients. Improving hepatic tissue glucose tolerance can
significantly ameliorate the progression of MAFLD, and it is
currently a common method for the clinical treatment of
MAFLD. In addition, the protective effect of Nok on liver
function was also observed. Collectively, these results
suggested that Nok could be beneficial for preventing and
treating MAFLD.

FIGURE 7 | Anti-inflammatory effects of Nok. After 12 weeks of daily administration of Nok to C57BL/6J mice fed a HFD, the serum IL-1β (A), IL-6 (B), TNFα (C),
and IL-18 (D) levels were tested. At the same time, we detected the mRNA levels of IL-1β (E), IL-6 (F), TNFα (G), and IL-18 (H) in livers. Values are the means ± SD (n = 6
per group). *p < 0.05, **p < 0.01, ***p < 0.001 vs. C57BL/6J normal mice. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the MAFLD model mice.
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CONCLUSION

In this study, we isolated Nok from Alpiniae Oxyphyllae Fructus
and analyzed its structure and purity. Our study is the first to
show that NOK an ameliorate MAFLD in vitro and in vivo. Our
data showed that Nok significantly improved the body weight and
liver weight/index elevation, corrected glycolipid metabolism
disorder, ameliorated glucose tolerance, decreased hepatic lipid
accumulation and steatosis, and protected the liver function in
HFD-induced MAFLD mice in vivo. Nok increased hepatocyte
glucose metabolism and decreased FFA-induced intracellular TG
in vitro. We further demonstrated that the protective mechanisms
of Nok against MAFLD might be associated with AMPK
signaling pathway activation and MAPK signaling pathway
inhibition in vivo and in vitro. In summary, we first clarified
and reported that Nok, a sesquiterpene ketone from Alpiniae
oxyphyllae Fructus, could ameliorate MAFLD, and we provide a
scientific basis for its clinical application in MAFLD treatment or
prevention in the future.
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Effect of theaflavin-3,3′-digallate
on leptin-deficient induced
nonalcoholic fatty liver disease
might be related to lipid
metabolism regulated by the
Fads1/PPARδ/Fabp4 axis and gut
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Nonalcoholic fatty liver disease (NAFLD), one of the risk factors for hepatitis,

cirrhosis, and even hepatic carcinoma, has been a global public health problem.

The polyphenol compound theaflavin-3,3′-digallate (TF3), mainly extracted from

black tea, has been reported to produce an effect on hypoglycemic and antilipid

deposition in vitro. In our study, we further investigated the function and novel

mechanisms of TF3 in protecting NAFLD in vivo. By using leptin-deficient obese

(ob/ob) mice with NAFLD symptoms, TF3 treatment prevented body weight and

waistline gain, reduced lipid accumulation, and alleviated liver function injury, as

well as decreased serum lipid levels and TG levels in livers in ob/obmice, observing

no side effects. Furthermore, the transcriptome sequencing of liver tissue showed

that TF3 treatment corrected the expression profiles of livers in ob/ob mice

compared with that of the model group. It is interesting to note that TF3 might

regulate lipid metabolism via the Fads1/PPARδ/Fabp4 axis. In addition, 16S rRNA

sequencing demonstrated that TF3 increased the abundance of

Prevotellaceae_UCG-001, norank_f_Ruminococcaceae, and GCA-900066575

and significantly decreased that of Parvibacter. Taken together, the effect of

TF3 on NAFLD might be related to lipid metabolism regulated by the Fads1/

PPARδ/Fabp4 axis and gut microbiota. TF3 might be a promising candidate for

NAFLD therapy.
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Introduction

Nonalcoholic fatty liver disease (NAFLD), also called

metabolic-associated fatty liver disease (MAFLD) (Eslam et al.,

2020), affected approximately one quarter of the global adult

population (Younossi et al., 2018). Considering the increasing

morbidity of obesity and diabetes (Cotter and Rinella, 2020), the

incidence of NAFLD has been increasing in recent years, and

metabolic diseases were associated with greater NAFLD risk

(Perumpail et al., 2017), which means NAFLD could place a

heavier economic burden on health in the global societies. As a

common chronic liver disease, NAFLD has a broad spectrum of

clinical manifestations; simple steatosis could progress into

nonalcoholic steatohepatitis, fibrosis, cirrhosis, and

hepatocellular carcinoma (Manne et al., 2018; Liu et al., 2022).

As the most widely prescribed lipid-lowering drugs, statins can

be safely used to treat dyslipidemia in patients with NAFLD/

NASH (Easl Easd And Easo, 2016; Chalasani et al., 2018). Their

limited use is mainly attributed to hepatotoxicity such as

asymptomatic raised aminotransferases (Nascimbeni et al.,

2019), along with myalgia, hemorrhagic stroke, cognitive

decline, peripheral neuropathy, insomnia, cataract, etc.

(Mancini et al., 2011). Although trial evidence supports the

efficacy of some diabetes drugs in patients with NAFLD or

NASH, pioglitazone (Sanyal et al., 2010) might significantly

increase weight, and metformin (Anushiravani et al., 2019)

had no substantial impact on liver disease. At present, there is

no specific treatment for NAFLD in clinic; thus, the effective

drugs need to be actively explored.

Theaflavin-3,3′-digallate (TF3) was formed from the

oxidation of selected pairs of catechins during tea processing

and was one of the polyphenols in black tea. TF3, together with

theaflavin (TF1), theaflavin-3-gallate (TF2A), theaflavin-3′-
gallate (TF2B), belongs to the theaflavin (TF) category. They

have the beneficial health effects and pharmacological activities

(Wu et al., 2011; Fatima et al., 2013). As a more active monomer,

TF3 has anticancer (Gao et al., 2019), cellular antioxidant (Jiang

et al., 2021), and antibacterial (Wang S. et al., 2019) biological

activities. Oral administration of a TF3-rich complex was

reported to significantly decrease the adiposity index, enhance

the insulin-sensitive index, inhibit the hepatic lipase activity, and

slightly reduce leptin levels in livers in an obese Sprague-Dawley

rat model (Jin et al., 2013). At a recent time, the effect of TFs

extracted and purified from black tea was studied in high-fat

diet–induced obese mice, and the results demonstrated that

gavage administration of TFs might exert antihyperglycemic

and lipid-lowering effects by inhibiting the synthesis and

accumulation of lipids in the liver with activation of related

pathways. Compared to other monomers of theaflavins, TF3 was

proved to be the best choice (Cai et al., 2021). Our previous

research in vitro also reported that TF3 is the best one among the

theaflavin constituents in alleviating hepatocyte lipid deposition

through activating an AMPK signaling pathway by inhibiting

plasma kallikrein (Zhang et al., 2020). However, as a

polyhydroxylated polyphenol, TF3 can associate with

surrounding water molecules, forming a large hydration shell

around the TF3 molecule, which makes it difficult to utilize

through the transcellular transport (Lambert and Yang, 2003).

Some studies reported that TF3 had poor systematic

bioavailability through gavage or oral administration (Mulder

et al., 2001; Henning et al., 2006). Therefore, the intraperitoneal

injection is a feasible direction to enhance the bioavailability in

animal experiments.

Hence, in this study, the effects of TF3 on NAFLD were

assessed in an ob/ob mouse model by intraperitoneal injection

treatment to improve bioavailability and find the novel

regulatory mechanism through the preliminary “gut–liver”

interaction at the individual level. With the maturity of

bioinformatics, transcriptome sequencing and 16S rRNA

sequencing have been used here for gene expression analysis

to reveal the overall biological characteristics. Our study would

further explore TF3 as a promising natural drug to prevent and

treat NAFLD.

Materials and methods

Mice and treatment

The 5 specific pathogen-free male C57BL/6J and 25 ob/ob

mice (7 weeks old) (Beijing, SCXK 2019-0008) were purchased

from Beijing Huafukang Biotechnology Co., Ltd. (Beijing,

China). These mice were housed in a 12/12-h light and dark

cycle at a constant temperature (22°C ± 2°C) and provided with

standard chow diet and free water in Ruiye Model Animal

Biotechnology Co., Ltd. (Guangzhou, China) (Guangdong,

SYXK 2020-0218). After 7 days of adaptive feeding, C57BL/6J

mice were assigned to the control group with saline (WT), and

ob/ob mice were randomized into five groups (n = 5): the model

group with saline (ob/ob), the positive group with polyene

phosphatidyl choline of 3000 μL/kg body weight (ob/ob +

PPC), low TF3 group with the dose of 5 mg/kg body weight

(ob/ob + L-TF3), middle TF3 group with the dose of 10 mg/kg

body weight (ob/ob +M-TF3), and high TF3 group with the dose

of 20 mg/kg body weight (ob/ob + H-TF3). The intraperitoneal

injection administration was performed every day for 4 weeks.

The body weight and food intake of mice were recorded every

day, and the waist circumference was measured every 3 days. At

the end of the experiment, the stool samples were taken before all

mice were sacrificed. The whole blood samples were from retro-

orbital blood collection and left at room temperature for at least

30 min and then separated by centrifugation (2,500 rpm for

20 min) to obtain serum. A small portion of the freshly

isolated and weighed liver was fixed in 4% paraformaldehyde,

and the remaining liver and sera were frozen immediately in

liquid nitrogen and then were stored at −80°C until they were to
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be used. The adipose tissue (epididymal, perirenal, subcutaneous,

and brown fats) samples as well as other organs were also

isolated, collected, weighed, and then stored at −80°C for

further analysis.

Biochemical and histopathological
analyses

The biochemical indicators in serum were measured using

reagent kits of triglyceride (TG) (A110-1-1), total cholesterol

(TC) (A111-1-1), high-density lipoprotein cholesterol (HDL-c)

(A112-1-1), low-density lipoprotein cholesterol (LDL-c) (A113-

1-1), free fatty acids (FFA) (A042-2-1), alanine aminotransferase

(ALT) (C009-2-1), and aspartate aminotransferase (AST) (C010-

2-1) from Nanjing Jiancheng Bioengineering Institute (Nanjing,

China). The TG levels in the liver were detected using the same

reagent kit as serum. The fixed liver tissues were embedded in

paraffin. Sections with a thickness of 5 μm were obtained and

stained using hematoxylin and eosin (H&E). All sections were

observed under a motorizedmultifunctional upright fluorescence

microscope (DM6000B, Leica, Germany).

Transcriptome sequencing and
bioinformatics analysis

Total RNA was extracted from the mouse liver tissue

samples, and the concentration and purity were detected using

NanoDrop 2000. RNA integrity was detected using agarose gel

electrophoresis, and RIN value was determined using Agilent

2100. The mRNA was isolated from total RNA through utilizing

magnetic beads with Oligo (dT) to performA-T base pairing with

the ploy-A tail at the 3′ end of eukaryotic mRNA. Fragmentation

buffer was added to screen out the short-sequence fragments of

mRNA, that is, those approximately 300 bp. Then, first-strand

cDNA and second-strand cDNA were sequentially synthesized.

The Illumina Novaseq 6000 System was used for sequencing.

Before sequencing, the library was enriched, 15 cycles of PCR

were used for amplification, and 2% agarose gels were used to

recover the target bands. A TBS380 Mini-Fluorometer was used

for quantification. Clusters were generated by bridge PCR

amplification on a cBot System (Illumina). The transcriptome

information was analyzed on the online platform of Majorbio

Cloud Platform (www.majorbio.com). To identify the

differentially expressed genes (DEGs) of liver tissues, those

that had Fold Change ≥ 1.5 and adjusted p < 0.05 were

considered statistically significant. Gene Ontology (GO) and

Kyoto Encyclopedia of Genes and Genomes (KEGG)

enrichment analyses were performed to explore the biological

functions of the DEGs and pathways they enriched significantly.

The Benjamini–Hochberg (B-H) multiple test correction method

was used to correct the false positives (adjusted p < 0.05).

16S rRNA sequencing and bioinformatics
analysis

Total community DNA extracted from the stool samples of

mice was used for PCR amplification. Then, PCR amplification

products were detected and quantified using the QuantiFluor-

ST™ blue fluorescence quantification system (Promega). The

purified amplicons were combined in equimolar masses and

sequenced on the Illumina MiSeq PE300 platform (Illumina,

San Diego, United States). After subsampling each sample to an

equal sequencing depth (39,800 reads per sample) and clustering

for the next analysis, the alpha diversities of the gut microbiota in

samples were calculated using the observed richness (sobs) and

the diversity (shannon) index. The Good’s coverage and

rarefaction curves were used to determine whether the

sequencing amount was sufficient. Beta diversity was

determined using the OTUs from each sample, and the

similarity between samples was calculated using the

unweighted unifrac and represented in principal co-ordinate

analysis (PCoA). Welch’s t test was performed to obtain

species with significant differences between two groups. The

data of 16S rRNA sequencing were also analyzed on the

online platform of Majorbio Cloud Platform (www.

majorbio.com).

Statistical analysis

The data were presented as the mean ± standard deviation.

Differential analysis was performed using SPSS 20.0 with the

significance criterion set at p < 0.05. Student’s t test was used to

assess the differences between two groups. One-way analysis of

variance with Dunnett’s post hoc test and a nonparametric test

were utilized for comparisons among multiple groups. Figures

were generated using GraphPad Prism 8.3.0 or Majorbio Cloud

Platform.

Results

Effect of theaflavin-3,3′-digallate on
growth parameters and organ coefficients
of nonalcoholic fatty liver disease in ob/ob
mice

To observe the effect of TF3 on NAFLD, we found that the

final body weight and waistline, that is, body weight gain and

waistline gain, of ob/ob mice in the model group both were

higher than those of mice in the control group (p < 0.01 or p <
0.001). In comparison with those in the model group, these

growth parameters all significantly reduced in the M-TF3 and

H-TF3 groups with p values less than 0.01 or 0.001, respectively

(Figures 1A–D). In particular, body weight gain in the H-TF3
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group was only 1/14 of that in the ob/ob group. In Figures 1E, F,

significant differences were observed in the average daily food

intake between all the TF3 groups and the ob/ob group. We find

it interesting that L-TF3 treatment made food intake increased

(p < 0.05), while M-TF3 and H-TF3 treatment decreased food

intake (p < 0.05 and p < 0.001, respectively). Moreover, the feed

FIGURE 1
Body weight, waistline, food intake, BMI, and liver weight. (A) The trend of weight change within 4 weeks. (B) Body weight gain. (C) The trend of
waistline changes within 4 weeks. (D) Waistline gain. (E) The trend of food intake changes within 4 weeks. (F) Average daily food intake. (G) Feed
efficiency ratio. Feed efficiency ratio (%) = body weight gain (g/day)/food intake (g/day) × 100%. (H) BMI. (I) Liver weight. All data are shown as the
mean or mean ± standard deviation (n = 5). Statistical significance: #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the WT group. *p < 0.05, **p < 0.01,
***p < 0.001 vs. the ob/ob group.
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efficiency ratio declined from 6.2 to 0.7% in ob/ob mice with

H-TF3 treatment (p < 0.001). The M-TF3 groups also exhibited a

decrease in feed efficiency ratio compared with the ob/ob group

(p < 0.01) (Figure 1G). In contrast, the BMI was not observed to

have a significant change in the TF3 groups and ob/ob group

from Figure 1H (p > 0.05). Liver weight in the M-TF3 and H-TF3

groups was lighter than that in the ob/ob group (p < 0.01)

(Figure 1I). The organ coefficients showed no significant

difference in all ob/ob mice (p > 0.05) (Figures 2A–F). The

viability of mice was not affected, except that the mice in the

H-TF3 group had slightly less smooth hair during adaptation

within the first 3 days of administration, but it recovered quickly.

Theaflavin-3,3′-digallate decreased fat
accumulation of nonalcoholic fatty liver
disease in ob/ob mice

Although the epididymal adipose tissue (EAT), subcutaneous

adipose tissue (SAT), perirenal adipose tissue (PAT), and brown

adipose tissue had been weighted in the experimental groups and

model group, the relative weight of EAT in the H-TF3 group was

significantly lower than that in the ob/ob group with p < 0.01, and

white adipose tissue (WAT, the sum of EAT, SAT, and PAT) (g/

100 g body weight) decreased in the M-TF3 and H-TF3 groups

with p < 0.05 and p < 0.001, respectively (Figures 3A–E).

Theaflavin-3,3′-digallate attenuated liver
tissue variation of nonalcoholic fatty liver
disease in ob/ob mice

Liver size in ob/ob mice dramatically increased with a much

lighter color than that in wild mice, whichmight indicate a higher

fat content. The mice in the M-TF3 and H-TF3 groups were seen

with obviously smaller liver size than that of the ob/ob

group. These changes were improved sequentially as the dose

of TF3 increases. M-TF3 and H-TF3 treatment made liver size

smaller and deepened the color (Figure 3F). H&E staining of

pathological slice observation showed prominent diffuse hepatic

steatosis with nuclear condensation, cytoplasmic looseness, and

increased fat vacuoles in ob/ob mice compared to wild mice.

M-TF3 andH-TF3 treatment significantly reversed these changes

(Figure 3G). Taken together, TF3 changed the appearance of the

liver and alleviated hepatic steatosis in ob/ob mice.

Theaflavin-3,3′-digallate reduced blood
lipid, liver function injury, and hepatic
triglyceride of nonalcoholic fatty liver
disease in ob/ob mice

TF3 significantly decreased the levels of TC and LDL-c in

the M-TF3 and H-TF3 treatment group compared to the ob/ob

FIGURE 2
Organ coefficients. (A) Liver index. (B) Spleen index. (C) Kidney index. (D)Heart index. (E) Lung index. (F) Stomach index. All data are shown as the
mean ± standard deviation (n = 5). Statistical significance: #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the WT group.
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group. TC (p < 0.01) and LDL-c (p < 0.001) in H-TF3 mice were

lower than TC (p < 0.05) and LDL-c (p < 0.01) in M-TF3 mice.

In contrast, obvious difference in TG (p < 0.01), HDL-c (p <
0.05), and FFA (p < 0.05) were observed only by H-TF3

supplementation compared with the ob/ob mice (Figures

4A–E). The elevated ALT and AST were also significantly

decreased in the M-TF3 and H-TF3 intervention group

compared to those in the ob/ob model group with dose-

dependent trends (Figures 4F, G). AST (p < 0.05) and ALT

(p < 0.01) in the M-TF3 group and AST (p < 0.01) and ALT (p <
0.01) in the H-TF3 group were 28.0% and 45.7% and 45.4% and

60.9% lower than those in the ob/ob group, respectively. In

particular, the level of ALT in the H-TF3 group was close to that

in the normal wild mice. H-TF3 treatment also reversed the

elevated hepatic TG (p < 0.01) level induced by ob/ob obese

mice (Figure 4H).

Theaflavin-3,3′-digallate regulated the
hepatic gene expression profile

Based on the sequencing results of the WT, ob/ob, and

H-TF3 groups, the sequencing quality was high and the

sequencing depth was sufficient for transcriptome analysis

(Supplementary Table S1). The expression distribution

(Figure 5A) and principal component analysis (Figure 5B)

indicated that biological reproducibility between samples was

enough to subsequent analysis. Differential expression analysis

and a Venn plot showed that there were 1,942 DEGs in the WT

vs. ob/ob comparison including 988 upregulated DEGs and

954 downregulated DEGs. Moreover, 1,050 DEGs included

497 upregulated DEGs and 553 downregulated DEGs in the

ob/ob vs. H-TF3 comparison (Figure 5C). These DEGs were

subjected to additional bioinformatics analysis by being created

FIGURE 3
Weight of adipose tissue, hepatic appearance, and hematoxylin and eosin (H&E) staining. (A)Weight of epididymal adipose tissue. (B)Weight of
subcutaneous adipose tissue. (C) Weight of perineal adipose tissue. (D) Weight of white adipose tissue; white adipose tissue was the sum of
subcutaneous, perineal, and epididymal adipose tissue. (E)Weight of brown adipose tissue. (F) Liver appearance. (G) The representative image of the
liver slides in H&E staining (scale bar, 50 µm for ×200 and ×400 magnification). All data are shown as the mean ± standard deviation (n = 5).
Statistical significance: #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the WT group. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the ob/ob group.
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as target gene sets. The MA plots showed the distribution of

upregulated and downregulated DEGs in two comparison groups

(Figures 5D, E).

GO and KEGG enrichment analyses were performed in target

gene sets. GO termswith the top 20 enrichment degrees showed that

the cholesterol transport, sterol transport, regulation of lipid storage,

and fatty acid derivative metabolic process were closely related to

NAFLD in obese mice (Figure 6A). KEGG enrichment analysis

showed that the upregulated DEGs of the WT and ob/ob groups

were mainly enriched in pathways of fatty acid elongation and

steroid hormone biosynthesis, fatty acid metabolism, metabolic

pathways, peroxisome proliferator-activated receptor (PPAR)

signaling pathway, and biosynthesis of unsaturated fatty acids

pathways (Figure 6B). In addition, the downregulated DEGs were

enriched in steroid hormone biosynthesis, metabolic pathways, and

cholesterolmetabolism (Figure 6C). In the ob/ob andH-TF3 groups,

theDEGswere primarily distributed in the pathways of regulation of

lipid storage, secondary alcohol biosynthetic process, energy reserve

metabolic process, and steroid biosynthetic and metabolic process

(Figure 6D). KEGG enrichment analysis showed that downregulated

DEGs between the ob/ob group and the H-TF3 group were mainly

enriched in the PPAR signaling pathway (Figure 6E), while

upregulated DEGs were mostly distributed in metabolic

pathways, type I diabetes mellitus, steroid biosynthesis, bile

secretion, etc. (Figure 6F). These results suggested that metabolic

pathways and the PPAR signaling pathway might be crucial

pathways producing an effect on NAFLD in this study.

Moreover, 77 DEGs of metabolic pathways in the ob/ob vs.

H-TF3 group were selected to create a histogram of KEGG

analysis. It is interesting to note that they were mainly annotated

to the lipid metabolism process including biosynthesis of

unsaturated fatty acids (Fads1, Tecr, Scd1, and Elovl1),

arachidonic acid and linoleic acid metabolism (Cyp4f14, Cyp1a2,

and Cyp2c70), and steroid biosynthesis (Fdft1, Tm7sf2, Ebp,

Dhcr7). These genes were significantly upregulated in ob/ob mice

with TF3 treatment. In the PPAR signaling pathway, the expression

of Fabp4, Plin4, Lpl, and Acadm was decreased, while that of Ppard

encoding peroxisome proliferator-activated receptors δ (PPARδ)
was increased. Based on the above results, we supposed that

TF3 treatment might alleviate NAFLD through lipid metabolism

regulated by the Fads1/PPARδ/Fabp4 axis.

Theaflavin-3,3′-digallate altered gut
microbiota structure

The results of 16S rRNA demonstrated that the Sobs and

Shannon indices showed no significant difference between the

FIGURE 4
Biochemical parameters. (A) Total cholesterol (TC) level in serum. (B) Triglyceride (TG) level in serum. (C) Low-density lipoprotein cholesterol
(LDL-c) level in serum. (D) High-density lipoprotein cholesterol (HDL-c) level in serum. (E) Free fatty acid (FFA) level in serum. (F) Alanine
aminotransferase (ALT) level in serum. (G) Aspartate aminotransferase (AST) level in serum. (H) TG level in liver. Each parameter was repeated three
times independently. All data are shown as the standard deviation (n = 3). Statistical significance: #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the WT
group. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the ob/ob group.
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WT and ob/ob groups. In ob/ob obese mice, no significant

effect on the richness and diversity of the gut microbiota was

observed compared to that in wild mice (Figure 7A). In

contrast, the Sobs and Shannon indices were both

significantly increased with H-TF3 treatment compared with

those in the ob/ob mice group (Figure 7B), indicating that

H-TF3 could enhance the richness and diversity of the gut

microbiota. The Good’s coverage was up to 99% in each

sample, and the rarefaction curves showed clear asymptotes

(Figure 7C), which together indicated that the depth of

sequencing data was sufficient and adequately covered most

of the microbial diversity information in the sample.

Moreover, PCoA revealed that the gut microbiota

composition was different among the three groups

(Figure 7D). To assess specific changes in the gut

microbiota, we compared the relative abundance at the

genus level. The relative abundance of Odoribacter,

Prevotellaceae_UCG-003, unclassified_f__Eggerthellaceae, and

Prevotellaceae_Ga6A1_group was significantly increased,

whereas the relative abundance of Christensenellaceae_R-

7_group and Ruminococcus was decreased in that ob/ob

group compared with those in the WT group (p < 0.05)

(Figure 7E). In contrast, the relative abundance of

Prevotellaceae_UCG-001, norank_f__Ruminococcaceae, and

GCA-900066575 was significantly increased, and that of

Parvibacter was significantly decreased in the H-TF3 group

compared with those in the ob/ob group (p < 0.05) (Figure 7F).

Gut microbiota in ob/ob mice differentiated from that of WT

group mice. TF3 treatment changed gut microbiota

composition in ob/ob mice.

FIGURE 5
Comparison of gene expression (n = 3). (A) Violin plot showed gene expression distribution of each sample. (B) Principal component analysis
(PCA) of gene expression profiles of three groups in liver tissue. (C) Venn diagram summarized gene changes in expression in various gene sets. (D)
MA plot represented upregulated and downregulated genes in the WT vs. ob/ob comparison group. (E) MA plot represented upregulated and
downregulated genes in the ob/ob vs. H-TF3 comparison group.
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Associations between the gut microbiota
composition and biochemical indicators
and candidate genes

The expression of the 11 DEGs involved in lipid metabolism

and 5 DEGs in the PPAR signaling pathway were reversed by

H-TF3 treatment in ob/ob mice with significant difference

(adjusted p < 0.05). Their differences in expression are shown

in Figure 8A and Table 1. For further correlation analysis,

16 DEGs served as candidate genes that potentially functioned

after TF3 treatment in NAFLD. The correlation between liver

candidate genes and gut microbiota are shown in a Spearman

FIGURE 6
GO and KEGG enrichment analyses of DEGs between WT vs. ob/ob and ob/ob vs. H-TF3 comparison group (n = 3). (A) Top 20 enriched GO
terms from DEGs in the WT vs. ob/ob group. (B) Top 20 enriched KEGG pathways from upregulated DEGs in the WT vs. ob/ob group. (C) Enriched
KEGG pathways from downregulated DEGs in the WT vs. ob/ob group. (D) Top 20 enriched GO terms from DEGs in the ob/ob vs. H-TF3 group. (E)
Top 20 enriched KEGGpathways from upregulated DEGs in the ob/ob vs. H-TF3 group. (F) Enriched KEGGpathways from downregulatedDEGs
in the ob/ob vs. H-TF3 group.
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correlation heatmap (Figure 8B). The relative abundance of

norank_f__Ruminococcaceae genus exhibited a strong

correlation with the expression of Cyp1a2, Dhcr7, Cyp4f14,

Tm7sf2, Fads1, Ebp, Scd1, Tecr, Lpl, and Fabp4 (p < 0.05),

especially those genes involved in the Fads1/PPARδ/
Fabp4 signaling axis. We find it interesting that the relative

abundance of Alistipes also showed a significantly positive

correlation with the expression of some candidate genes,

including Cyp2c70, Dhcr7, Tm7sf2, Fads1, Ebp, Scd1, Fdft1,

Elovl1, and Tecr (p < 0.05). In addition, the correlation between

biochemical parameters and intestinal flora are shown in a

Spearman correlation heatmap (Figure 8C). The relative

abundance of norank_f__Ruminococcaceae exhibited a

significantly negative correlation with serum TC, TG, LDL-c,

and FFA (p < 0.05). The relative abundance of Akkermansia was

negatively correlated with the level of TC, HDL-c, FFA, and ALT

in serum (p < 0.05). Preliminary correlation analyses

demonstrated that TF3 might have a multidimensional effect

on NAFLD mitigation.

Discussion

The lipid-lowering effects of theaflavin monomer TF3 have

been authenticated in vitro and vivo in the recent 5 years,

although there are only a few studies. Our previous study

first confirmed that TF3 relieved hepatocyte lipid deposition

through the novel plasma kallikrein/AMPK signaling pathway

in FFA-induced hepatic HepG2 cells (Zhang et al., 2020). A

recent study reported that TF3 could ameliorate obesity in

FIGURE 7
Different gut microbiota composition in the WT vs. ob/ob group and the ob/ob vs. H-TF3 comparison group (n = 3). (A) Alpha diversity index
(Sobs and Shannon) compared between the WT and ob/ob groups. (B) Alpha diversity index (Sobs and Shannon) compared between the ob/ob and
H-TF3 groups. (C) Rarefaction curves. (D) Beta diversity analysis. Principal coordinates analysis (PCoA) based on unweighted unifrac at the OTU level
among the three groups. (E) Bar plot showed the different gut microbiota at the genus level in theWT and ob/ob groups using Welch’s t test. (F)
Bar plot showed the different gut microbiota at the genus level in the ob/ob and H-TF3 groups usingWelch’s t test. Statistical significance: *p < 0.05.
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high-fat diet–induced mice by oral administration for 9 weeks

through the signaling pathway of SIRT6/AMPK/SREBP-1/

FASN. Even if the bioavailability of TF3 is considered poor,

the beneficial effects were observed in the experimental design

(Cai et al., 2021). In this NAFLD-related study, considering the

lower bioavailability, the intraperitoneal injection

administration of TF3 was applied to the ob/ob mouse

model with more homogeneous phenotype. We found that

TF3 rapidly produced beneficial effects based on the changes

of weight and waistline in 1 week without bouncing until the

end of the experiment. The results of the 4-week experiment

gave us a reason to believe that TF3 has an obviously stable and

effective therapeutic effect. Compared with oral administration

for 9 weeks, intraperitoneal injection administration greatly

shortened time and cost as well as improved the efficiency of

animal experiment. Moreover, we found that the Fads1/

PPARδ/Fabp4 signaling axis might be a new therapeutic

target for NAFLD in the current study.

TF3 improved NAFLD in ob/ob mice. As expected,

TF3 supplement decreased body weight, body weight gain,

waistline, waistline gain in obese mice with food intake

reduction. Effect of TF3 on phenotype was possibly related to

suppression on appetite, which is in accord with the fact that

black tea drinking makes people consume less food (Carter and

Drewnowski, 2012). The organ coefficients were not obviously

affected by TF3 treatment, indicating that TF3 is a relatively safe

pharmacological ingredient. We could draw a conclusion of

hepatic steatosis improving from histopathological analysis,

which consisted of phenotypic changes in mice. The EAT

with lighter weight was observed; it was an important organ

for TG accumulation and many adipokines secretion (Corton

et al., 1994). According to the results of biochemical indicators,

TF3 had protective effects by decreasing the serum lipid and TG

levels in the liver and could restore the activity of the liver

function enzymes of AST and ALT.

The hepatic transcriptomics analysis indicated that metabolic

pathways and the PPAR signaling pathway might be crucial

pathways producing the effect of TF3. Metabolic pathways

included biosynthesis of unsaturated fatty acids, arachidonic

acid and linoleic acid metabolism, and steroid biosynthesis.

The results are similar with the mechanism of turmeric in

preventing hyperlipidemia in mice (Wang et al., 2021).

Moreover, we proposed that TF3 produced an effect on

NAFLD by regulating lipid metabolism via the Fads1/PPARδ/
Fabp4 signaling axis. First, TF3 acted on upstream Fads1 and

then activated PPARδ and downstream Fabp4. Fatty acid

desaturase 1 encoded by Fads1 is one of the rate-limiting

enzymes in the polyunsaturated fatty acid (PUFA)

desaturation pathway (Martinelli et al., 2008). Patients with

NAFLD had pathological changes associated with the

depletion of PUFA; the higher expression of Fads1 protects

liver from lipid accumulation (Araya et al., 2010;

Athinarayanan et al., 2021). Moreover, Fads1 is specifically

involved in catalyzing the conversion of dihomo-gamma-

linolenic acid to arachidonic acid (Martinelli et al., 2008).

Arachidonic acid and linoleic acid both belong to unsaturated

fatty acids. Arachidonic acid is an important ω-6 PUFA, which is
the most widely distributed endogenous active substance in vivo.

A study reported that Sagittaria sagittifolia polysaccharide

exerted preventive protection against high-fat diet–induced

NAFLD by interfering with arachidonic acid metabolism

(Deng et al., 2020). We find it interesting that the

epoxyeicosatrienoic acids (EETs) are products of arachidonic

acid and can be catalyzed by cytochrome P450 epoxygenases, in

TABLE 1 List of candidate genes (obob_vs._H_TF3).

Gene name Gene description Regulation

Ppard peroxisome proliferator activator receptor delta up

Cyp2c70 cytochrome P450, family 2, subfamily c, polypeptide 70 up

Cyp1a2 cytochrome P450, family 1, subfamily a, polypeptide 2 up

Plin4 perilipin 4 down

Dhcr7 7-dehydrocholesterol reductase up

Fabp4 fatty acid binding protein 4, adipocyte down

Cyp4f14 cytochrome P450, family 4, subfamily f, polypeptide 14 up

Tm7sf2 transmembrane 7 superfamily member 2 up

Lpl lipoprotein lipase down

Fdft1 farnesyl diphosphate farnesyl transferase 1 up

Ebp phenylalkylamine Ca2+ antagonist (emopamil) binding protein up

Fads1 fatty acid desaturase 1 up

Tecr trans-2,3-enoyl-CoA reductase up

Scd1 stearoyl-Coenzyme A desaturase 1 up

Acadm acyl-Coenzyme A dehydrogenase, medium chain down

Elovl1 elongation of very long chain fatty acids up
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line with the increased expression of Cyp4f14, CYP1a2, and

Cyp2c70 in this study. EETs and their metabolites can activate

peroxisome proliferator-activated receptors α (PPARα) and

peroxisome proliferator-activated receptors γ (PPARγ) in the

PPAR signaling pathway (Wang X. et al., 2019). The PPAR

signaling pathway is actively involved in the regulation of lipid

metabolism, glucose homeostasis, cell proliferation, and

adipocyte differentiation (Hu N. et al., 2021). The PPARδ is

one of ligand-activated transcription factors that can be activated

by the ligand of unsaturated fatty acids. PPARs (PPARα, PPARδ,

FIGURE 8
Candidate genes and Spearman correlation heatmap (n = 3). (A) KEGG enrichment chord plot of candidate genes. Left of plot is the regulation
and fold change of expression; right is KEGG pathways. (B) The correlation between the gut microbiota and candidate genes. (C) The correlation
between the gut microbiota and serum biochemical parameters. Statistical significance: *p < 0.05, **p < 0.01.
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and PPARγ) stimulate lipid and glucose utilization by increasing

mitochondrial function and fatty acid desaturation pathways

(Montaigne et al., 2021). Therefore, we speculated that

arachidonic acid might be an activator of PPARδ. About

downstream Fabp4, it encoded fatty acid-binding protein

4 controlled by most notably PPARγ, PPARδ, and FFA

(Haunerland and Spener, 2004). Fabp4 bind long-chain FFA

and are specifically expressed in adipocyte (Thompson et al.,

2018). Although the underlying molecular mechanisms of

Fabp4 expression and activity have not been fully elucidated,

Omega-3 fatty acids were reported to decrease the expression and

consecutive secretion of Fabp4, which had a positive effect on

anti-obesity and reversal of insulin resistance (Furuhashi et al.,

2016; Chung et al., 2021). Based on above, we supposed that the

Fads1/PPARδ/Fabp4 signaling axis might be a direct target

pathway of TF3 to reduce lipid accumulation, providing a

more theoretical basis for further drug development and

clinical application.

Apart from signaling axis-related genes, TF3 also regulated

some other gene expressions related to NAFLD. Plin4, Lpl, and

Acadm were also critical target genes of PPARs in the PPAR

signaling pathway. Their expression decreased after

TF3 treatment. With the progression of NAFLD, the Lpl/

Fabp4/Cpt1 molecule axis and controlled fatty acid

metabolism were generally upregulated since the NASH phase

(Yang et al., 2021). Hence, Plin4, Lpl, and Acadm might produce

beneficial effects on preventing the progression of NAFLD to

nonalcoholic steatohepatitis. In addition, the increased

expression of Fdft1, Tm7sf2, Ebp, and Dhcr7, involved in

cholesterol biosynthesis, might indirectly promote primary bile

acid biosynthesis. Bile acid supplementations and agonists for

specific targets played an important role in decreasing lipid

accumulation and treating metabolic liver disorders (Liu H.

et al., 2016; Evangelakos et al., 2021). For example, obeticholic

acid, the steroidal agonist of farnesoid X receptor, became the

most promising drug for MAFLD/steatohepatitis (Younossi

et al., 2019). These genes might exert a synergistic effect with

the Fads1/PPARδ/Fabp4 signaling axis in TF3.

The gut microbiota plays a crucial role in NAFLD mitigation

through various mechanisms such as energy absorption and

storage, promoting insulin resistance and choline deficiency

and interfering with bile acid metabolism (Blaut, 2015; Wang

et al., 2020). Hence, we analyzed the changes of the gut

microbiota in NAFLD with TF3 supplement and found that

the community richness and diversity of the gut microbiota

increased. This is similar to the infusions of green tea, oolong

tea, and black tea (Liu Z. et al., 2016); in addition, another tea

polyphenol (epigallocatechin-3-gallate) treatment (Ushiroda

et al., 2019) suppressed fatty liver disease by improving gut

dysbiosis or increasing the diversity of the gut microbiota or

altered its structure in obese mice. Our analysis demonstrated

that Prevotellaceae_UCG-001, norank_f__Ruminococcaceae and

GCA-900066575were significantly increased and Parvibacterwas

decreased in the H-TF3 group compared with those in the ob/ob

group at the genus level. Ruminococcaceae are butyrate-

producing bacteria. Butyrate is a kind of short-chain fatty acid

(SCFA) produced from resistant starch, dietary fiber, and low-

digestible polysaccharides by the microbiota in the colon and

distal small intestine via fermentation (Kau et al., 2011; Zhou

et al., 2017). Butyric acid protected against HFD-induced hepatic

steatosis, inflammation, and liver injury (Zhou et al., 2017).

Prevotellaceae_UCG-001 also produces SCFAs, which

stimulates glucagon secretion and increases satiety to regulate

fat synthesis and cholesterol in the liver and inhibit weight gain

(Maljaars et al., 2008; Wang M. et al., 2019). Previous studies had

shown that high-fat diet–induced obese mice had a higher

abundance of GCA-900066575 than wild mice (Li et al., 2020;

Hu Q. et al., 2021). However, we found that the abundance of

GCA-900066575 increased in the H-TF3 group rather than in ob/

ob obese mice. A study also reported that α-linolenic acid could

alleviate fatty liver and increase the abundance of GCA-

900066575 (Gao et al., 2020). Parvibacter is a beneficial

bacterium, but its abundance reduced rather than increased,

as expected, in the TF3 group (Li et al., 2022). TF3 mainly

increased the abundance of SCF-producing bacteria to

synergistically reduce fat accumulation and hepatic steatosis. It

is worth mentioning that we found that TF3 could modulate gut

microbiota composition in vivo even by intraperitoneal injection.

Accumulating evidence has pointed out the importance of the

gut–liver axis in the development of liver disease. According to the

correlation between the gut microbiota and candidate genes

involved in lipid metabolism and PPAR signaling pathways,

biochemical parameters, we supposed that the changes of the

gut microbiota might be related to the Fads1/PPARδ/
Fabp4 signaling axis. They further decreased lipid levels and

liver injury together in NAFLD with TF3 supplement. However,

the mechanism is still unclear. Their interaction requires further

research. Bile acid metabolism, gut microbial metabolites such as

lipopolysaccharide (LPS), and gut barrier dysfunction contribute to

chronic liver disease by abnormal regulation of the gut–liver axis

(Schneider et al., 2018; An et al., 2022). In a subsequent study, we

will deeply explore the mechanism of the gut–liver axis in TF3,

clarify the pharmacological effects, and provide more detailed

clinical data for the drug development of TF3 in preventing and

curing NAFLD.

Conclusion

It was demonstrated that TF3 was a safe and effective

pharmacological ingredient for relieving NAFLD in the ob/

ob mice model. The weight and waistline, fat accumulation,

serum lipid, liver injury, and hepatic TG were alleviated by

TF3 treatment. The beneficial effect of TF3 on NAFLD might

be related to lipid metabolism regulated by the Fads1/

PPARδ/Fabp4 axis and gut microbiota. The Spearman
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correlation indicated that the gut microbiota might associate

with the hepatic Fads1/PPARδ/Fabp4 signaling axis. Their

interaction requires further research. TF3 might be a

promising drug for clinical use to improve NAFLD.
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