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Editorial on the Research Topic

New compounds, novel targets and mechanism study in inflammation-

associated liver diseases

This Research Topic was initiated to investigate the pathogenesis and

pathophysiological processes of inflammation-associated liver diseases, with particular

focus on targets research, drug conversion, and druggability research, based on the

informatics approach and further discovery of novel therapeutic targets and strategies for

treatment.

Total of 18 manuscripts were submitted and reviewed, with 9 manuscripts accepted

and others rejected. Scopes of accepted manuscripts involved liver injury, autoimmune

hepatitis, liver ischemia/reperfusion injury and liver fibrosis. There were 3 manuscripts

that discussed effects of Chinese traditional medicine on liver diseases: paeoniflorin

alleviates liver injury in hypercholesterolemic rats through the ROCK/AMPK pathway

(Liu et al.), mechanism of Hydroxysafflor yellow A on acute liver injury based on

transcriptomics (Hou et al.), and saikosaponin d alleviates liver fibrosis by negatively

regulating the ROS/NLRP3 inflammasome through activating the ERβ pathway (Zhang

et al.). There were 2 manuscripts that studied the effects and mechanism of chemical

medicine on liver diseases: hydroxychloroquine attenuates autoimmune hepatitis by

suppressing the interaction of GRK2 with PI3K in T lymphocytes (Jiu et al.), and

roxadustat, a hypoxia-inducible factor 1α activator, attenuates both long-and short-

term alcohol induced alcoholic liver disease (Gao et al.). There were 3 manuscripts that

revealed the effects and mechanism of cytokines on liver diseases: inhibition of

macrophage migration inhibitory factor (MIF) suppresses apoptosis signal-regulating

kinase 1 to protect against liver ischemia/reperfusion injury (Chen et al.), human

umbilical cord blood mononuclear cells ameliorate CCl4 induced acute liver injury in

mice via inhibiting inflammatory responses and up-regulating interleukin-22 (Zhang et al.

), and interleukin-6 receptor blockade can increase the risk of nonalcoholic fatty liver

disease: indications from Mendelian randomization (Li et al.). There was 1 review
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manuscript in this Research Topic, which summarized the

current literature regarding FAT10 role in developing liver

diseases and potential therapeutic targets for nonalcoholic/

alcoholic fatty liver disease and hepatocellular carcinoma

(Wimalarathne et al.).

Author contributions

The author confirms being the sole contributor of this work

and has approved it for publication.

Acknowledgments

In the end, I would like to first thank our guest editors (Dr.

Lei Zhang, Dr. Yang Yang, Dr. Xiude Fan, and Dr. Tatsunori

Miyata), because they worked very hard to organize the Research

Topic and review manuscripts assigned to them. Second, I would

like to thank all the contributors who submitted their great work

to this topic. Last but not the least, we would like to thank

Frontier in Pharmacology for giving us this opportunity to learn

a great deal from this special issue.

Conflict of interest

The author declares that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Madushika, M., Wilkerson-Vidal, Q. C., Hunt, E. C., and Love-Rutledge, S. T.
(2022). The case for FAT10 as a novel target in fatty liver diseases. Front. Pharmacol.
13, 972320. doi:10.3389/fphar.2022.972320

Tong, L., Zhang, N., Kong, L., Chu, S., Zhang, T., Yan, G., et al. (2022). Paeoniflorin
alleviates liver injury in hypercholesterolemic rats through the ROCK/AMPK pathway.
Front. Pharmacol. 13, 968717. doi:10.3389/fphar.2022.968717

Frontiers in Pharmacology frontiersin.org02

Wu 10.3389/fphar.2022.1090504

5

https://www.frontiersin.org/articles/10.3389/fphar.2022.972320/full
https://doi.org/10.3389/fphar.2022.972320
https://doi.org/10.3389/fphar.2022.968717
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1090504


Roxadustat, a Hypoxia-Inducible
Factor 1α Activator, Attenuates Both
Long- and Short-Term
Alcohol-Induced Alcoholic Liver
Disease
Yongyao Gao1†, Xiaomeng Jiang2, Daigang Yang1†, Wentong Guo1, Dandan Wang3,
Ke Gong1, Ying Peng1, Hong Jiang2, Cunyuan Shi2, Yajun Duan1, Yuanli Chen1, Jihong Han1,4

and Xiaoxiao Yang1*

1Key Laboratory of Metabolism and Regulation for Major Diseases of Anhui Higher Education Institutes, College of Food and
Biological Engineering, Hefei University of Technology, Hefei, China, 2Zhejiang Jianfeng Pharmaceutical Co., Ltd., Jinhua, China,
3School of Pharmacy, Anhui University of Chinese Medicine, Hefei, China, 4College of Life Sciences, Key Laboratory of Medicinal
Chemical Biology, Key Laboratory of Bioactive Materials of Ministry of Education, Nankai University, Tianjin, China

Alcoholic liver disease (ALD) is a worldwide healthcare problem featured by inflammation,
reactive oxygen species (ROS), and lipid dysregulation. Roxadustat is used for chronic
kidney disease anemia treatment. As a specific inhibitor of prolyl hydroxylase, it can
maintain high levels of hypoxia-inducible factor 1α (HIF-1α), through which it can further
influence many important pathways, including the three featured in ALD. However, its
effects on ALD remain to be elucidated. In this study, we used chronic and acute ALD
mouse models to investigate the protective effects of roxadustat in vivo. Our results
showed that long- and short-term alcohol exposure caused rising activities of serum
transaminases, liver lipid accumulation, andmorphology changes, which were reversed by
roxadustat. Roxadustat-reduced fatty liver was mainly contributed by the reducing sterol-
responsive element-binding protein 1c (SREBP1c) pathway, and enhancing β-oxidation
through inducing peroxisome proliferator-activated receptor α (PPARα) and carnitine
palmitoyltransferase 1A (CPT1A) expression. Long-term alcohol treatment induced the
infiltration of monocytes/macrophages to hepatocytes, as well as inflammatory cytokine
expression, which were also blocked by roxadustat. Moreover, roxadustat attenuated
alcohol caused ROS generation in the liver of those two mouse models mainly by reducing
cytochrome P450 2E1 (CYP2E1) and enhancing superoxidase dismutase 1 (SOD1)
expression. In vitro, we found roxadustat reduced inflammation and lipid accumulation
mainly via HIF-1α regulation. Taken together, our study demonstrates that activation of
HIF-1α can ameliorate ALD, which is contributed by reduced hepatic lipid synthesis,
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inflammation, and oxidative stress. This study suggested that roxadustat could be a
potential drug for ALD treatment.

Keywords: ALD, roxadustat, fatty liver, HIF-1α, inflammation, oxidative stress

INTRODUCTION

The alcohol intake-associated disease, that is, alcoholic liver
disease (ALD), remains a serious global human health
problem. ALD usually starts with hepatic steatosis, and then
develops into alcoholic steatohepatitis, cirrhosis, and even
hepatocellular carcinoma (Ceni et al., 2014; Kong et al., 2021).
Once ALD progresses to steatohepatitis, abstinence from alcohol
cannot totally reverse liver damage. Therefore, it is necessary to
treat ALD in the stage of hepatic steatosis. The molecular
mechanisms of ALD are not well studied, but there is growing
evidence that multiple factors are involved in the pathogenesis of
ALD, such as oxidative stress, which can promote lipid
peroxidation and accelerate fat deposition in the liver,
inflammation, as well as dysregulation of gut microbiota (Xu
et al., 2017; Meng et al., 2018). The current treatment of ALD is
limited to alcohol withdrawal and a few medications, such as
polyene phosphatidylcholine, glucocorticoids, and metadoxine.
However, the usage of these drugs has some limitations and side
effects. Polyene phosphatidylcholine cannot reverse the
pathology of ALD (Wang et al., 2019). Glucocorticoids
increase the risk of obesity, hypertension, and cardiovascular
diseases (Dixon and Bansback, 2012). Metadoxine has the
potential to cause diarrhea (Addolorato et al., 2003).
Therefore, the development of new drugs for ALD is urgently
needed.

Hypoxia-inducible factor (HIF)-1 is a heterodimeric
transcription factor consisting of α- and β-subunits that acts
as a master regulator of adaptation to hypoxia. Under conditions
of oxygen sufficiency, the α-subunit is hydroxylated at its specific
proline residues, resulting in rapid degradation. When exposed to
hypoxia, the α-subunit is stabilized and translocated to the
nucleus to dimerize with HIF-1β, and then to activate its
target genes, such as glucose transporters, glycolysis enzymes,
and lipid synthases (Kaelin and Ratcliffe, 2008; Rahtu-Korpela
et al., 2014). Alcohol exposure increases liver oxygen
consumption and subsequently causes hypoxia in the region
surrounding the liver lobules (Tsukamoto and Xi, 1989; Arteel
et al., 1997). Chronic hypoxia impairs mitochondrial-mediated
fatty acid oxidation through the production of reactive oxygen
species (ROS), causing mitochondrial dysfunction, which further
affects liver lipid synthesis (Lieber, 2004). Reduced oxygen
availability initiates the hypoxic response and is a survival
mechanism that evolves to enable organisms to cope with low
oxygen levels (Kaelin and Ratcliffe, 2008; Koivunen et al., 2016;
Gunton, 2020). Roxadustat (FG-4592) can enhance the
stabilization of HIF-1α, and is the first small molecule
approved for the treatment of renal anemia by promoting the
production of erythropoietin and iron utilization (Huang et al.,
2020). Some studies have shown that HIF-1 activation can protect
against metabolic disorders by reducing serum cholesterol and

glucose levels, and improving insulin sensitivity in type 2 diabetic
mice (Rahtu-Korpela et al., 2014; Chen et al., 2015). In addition,
the development of atherosclerosis can also be attenuated by FG-
4592, which is related to the elimination of hepatocyte
cholesterol, and thermogenesis (Zhang et al., 2019; Sugahara
et al., 2020). However, little has been reported that HIF-1α
controls the lipid metabolism in ALD.

Chronic alcohol consumption is a leading cause of ALD.
Accumulating evidence indicated that consuming excess
alcohol and being overweight synergistically promoted the
development of ALD (Lu et al., 2004). Mice fed with the
Lieber–DeCarli liquid diet containing ethanol for 8 weeks plus
a single binge ethanol feeding (the NIAAA model) could develop
ALD, with the characteristics of inflammation and fatty liver,
which were wildly used for ALD research (Bertola et al., 2013).
Research study has shown that short-term high-fat diet (HFD)
feeding could impair glucose tolerance and insulin sensitivity,
along with hepatic inflammatory response and liver damage
(Chang et al., 2015). Feeding mice with an HFD for 3 days
or 8 weeks plus a single gavage of ethanol can induce liver
injury by elevating fatty acid accumulation and hepatic
neutrophil infiltration. To explore the role of HIF-1α
activation on ALD, we used the NIAAA model and HFD plus
ethanol mouse model in this study. Along with the construction
of ALD mouse models, mice received roxadustat treatment,
followed by the determination of ALD development, as well as
involved mechanisms.

MATERIALS AND METHODS

Reagents
Roxadustat was provided by Zhejiang Jianfeng Pharmaceutical Co.,
Ltd. (Jinhua, China). Bovine serum albumin (BSA) was purchased
from Sigma Aldrich (Missouri, United States). Hematoxylin and
eosin (H&E) staining solution, 4% polyformaldehyde, phosphate
buffer saline (PBS), and BCAProteinAssayKit were purchased from
Biosharp (Hefei, China). Total RNApure reagent (Trizol) was
purchased from Beijing Zomen Biotechnology Co., Ltd. (Beijing,
China). HiScript II Q Select RT SuperMix and AceQ SYBR qPCR
Master Mix were purchased from Vazyme (Nanjing, China). The
dihydroethidium (DHE) staining kit was purchased from Beyotime
(Shanghai, China). A cocktail of protease inhibitors, PMSF, and
enhanced chemiluminescence (ECL) kit were purchased from
Millipore (Darmstadt, Germany). Bromphenol blue, triton X-100,
and sodium dodecyl sulfate (SDS) were purchased from Solarbio
(Beijing, China). Mouse anti-fatty acid synthase (FASN) and CD68
monoclonal antibodies were purchased from Santa Cruz
Biotechnology (CA, United States). Mouse anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), rabbit anti-superoxidase
dismutase 1 (SOD1), SOD2, α-Tubulin, peroxisome proliferator-
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activated receptor α (PPARα), and interleukin-1β (IL-1β) polyclonal
antibodies were purchased from Abclonal (Wuhan, China). Rabbit
anti-HIF-1α, carnitine palmitoyltransferase 1A (CPT1A), and
cytochrome P450 2E1 (CYP2E1) polyclonal antibodies were
purchased from Affinity Biosciences (OH, United States). Mouse
anti-tumor necrosis factor α (TNF-α), rabbit anti-sterol-responsive
element-binding protein 1c (SREBP1c), carbohydrate response
element-binding protein α (ChREBPα) polyclonal antibodies,
HRP-conjugated goat anti-rabbit IgG (H + L), and mouse IgG
(H + L) were purchased from Proteintech Group Inc. (IL,
United States). All other chemical reagents were analytical grade.

Cell Culture
HepG2 and RAW264.7 cells were purchased from ATCC (VA,
United States), and cultured in complete MEM or 1640 medium
containing 10% fetal bovine serum (FBS, AusGeneX, Australia)
and 50 μg/ml streptomycin/penicillin (UT, United States), in a
humidified incubator with 5% CO2 at 37°C. Before treatment,
cells were incubated in a serum-free medium.

siRNA Transfection
Homo HIF-1α siRNA and the corresponding scrambled siRNA
were purchased from RiboBio Biotechnology (Guangzhou, China).
HepG2 cells were cultured in a 6-well plate at a density of 5 × 105

cells/well in a serum-free Opti-MEM. HIF-1α or control siRNA
(40 nM/well) were transfected into cells using Lipofectamine
RNAiMAX Transfection Reagent (Invitrogen, CA, United States).
After 24 h transfection, HepG2 cells received indicated treatment
(Wang et al., 2020).

In Vivo Studies
The eight-week-old male C57BL/6J mice were purchased from
GemPharmatech (Nanjing, China). Mice were maintained in a
chamber with constant temperature (22 ± 2°C) and humidity
(55 ± 2%) for a 12-h light/dark cycle.

The chronic ALD mouse model was constructed as described
(Bertola et al., 2013). In brief, mice were divided into four groups
(8 mice/group); all mice were fed with the Lieber–DeCarli control
diet for the first 5 days. Then, mice in control groups were fed
with the Lieber–DeCarli control diet (ethanol free) for 8 weeks
plus intragastric (i.g.) administration of a single maltose dextrin
solution (9 g/kg body weight, equal calorie to ethanol); mice in
ALD groups were fed with the Lieber–DeCarli diet (contain 5%

ethanol) for 8 weeks plus i.g. administration of single binge
ethanol (5 g/kg body weight). Mice were euthanized after 9 h
of the single binge ethanol or maltose solution administration.

The acute ALD mouse model was constructed as follows (Chang
et al., 2015): mice in the control groups were fed normal chow for
3 days, and then received i.g. administration of maltose dextrin
solution (9 g/kg body weight). In model groups, mice were fed an
HFD (60% kcal; CAT#D12492) for 3 days and received i.g.
administration of 31.25% (vol/vol) ethanol solution (5 g/kg body
weight) on the last day. All mice were euthanized after 9 h of ethanol
or maltose dextrin solution administration, followed by a collection
of blood and tissue samples.

To determine the role of roxadustat in ALD, mice in the
vehicle group received intraperitoneal (i.p.) injection of PBS every
day; mice in roxadustat groups received i.p. injection of
roxadustat solution (10 mg/kg body weight or 25 mg/kg body
weight for chronic or acute ALD mouse model, respectively)
every day. The selection for doses of roxadustat is described as
follows: previous studies used a serious range of roxadustat for in
vivo experiments, mainly from 10 to 60 mg/kg body weight (Beck
et al., 2017; Deguchi et al., 2020; Kabei et al., 2020). To verify if
different doses of roxadustat have protective effects in acute and
chronic ALD mouse models, we chose a low dose of roxadustat
for the chronic model, while a middle dose for the acute model,
which is based on the standard of animal ethics that use as fewer
animals as possible in in vivo experiment.

Western Blot and Immunohistochemical
Staining
After treatment, cells or 30 mg liver tissues were lysed or grated
with lysis buffer. The BCA Protein Assay Kit was used to
determine protein concentration. The same amount of protein
(60 μg) from each sample was used to determine the protein
expression of ACC1, SREBP1c, FASN, IL-1β, PPARα, CPT1A,
CYP2E1, TNF-α, ChREBPα, HIF-1α, GAPDH, and α-Tubulin
usingWestern blot (Yin et al., 2020). The signals were detected by
ChemiScope 3000 mini (Qinxiang, Shanghai, China), and the
band density was quantified using Photoshop software.

Liver CD68 expression was determined using
immunohistochemical staining. Images were obtained using a
ZEISS Scope A1 fluorescence microscope, and quantity analysis of
CD68 positive cells was determined by Photoshop software.

TABLE 1 | q-RT-PCR primer sequences.

Gene Forward Backward

Mus ACC1 GCCATTGGTATTGGGGCTTAC CCCGACCAAGGACTTTGTTG
Mus β-actin ATGGAGGGGAATACAGCCC TTCTTTGCAGCTCCTTCGTT
Mus ChREBPα GTCCCCGCAGGATACAGTTT TTGTTGTCTACACGACCCCG
Mus DGAT1 GGTGCCCTGACAGAGCAGAT CAGTAAGGCCACAGCTGCTG
Mus FASN CTGCGATGAAGAGCATGGTTT CCATAGGCGATTTCTGGGAC
Mus IL-1β GACCTTCCAGGATGAGGACA AGCTCATATGGGTCCGACAG
Mus IL-6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA
Mus PPARα AGTTCGGGAACAAGACGTTG CAGTGGGGAGAGAGGACAGA

ACC1, acetyl-CoA carboxylase 1; ChREBPα, carbohydrate response element-binding protein α; DGAT, acyl-CoA: diacylglycerol acyltransferase; FASN, fatty acid synthase; IL-1β/6,
interleukin-1β or 6; PPARα, peroxisome proliferator-activated receptor α.
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FIGURE 1 | Roxadustat inhibits the development of chronic ALD. (A) (experimental design): C57BL/6J mice in four groups (8 mice/group) received the following
treatment: control groups: fed with the Lieber–DeCarli control diet plus a single gavage of maltose dextrin solution; model groups: fed with Lieber–DeCarli control diet for
5 days, and then with the Lieber–DeCarli diet for 8 weeks plus a single gavage of ethanol (5 g/kg body weight). Mice in vehicle groups received i.p. injection of PBS; mice
in roxadustat groups received i.p. injection of roxadustat solution (10 mg/kg body weight) for 8 weeks daily. Mice were sacrificed after 9 h of maltose dextrin or
ethanol gavage, blood, and liver tissues were collected; (B) liver from each mouse was photographed, and the representative photographs are presented; (C) ratio of
liver weight to body weight was calculated; (D) liver paraffin sections were conducted with H&E staining; (E) serum was used to determine ALT, AST, and ALP activities
using an automatic biochemical analyzer. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (n ≥ 5).
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Quantitative Real-Time PCR (qRT-PCR)
After treatment, Trizol was used to extract total RNA from 20 mg
liver tissues or RAW264.7 cells. cDNA was synthesized with 1 μg
RNA from each sample with HiScript II Q Select RT SuperMix
(gDNA wiper). RT-PCR was applied with the primers listed in
Table 1. mRNA expression was normalized by β-actin mRNA in
the corresponding samples.

H&E, Oil Red O, and DHE Staining
A piece of the liver was fixed in 4% paraformaldehyde
overnight, and then dehydrated with an auto dehydrator
(Leica, Wetzlar, Germany). After being embedded in
paraffin, the tissue samples were cut into 5 μm sections,
and then conducted with H&E staining. Frozen liver
tissues embedded in OCT were cut into 5 μm sections for

FIGURE 2 | Roxadustat attenuates lipid accumulation by increasing PPARα protein expression in the liver and reducing FASN levels in HepG2 cells. (A–D) Liver
samples were collected frommice in Figure 1 and used for the following experiments. Liver frozen sections were stained with Oil Red O staining (A); triglyceride content
was determined using an assay kit (B); mRNA expression of DGAT1 and FASN was determined by qRT-PCR (C); protein expression of PPARα and CPT1A was
determined by Western blot with quantitative analysis of band density (D); (E) HepG2 cells were treated with roxadustat at indicated concentrations for 24 h.
Protein expression of FASN and HIF-1αwas determined byWestern blot with quantitative analysis of band density (right panels); (F,G)HepG2 cells were transfected with
scrambled siRNA (si-NC) or HIF-1α siRNA (si-HIF-1α) for 24 h, and then treated with roxadustat for 24 h. Protein expression of FASN, PPARα, and HIF-1α was
determined by Western blot with quantitative analysis of band density (F); lipid accumulation was determined by Oil Red O staining with quantitative analysis (G). *, p <
0.05; **, p < 0.01; ***, p < 0.001 vs ctrl; #p < 0.05, ###, p < 0.001 vs ALD group (n ≥ 5); Roxa: roxadustat.
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the determination of lipid accumulation or ROS levels by Oil
Red O or DHE staining, respectively (Wang et al., 2021).
Images were obtained using a ZEISS Scope A1 fluorescence
microscope. DHE fluorescence intensity was quantified using
ImageJ software.

Statistical Analysis
All data were generated from at least three independent
experiments. GraphPad Prism 8.0 was used for data statistical
analysis. All data were shown as means ± SEM. Data were
analyzed by one-way ANOVA followed by Bartlett’s test, and
the difference was considered significant at p < 0.05.

RESULTS

Roxadustat Inhibits the Development of
Chronic Alcoholic Liver Disease
To investigate the role of roxadustat on ALD, we first constructed
a chronic ALDmousemodel by feeding the Lieber–DeCarli liquid

diet plus a single alcohol gavage, and mice received roxadustat
treatment for 8 weeks (Figure 1A). During the experiment, we
monitored the pathology changes in the liver with an ultrasound
scanner (Mathiesen et al., 2002; Pandit et al., 2019). The B-mode
ultrasound images indicated the Lieber–DeCarli liquid diet
caused hepatic steatosis after 2 weeks of feeding, evidenced by
enhanced brightness. In contrast, lipid accumulation was
attenuated along with roxadustat treatment (Supplementary
Figure S1). In addition, we found long-term exposure to
alcohol resulted in an overall larger and whiter liver, as well as
an elevated ratio of liver weight to body weight, which was
improved by roxadustat treatment (Figures 1B,C). Consistent
with morphological changes in the liver, H&E staining revealed
significant pathological morphological changes in chronic ALD
mouse liver (Figure 1D). However, roxadustat improved the
damage on liver tissues. Serum transaminase activities are
indicators of liver damage, which can be produced by injured
hepatocytes (Marin et al., 2017). Our results showed that serum
ALT, AST, and ALP activities were enhanced in chronic ALD
mouse serum while being attenuated by roxadustat, especially the

FIGURE 3 | Roxadustat reduces inflammation by reducing inflammatory cytokines both in vivo and in vitro. (A,B) Liver samples were collected from mice in
Figure 1, protein expression of TNF-α and IL-1β were determined using Western blot with quantitative analysis of band density (A), CD68 protein expression was
determined using immunohistochemical staining with quantitative analysis (B). (C) RAW264.7 cells were pretreated with indicated concentrations of roxadustat for 2 h,
and then co-treated with LPS (1 μg/ml) for 24 h. mRNA levels of IL-1β and IL-6 were determined by qRT-PCR. ***, p < 0.001 vs ctrl; #, p < 0.05, ###, p < 0.001 vs
ALD group or LPS-treated group (n ≥ 3); Roxa: roxadustat.
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FIGURE 4 | Roxadustat inhibits the development of acute ALD (A) (experimental design): C57BL/6J mice in four groups (6 mice/group) received the following
treatment: control groups: fed with normal chow for 3 days plus a single gavage of maltose dextrin solution; model groups: fed with HFD for 3 days plus i.g.
administration of 31.25% (vol/vol) ethanol solution (5 g/kg body weight) on the last day. Mice in the vehicle groups received i.p. injection of PBS; mice in roxadustat
groups received i.p. injection of roxadustat solution (25 mg/kg body weight) daily. Mice were sacrificed after 9 h of maltose dextrin or ethanol gavage, blood, and
liver tissues were collected; (B) liver from each mouse was photographed, and the representative photographs were presented; (C) and the ratio of liver weight to body
weight was calculated; (D) liver paraffin sections were stained with H&E staining; and (E) serum was used to determine ALT, AST, and ALP activities by an automatic
biochemical analyzer. **, p < 0.01; ***, p < 0.001; ns: not significantly different (n ≥ 5).
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AST and ALP activities (Figure 1E). The aforementioned results
indicated that roxadustat inhibits the development of
chronic ALD.

Roxadustat Improves Liver Lipid
Accumulation by Inhibiting Triglyceride
Synthesis-Related Gene Expression and
Inducing PPARα Levels in Chronic Alcoholic
Liver Disease Mice
The results of B-mode ultrasound and H&E staining
indicated that roxadustat can improve Lieber–DeCarli

liquid diet-induced hepatic steatosis. We further conducted
Oil Red O staining and found that lipid accumulation was
enhanced in the chronic ALD group while being alleviated by
roxadustat (Figure 2A). Compared to the model group, liver
triglyceride levels were also attenuated by roxadustat
treatment (Figure 2B). DGAT and FASN are key enzymes
that catalyze the final reaction of triglyceride synthesis
(Chitraju et al., 2017). Our results showed that DGAT and
FASN mRNA levels were increased under the mediation of
alcohol (Figure 2C). However, roxadustat treatment reduced
alcohol-enhanced DGAT1 and FASN expression. PPARα is a
nuclear receptor that regulates the expression of various

FIGURE 5 | Roxadustat reduces lipid accumulation in acute ALD mouse liver by decreasing fatty acid synthesis-related gene expression. Liver samples were
collected frommice in Figure 4, and liver frozen sections were conducted with Oil RedO staining (A); mouse liver triglyceride content wasmeasured with an assay kit (B);
mRNA levels of DGAT1, FASN, ACC1, and ChREBPαwere determined by qRT-PCR (C); (D-G) protein expression of ACC1, FASN (D), precursor (p), or mature (m) form
of SREBP1c (E), PPARα (F), and ChREBPα (G)was determined by Western blot with quantitative analysis of band density (right panels). **, p < 0.01; ***, p < 0.001
vs ctrl group; ##, p < 0.01, ###, p < 0.001 vs ALD group (n ≥ 3).
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genes involved in mitochondrial β-oxidation (You and Arteel,
2019). Alcohol intake affects mitochondrial oxidation and
inhibits PPARα signaling. As shown in Figure 2D, PPARα
protein expression was reduced in ALD mouse liver, which
was enhanced in the roxadustat treatment group. CPT1A is a
classical target gene of PPARα, a key regulator for fatty acid β-
oxidation (Rakhshandehroo et al., 2010). Consistent with the
results of PPARα, we also found that roxadustat treatment
enhanced CPT1A protein levels (Figure 2D).

To further investigate the mechanism of roxadustat on
lipid accumulation, we treated HepG2 cells with roxadustat
and found that roxadustat reduced FASN protein expression
in a dose-dependent manner (Figure 2E). Furthermore, we
transfected cells with HIF-1α siRNA to knockdown HIF-1α
levels. As shown in Figure 2F, roxadustat inhibited FASN
expression in siNC HepG2 cells while having little effect on
siHIF-1α HepG2 cells, indicating roxadustat regulates FASN
levels depending on HIF-1α expression. In addition, Oil Red

FIGURE 6 | Roxadustat reduces oxidative stress in mouse liver by enhancing SOD1 and decreasing CYP2E1 expression. (A) Superoxide in the liver was
determined by DHE staining; (B,C) total protein extracted from the liver of acute ALD mouse (B) and chronic ALD mouse (C) was used to determine the protein
expression of SOD1, SOD2, HIF-1α, and CYP2E1 usingWestern blot with quantitative analysis of band density (right panels). ***, p < 0.001 vs ctrl group; #, p < 0.05, ###,
p < 0.001 vs ALD group (n ≥ 3).
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O staining results showed that roxadustat inhibited lipid
accumulation in control cells, but not in HIF-1α knockdown
cells (Figure 2G). In contrast to the in vivo results, we found
roxadustat had little effect on PPARα protein levels neither
in control cells nor in HIF-1α knockdown cells (Figure 2F).
Taken together, the abovementioned results demonstrated
that roxadustat inhibits lipid accumulation both in vivo and
in vitro.

Roxadustat Inhibits Inflammatory Response
in Chronic Alcoholic Liver Disease Mice
Alcohol and its metabolic derivatives can act as harmful
stimuli to the body, leading to an inflammatory response.
Inflammation maintains the homeostasis of the body, but can
also cause collateral damage to normal tissues (Xu et al.,
2017). Alcohol impairs intestinal barrier function and
increases LPS flux to the portal vein. Excess LPS binds to
toll-like receptor four to activate macrophages, causing
inflammatory cytokine secretion (Xu et al., 2017). In this
study, we found pro-inflammatory cytokines expression,
such as IL-1β and TNF-α, was increased in liver tissues of
ALD mice, which was significantly inhibited by roxadustat
(Figure 3A). In addition, we conducted
immunohistochemical staining with CD68 antibody (a
marker for monocyte) and found that levels of CD68+ cells
were enhanced in ALD mouse liver. Consistent with the
results of inflammatory cytokines, roxadustat reduced the
infiltration of monocytes (Figure 3B). Furthermore, we
treated RAW264.7 cells with LPS to induce inflammation
in the presence or absence of roxadustat. As shown in
Figure 3C, LPS-induced IL-1β and IL-6 mRNA levels were
largely attenuated by roxadustat treatment. The above results
suggest that roxadustat inhibits inflammatory response both
in vivo and in vitro.

Roxadustat Inhibits the Development of
Acute Alcoholic Liver Disease
To further investigate if roxadustat has protective effect on HFD
plus acute alcohol-caused liver injury, we conducted an acute
ALD mouse model by feeding mice an HFD for 3 days plus a
single gavage of ethanol (Figure 4A). After 9 h of ethanol
treatment, the mice were sacrificed. Mouse liver of the model
group showed a tendency to be much whiter and larger, with an
enhanced ratio of liver weight to body weight (Figures 4B,C). In
contrast, roxadustat attenuated acute alcohol-caused changes in
the liver and slightly decreased liver weight/body weight.
Moreover, fat vacuoles were found in acute ALD mouse liver,
which were improved by roxadustat (Figure 4D). Consistent with
the results of the chronic ALD mouse model, we showed acute
alcohol also enhanced serum ALT, AST, and ALP activities
(Figure 4E). However, AST and ALP activities were greatly
inhibited by roxadustat treatment, indicating the
hepatoprotective function of roxadustat.

Roxadustat Attenuates Lipid Accumulation
in Acute Alcoholic Liver Disease Mouse
Liver by Regulating Hepatic Lipid Synthesis
The results of H&E staining in Figure 4D showed that roxadustat
can also inhibit acute alcohol-induced lipid accumulation in the liver.
We further conductedOil RedO staining of liver frozen sections and
found that roxadustat treatment significantly reduced lipid
accumulation in acute ALD model mouse liver (Figure 5A). The
results of liver triglyceride levels further confirmed that lipid levels
were attenuated by roxadustat (Figure 5B). The abovementioned
results indicated that roxadustat can inhibit acute alcohol-induced
hepatic lipid accumulation. The liver generates fatty acids from non-
lipid precursors via de novo lipogenesis. Multiple enzymes
participate in this process; ACC-1 converts acetyl coenzyme A to
malonyl coenzyme A and FASN synthesizes saturated fatty acids
from malonyl coenzyme A (Huang et al., 2010). Compared to the

FIGURE 7 | Schematic diagram of the role of roxadustat in ALD. Roxadustat reduces long- and short-term alcohol-induced liver damage. Activation of HIF-1α
ameliorates fatty acid accumulation by regulating SERBP1c and ChREBPα in acute ALD mice while improving the lipid metabolism through the PPARα pathway in
chronic ALD mice. Roxadustat blocks the expression of long-term alcohol treatment-induced inflammatory cytokines TNF-α and IL-1β. Meanwhile, roxadustat reduces
oxidative stress by reducing hepatic CYP2E1 to keep ROS at a low level in those two mouse models. We indicate that roxadustat may be a potential drug for ALD.
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control group, we found mRNA levels of DGAT1, FASN, and
ACC1, and protein levels of ACC1 and FASN were induced in
acute ALD mouse liver. However, the expression of the
aforementioned lipogenesis-related genes was inhibited by
roxadustat (Figures 5C,D). SREBP1c, a key transcription factor,
is a master regulator of lipogenesis by activating genes related to fatty
acid and triglyceride synthesis (Li et al., 2011). Our results showed
that acute alcohol-induced both precursor and mature forms of
SREBP1c protein expression were reduced by roxadustat treatment
(Figure 5E). However, we found that roxadustat had little effect on
acute alcohol-reduced PPARα protein expression (Figure 5F), which
is consistent with the results of Figure 2D. ChREBPα is emerging as
a critical driver of the lipid metabolism (Wang et al., 2015; Sanchez-
Gurmaches et al., 2018). Our results indicated that ChREBPαmRNA
and protein expression were enhanced in acute ALD mouse liver,
which was reduced by roxadustat treatment (Figures 5C,G). Taken
together, the above results suggested that roxadustat can attenuate
the development of acute ALD through downregulation of lipid
synthesis-related genes expression.

Roxadustat Improves Oxidative Stress in
Both Chronic and Acute Alcoholic Liver
Disease Mouse Models by Reducing
Cytochrome P450 2E1 Expression and
Enhancing Superoxidase Dismutase 1
Levels
The alcohol metabolism generates large amounts of free radicals
and ROS, which can cause oxidative stress and mitochondrial
damage to lead further damage and apoptosis of hepatocytes. To
determine if roxadustat can regulate oxidative stress in ALD
mouse models, we conducted DHE staining of liver sections. As
shown in Figure 6A, we found that ROS levels were enhanced in
both chronic and acute ALD mouse liver. However, roxadustat
decreased ROS accumulation in liver tissues, evidenced by
reduced density of red fluorescence. CYP2E1 is an alcohol-
inducible enzyme that contributes to ethanol metabolism. It
can cause oxidative stress, depletion of the antioxidant system,
and liver damage due to massive rupture of hepatocyte
mitochondrial membranes (Albano, 2008). We found protein
expression of CYP2E1 was largely enhanced in ALD mouse liver.
Conversely, roxadustat reduced alcohol-enhanced CYP2E1 levels
in those two mouse models with HIF-1α activation (Figures
6B,C). SOD1 and SOD2 are critical antioxidant enzymes. Our
results showed that roxadustat had little effect on SOD2 protein
expression. However, inhibited SOD1 levels were enhanced by
roxadustat in both acute and chronic ALD mouse liver tissues
(Figures 6B,C). The aforementioned results showed that
roxadustat ameliorates alcohol-induced ROS accumulation by
decreasing CYP2E1 and enhancing SOD1 expression.

DISCUSSION

Roxadustat is a clinical drug used for treating anemia in chronic
kidney disease patients. In this study, we used chronic and acute ALD
mouse models to explore the protective role of roxadustat in liver

diseases. Our study demonstrates that roxadustat inhibits the
development of ALD, which was evidenced by reducing serum
aminotransferase activities, fatty liver, inflammation, and ROS
levels. Mechanistically, roxadustat reduced the expression of fatty
acid synthesis-related genes expression, including SREBP1c,
ChREBPα, FASN, and ACC1, and enhanced the β-oxidation
pathway by promoting the expression of PPARα and CPT1A
(Figures 2, 5). At the same time, roxadustat decreased the
expression of inflammatory factors IL-6, IL-1β, and TNF-α in the
liver, and inhibited macrophage/monocyte migration to ameliorate
long-term alcohol-induced inflammation (Figure 3). Moreover, we
indicated that roxadustat ameliorated oxidative stress by inhibiting
CYP2E1 and promoting SOD1 expression in the liver (Figure 6).

Chronic alcohol abuse can not only induce liver damage but
also impair renal tubular function (Labib et al., 1989). A
nationwide database analysis indicated that the incidence of
chronic kidney disease is positively related to alcohol use
disorder (Pan et al., 2018). Previous studies have shown that
alcohol can reduce renal function and interstitial edema in rat
kidneys (Van Thiel et al., 1977; Sönmez et al., 2012; Varga et al.,
2017). The liver is the dominant organ for the alcohol metabolism
and the target organ of toxicity. Alcohol consumption enhances
ROS levels in the liver, as well as other tissues, thereby causing
serious damage, such as fibrosis, ferroptosis, and DNA damage.
Anemia can be caused by both chronic kidney and liver diseases
with the feature of decreased hemoglobin and circulating
erythrocytes, which is related to inadequate production of
erythropoietin in the kidney, accumulation of inflammation,
and deficiency of iron (Gonzalez-Casas et al., 2009; Koury and
Haase, 2015). HIF activation promotes erythropoietin
transcription in both the kidney and liver to alleviate anemia
(Gonzalez-Casas et al., 2009; Koury and Haase, 2015). Moreover,
anemia is a frequent complication of advanced liver disease
(Gkamprela et al., 2017). Therefore, amelioration of anemia
benefits chronic kidney and liver diseases.

The early accumulation of triglycerides in hepatocytes can be
regulated by several pathways. In the process of ALD, alcohol
reduces mitochondrial fatty acid β-oxidation by increasing the
level of NADH/NAD+ in hepatocytes, which leads to steatosis
(Baraona and Lieber, 1979). Alcohol consumption can also
upregulate hepatic SREBP1c expression, as well as target
lipogenic-related genes, to enhance fatty acid synthesis (Galli
et al., 2001). Both short- and long-term treatment of HFD
promote hepatic steatosis (Wiedemann et al., 2013), indicating
alcohol plus HFD may cause severe liver damage. PPARα is
inhibited by long-term treatment of alcohol (Fischer et al., 2003).
Previous studies have proven fenofibrate (a PPARα agonist)
treatment reverses ethanol-induced liver steatosis by
stimulating the β-oxidation pathway (Xu et al., 2021). Some
evidence has shown that alcohol increases fatty acid synthesis
by increasing the ChREBP activity (Dentin et al., 2005). Our
results showed that roxadustat reduced lipid accumulation by
increasing PPARα and CPT1A expression and reducing DGAT1
and FASN levels in chronic ALDmouse livers (Figures 2C,D). In
contrast to chronic ALD mouse, roxadustat had little effect on
PPARα expression in acute ALD mouse liver or HepG2 cells
(Figures 2F, 5F), indicating PPARα is not a direct target gene of
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HIF-1α. On the other hand, we found that roxadustat inhibited
fatty acid accumulation by reducing SREBP1c, ChREBPα,
DGAT1, ACC1, and FASN expression in the acute ALD
mouse liver (Figure 5).

Inflammation plays an important role in the pathogenesis of
ALD. Immune cells are the main sources of pro-inflammatory
cytokines and chemokines, which lead to the deterioration of
ALD. Hepatocytes and liver non-parenchymal cells can also
produce pro-inflammatory cytokines. It has been demonstrated
that high level of TNF-α in serum is associated with the
pathophysiology of alcoholic hepatitis patients (Tilg et al., 2003).
Short- or long-term HFD feeding plus acute alcohol binge
synergistically induce acute liver injury by enhancing the
expression of hepatic chemokine (C-X-C motif) ligand 1 and
promoting the infiltration of hepatic neutrophil (Chang et al.,
2015). Previous research has proven that stabilization of HIF-1α
exerts an anti-inflammatory effect by inhibiting the expression of
pro-inflammatory cytokines in murine colitis (Keely et al., 2014).
Our results confirmed that alcohol-induced monocyte/macrophage
recruitment in mouse liver was reduced by roxadustat (Figure 3B).
In addition, roxadustat inhibited alcohol or LPS-enhanced
inflammatory cytokines in mouse liver or RAW264.7 cells
(Figures 3A,C). Our results showed that roxadustat can also
inhibit inflammation in ALD.

Alcohol is oxidized in hepatocytes by ethanol dehydrogenase to
acetaldehyde, and then metabolized to acetic acid by acetaldehyde
dehydrogenase. Alcohol and its metabolites have toxic,
neurodegenerative, or cancerogenic properties (Correa et al., 2003;
Quertemont andDidone, 2006; Nieminen and Salaspuro, 2018). ROS
elevation is closely associated with the pathology of ALD, and high
levels of ROS damage cell structure and lead to cell death by oxidizing
nucleic acids, proteins, and lipids (Mittler, 2002). CYP2E1 is an
enzyme formetabolizing alcohol to acetaldehyde, and can be induced
by the alcohol metabolism, which leads to liver injury and ROS
production (Lieber et al., 1970). Ethanol induced the accumulation of
macrovesicular fat, and liver triglyceride was blocked in CYP2E1
knockout mice. Compared to wild-type mice, oxidative stress and
lipid peroxidation were also reduced in CYP2E1 knockout mice. In
contrast, restored CYP2E1 expression by adenovirus in CYP2E1
knockout mice induced fat accumulation in the liver (Lu et al., 2008).
In addition to alcohol, HFD can also induce oxidative stress
(Matsuzawa-Nagata et al., 2008). Studies have shown that
mitochondrial HIF-1α can protect against hypoxia or H2O2

caused cell apoptosis by reducing oxidative stress (Li et al., 2019).
In diabetic rats, a carbohydrate energy-restricted diet attenuates renal
damage by upregulating HIF-1α levels to reduce oxidative stress. In
addition, HIF-1α activation can protect against doxorubicin-induced
cardiotoxicity by inhibiting inflammation and oxidative stress (Long
et al., 2020). In this study, we showed that liver ROS generation was
attenuated by roxadustat both in acute and chronic ALD mouse
models. Our results indicated that roxadustat enhanced SOD1
expression while having little effects on SOD2 levels. However,
CYP2E1 expression was largely reduced by roxadustat, indicating

roxadustat regulates alcohol-induced liver ROS levels mainly by
inhibiting CYP2E1 and enhancing SOD1 expression (Figure 6).

In this study, we used two ALD mouse models to explore the
protective role of roxadustat on liver injury. In the chronic model,
enhanced inflammatory cytokines and infiltration of monocytes/
macrophages were almost blocked by roxadustat, indicating the
anti-inflammatory properties of roxadustat. Ethanol or ethanol
plus HFD caused fatty liver was largely attenuated by roxadustat.
Regardingmolecular mechanisms, the anti-ALD effects of roxadustat
are contributed by decreased fatty acid accumulation, enhanced β-
oxidation, reduced inflammation, and oxidative stress (Figure 7). In
conclusion, our results demonstrate that HIF-1α activation provides
protection against ALD in both chronic and acutemousemodels, and
reveal the potential of roxadustat for ALD treatment.
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Saikosaponin d Alleviates Liver
Fibrosis by Negatively Regulating the
ROS/NLRP3 Inflammasome Through
Activating the ERβ Pathway
Kehui Zhang†‡, Liubing Lin‡, Yingying Zhu‡, Na Zhang, Meng’en Zhou and Yong Li*

Department of Gastroenterology, Shanghai Municipal Hospital of Traditional Chinese Medicine, Shanghai University of Traditional
Chinese Medicine, Shanghai, China

Background and aims: Saikosaponin d (SSd) has a steroidal structure and significant
anti-inflammatory effects. The purpose of this study was to explore the mechanism
underlying SSd’s inhibitory effects on liver fibrosis.

Methods:Wild-type and estrogen receptor knockout (ERKO) mice were treated with CCl4
to establish liver fibrosis mouse models. The effects of SSd on hepatic fibrogenesis were
studied in these mouse models. Hepatic stellate cells (HSCs) were activated by H2O2 to
investigate the potential molecular mechanisms. The establishment of the models and the
degrees of inflammation and liver tissue fibrosis were evaluated by detecting changes in
serum liver enzymes and liver histopathology. The expression of α-SMA and TGF-β1 was
determined by immunohistochemistry. The expression and significance of NLRP3
inflammasome proteins were explored by RT-PCR and Western blotting analyses. The
mitochondrial ROS-related indexes were evaluated by MitoSOX Red.

Results: In wild-type and ERKO mice treated with CCl4, the fluorescence expression of
mitochondrial ROS was up-regulated, while the mitochondrial membrane potential and
ATP content were decreased, suggesting that the mitochondria were damaged. In
addition, the expression of NLRP3 inflammatory bodies and fibrosis markers (α-SMA,
TGF-β, TIMP-1, MMP-2, and Vimentin) in liver tissue increased. Furthermore, the above
indexes showed the same expression trend in activated HSCs. In addition, the peripheral
serum ALT and AST levels increased in CCl4-induced liver injury model mice. And HE
staining showed a large number of inflammatory cell infiltration in the liver of model mice.
Picric acid-Sirius staining and Masson staining showed that there was significant collagen
fibrous tissue deposition in mice liver sections. IHC and WB detection confirmed that the
expression of α-SMA and TGF-β1 increased. Liver fibrosis scores were also elevated.
Then, after SSd intervention, the expression of ROS in wild-type mice and αERKO mice
decreased, mitochondrial membrane potential recovered, ATP level increased, NLRP3
inflammasome and fibrosis indexes decreased, liver enzyme levels decreased, and liver
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pathology showed liver inflammation. The damage and collagen deposition were
significantly relieved, the expression of α-SMA and TGF-β1 was decreased, and the
fibrosis score was also decreased. More importantly, the effect of SSd in alleviating liver
injury and liver fibrosis had no effect on βERKO mice.

Conclusion: SSd alleviated liver fibrosis by negatively regulating the ROS/NLRP3
inflammasome through activating the ERβ pathway. By establishing liver fibrosis
models using wild-type and ERKO mice, we demonstrated that SSd could alleviate
liver fibrosis by inhibiting the ROS/NLRP3 inflammasome axis through activating the
ERβ pathway.

Keywords: saikosaponin d, estrogen receptors, mitochondrial reactive oxygen species, nodlike receptor protein 3
inflammasome, liver fibrosis

INTRODUCTION

Liver fibrosis is a pathological process through which various chronic
liver diseases develop into liver cirrhosis (Pinzani, 2015).
Epidemiological studies have shown that various pathogenic
factors can trigger liver inflammation, leading to liver cell damage,
abnormal proliferation of connective tissue, reduced liver elasticity,
and ultimately deteriorated liver tissue structure and functions
(Fattovich et al., 2004; Pinzani, 2015; Parola and Pinzani, 2019).
Liver fibrosis is reversible. However, once liver cirrhosis develops,
liver fibrosis becomes irreversible. Therefore, blocking or reversing
liver fibrosis is essential for the treatment of chronic liver diseases
(Friedman, 2007; Böttcher and Pinzani, 2017; Parola and Pinzani,
2019). At present, the treatments for liver fibrosismainly include anti-
inflammation, anti-fibrosis, liver protection and other therapies.
Although considerable effort has been spent on further
understanding the mechanisms of current treatments and
exploring effective novel treatments, satisfactory results have not
been obtained (Chen et al., 2015; Böttcher and Pinzani, 2017). None
of the newmethods developed so far is perfect and all of them are far
from ready for clinical practice. Therefore, there is still an urgent need
to develop novel methods to block or reverse liver fibrosis.

The activation of hepatic stellate cells (HSCs) is a key step during
liver fibrosis, which can lead to the production of a large amount of
ROS from mitochondria. Overproduction of ROS can in turn
promote the activation of HSCs and the NLPR3 inflammasome
(Mederacke et al., 2013). According to previous studies, the NLRP3
inflammasome is expressed in many types of liver cells, including
HSCs and damaged hepatocytes (Ning et al., 2017; Kim et al., 2018;
Mohamed et al., 2018). AnomalousNLRP3 inflammasome activation
is associated with the development of many diseases (Zahid et al.,
2019). Oxidative stress injury of Mitochondria and activation of
NLRP3 inflammatory body play an important role in the
development of liver fibrosis. Key components of a functional
NLRP3 inflammasome are NLRP3, the adaptor protein ASC and
caspase-1. When oxidative stress occurs, NLRP3 recruits ASC and
Pro-caspase-1, resulting in activation of Caspase-1 and prohibiting
cytokines IL-1β and IL-18 (Martinon et al., 2002; Zahid et al., 2019). It
has been widely documented that ROS play an important role in
upstream signaling pathways that activate NLRP3 inflammasome
(Mederacke et al., 2013; Abais et al., 2015). Recent literature found

that NLRP3 inflammasome activation induced by mitochondrial
oxidative stress plays an important role in the development of
liver fibrosis (Zhao et al., 2019). Physiologically, quiescent HSCs
are required for extracellular matrix (ECM) remodeling. Once
activated, quiescent HSCs turn into myofibroblasts, accompanied
by the overexpression and deposition of ECM. MMP and TIMP
proteins play an important role in the process of liver fibrosis and
activation of HSCs by regulating the homeostasis and remodeling of
ECM. The levels of MMP-2 and TIMP-1 increase during those
processes. Studies have confirmed that a reduction in E-Cadherin
expression can promote the development of liver fibrosis, renal
interstitial fibrosis, peritoneal fibrosis, and pulmonary fibrosis in
experiments (Lu et al., 2018). Vimentin, which is mainly
expressed in mesenchymal cells, is an intermediate filament
protein and an important biomarker of epithelial–mesenchymal
transition (EMT) (Cheng et al., 2016). EMT sustains the
generation of pathologically “activated” ATII cells that, by
secreting pro-fibrotic factors, further amplifies the fibrotic
response (Ruaro et al., 2021). When HSCs were activated by
lipopolysaccharide (LPS) and H2O2, the expression of NLRP3
inflammatory bodies in HSCs increased (Lin et al., 2018; Zahid
et al., 2019).

Bupleurum is a traditional Chinese medicine that has been used
for the treatment of liver disorders and other common diseases in
China for centuries. As an active component of Bupleurum,
saikosaponin d (SSd) plays a significant role in anti-inflammation,
anti-liver fibrosis, anti-lipid peroxidation, inhibiting the activation of
HSCs, and reducing matrix production (Dang et al., 2007; Fan et al.,
2007). SSd is a potential treatment for liver fibrosis. Our previous
research proved that SSd has estrogenic effects in vivo and in vitro and
is an estrogen receptor (ER)modulator (Que et al., 2018). In addition,
no obvious hepatotoxicity was observed for SSd at an effective drug
dose (Wang et al., 2010). Research on the anti-fibrosis effects of
estrogen confirmed that ERs are expressed in hepatocytes, sinusoidal
endothelial cells, Kupffer cells and stellate cells, and that estrogen can
improve the microcirculation of damaged liver, inhibit the
proliferation of activated HSCs and the synthesis of collagen,
promote the activity of antioxidant enzyme GPx in hepatocytes,
prevent lipid peroxidation, regulate the expression of cytokines such
as transforming growth factor, and inhibit the occurrence and
development of liver fibrosis (Zhang et al., 2016; Lee et al., 2019).
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Studies have shown that the inhibition of NLRP3 inflammasome
depends on the blockade of ERα in colitis (Gao et al., 2020). Zhang
et al. demonstrated that estrogen exerted its anti-fibrosis effects via
ERβ rather than ERα or GPER (Zhang et al., 2018). However, it is
unclear whether SSd or estrogen alleviates liver fibrosis by inhibiting
the expression of NLRP3 inflammasome proteins via activating the
ERβ pathway.

In this study, we established models of CCl4-induced liver
injure and fibrosis in wild-type and ERKO mice to investigate
the molecular mechanism underlying SSd’s anti-fibrosis
effects. Specifically, we focused on the expression of
protein components of the NLRP3 inflammasome and the
role of ERs.

MATERIALS AND METHODS

Animal Experiments
Male specific-pathogen-free (SPF) C57BL/6 mice (6–8 weeks, 20 ±
2 g) were purchased from Shanghai SLAC Laboratory Animal Co.,
Ltd (Shanghai, China). After purchase, the mice were raised in the
animal room without specific pathogens (SPF) in Shanghai
Municipal Hospital of Traditional Chinese Medicine. With 5 mice
in each cage, they were allowed free access to foods and drinks.
Throughout 1 week when the mice were fed adaptively, the
temperature was maintained at 20–25°C and the humidity was
restricted to the range of 40–70%. All the animal experiments
were performed in compliance with local and national guidelines.
These experiments approved by the animal experimental ethics and
welfare committee of Shanghai Municipal Hospital of Traditional
Chinese Medicine (No. 2015032).

For establishment of liver fibrosis mouse models, we
injected male wild-type and ER-α and -β knockout mice
(αERKO and βERKO mice, respectively, TOS160106CC1,
Cyagen Biosciences) subcutaneously twice weekly for
6 weeks with 5 ml/kg body weight carbon tetrachloride
(CCl4) diluted 1:4 in vegetable oil. Mice injected with only
vegetable oil served as a vehicle control group. To investigate
the effect of SSd and the relationship between mitochondrial
ROS level and the expression of NLRP3 inflammasome
proteins, C57BL/6 male mice were injected subcutaneously
with SSd (China National Institute for the Control of
Pharmaceutical and Biological Products, China) at a dosage
of 2 mg/kg body weight twice a week for 6 weeks. Thus, the
following groups (10 mice per group) were established in this
study (Pinzani, 2015): vehicle control group (Fattovich et al.,
2004); CCl4-induced hepatic fibrosis model group (Parola and
Pinzani, 2019); CCl4+SSd group: hepatic fibrosis mice treated
with SSd.

Serum Biochemical Analyses
Pre-treatment of samples for determination of serum ALT
and AST levels: About 500 µl blood was collected from
eyeballs of mice and placed in a 1.5 ml apical centrifuge
tube at room temperature for 1–2 h, then centrifuged at 4°C
at 3,000 rpm for 10 min. The upper serum was collected and
placed in a new centrifuge tube for analysis, or stored in a

−80°C freezer. ALT and AST analysis kits (Nanjing Jiancheng
Biology Research Institute Co., Ltd.) were used to determine
their serum levels.

Histological Staining and Determination of
the Non-Alcoholic Fatty Liver Disease
Fibrosis Score
Liver tissue sections were prepared, fixed in 4%
paraformaldehyde at room temperature overnight, and
subjected to hematoxylin-eosin (H&E) staining, Masson’s
trichrome staining and picric acid-Sirius red staining. The
stage of liver fibrosis was assessed according to the
Ishak score.

Immunohistochemical (IHC) Analysis of the
Expression of α-SMA and TGF-β1
Paraffin-embedded sections were baked in a thermostat for 2 h,
dewaxed and rehydrated with xylene and ethanol, incubated in
3% H2O2 solution at room temperature for 10 min to block
endogenous peroxidase activity, antigen-retrieved with citric
acid buffer, incubated for 30 min with 2% goat serum,
incubated with primary antibodies against α-SMA and TGF-β1
overnight at 4°C, washed with PBS, incubated with polymer
auxiliaries 20 min at 37°C, and incubated with a biotinylated
secondary antibody for 2 h at room temperature. The sections
were visualized with DBA and the nuclei were stained with
hematoxylin. Sectioning, dehydration and mounting were
performed according to routine protocols and the sections
were observed under a microscope (AE41, McAudi Industrial
Group Co., Ltd.).

Cell Culturing and Treatment
HSCs-LX2 (Shanghai Fanling Biotechnology Co., Ltd., Shanghai,
China) were cultured in DMEM at 37°C with 5% CO2. After
seeding in 6 well plates, HSCs were treated with H2O2 at a
concentration of 200 μmol/L for 4 h. To investigate the role of
ERs in SSd’s anti-fibrotic effects, HSCs-LX2 were treated with
MPP (1 μM) (Tocris Bioscience Co., Ltd. UK) or THC (1 μM)
(Tocris Bioscience Co., Ltd. UK) for 30 min, subsequently with
SSd (5 μM) for 24 h, and finally incubated with H2O2 (200 μM)
for 4 h in complete DMEM.

Protein Extraction and Western Blotting
Analysis
After being extracted from liver tissues and cells, protein
samples were separated with SDS-PAGE, and electroblotted
onto polyvinylidene difluoride membranes. After blocking
with 5% skimmed milk, the membranes were incubated
with primary antibodies, then with an appropriate
horseradish peroxidase-labeled secondary antibody (1:2000;
CST signaling, United States). Specific bands were detected by
an enhanced chemiluminescence assay. Primary antibodies
and their working concentrations are listed in Supplementary
Table S1.
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RNA Isolation and Real-Time Polymerase
Chain Reaction (RT-PCR)
The TRIzol (Invitrogen,United States) reagent was applied for total
RNA extraction. Reverse transcription and quantitative RT-PCR
were performed with the PrimeScript® RT reagent kit (TaKaRa,
Japan) and SYBR Premix Ex Taq (TaKaRa, Japan). The primers were
synthesized by Shanghai Shenggong Biology Co., Ltd. Expression
levels of genes relative to β-actin mRNA levels in each sample were
calculated according to the 2−ΔΔCt method. The primer sequences are
shown in Supplementary Table S2, S3.

Determination of Mitochondrial ROS Level
Using MitoSOX Red
To determine the level of mitochondrial ROS, a working solution of
the probe (5 μM, Beyotime Institute of Biotechnology) was added into
cells and incubated in the dark. The cells were washed with preheated
PBS, re-stained with a working solution of Hoechst33342 (10 μg/ml,
Beyotime Institute of Biotechnology), washed with PBS again, and
observed under a fluorescence microscope (DMI3000B, Leica Corp.).

The mitochondria isolation solution was added to liver tissues for
grinding. The liquid phase was centrifuged, and the precipitate, which
contained mitochondria from liver tissues, was retained. The
precipitate was resuspended with mitochondria storage solution,
mixed with MitoSOX Red (5 μM, Beyotime Institute of
Biotechnology), and incubated at 37°C for 30min. The
fluorescence intensity was determined by a fluorescence microplate
reader (DMI3000B, Leica Corp.).

Evaluation of HSCs-LX2 Viability and Lipid
Peroxidation
HSCs-LX2 were seeded into 96-well plates at a density of 1 × 104 cells
per well and cultured in an incubator at 37°C with 5% CO2. H2O2 (at
a concentration of 200 μM) was added into the cells for a 4-h
incubation. The viability of HSCs-LX2 was determined by CCK-8
assays (Shanghai Yisheng Bio, China). MDA is an important product
of lipid peroxidation, the level of which reflects the degree of lipid
peroxidation. Therefore, we evaluated the degree of lipid peroxidation
using an MDA assay kit (Beyotime Institute of Biotechnology)
according to the manufacturer’s instructions.

Measurement of Mitochondrial Membrane
Potential
The JC-1 probe (Beyotime Institute of Biotechnology) was used for
mitochondrial membrane potential measurement. Briefly, cells were
treated with JC-1 probe monomers according to the manufacturer’s
instructions. Then, nuclei were visualized byDAPI staining (Beyotime
Institute of Biotechnology) in the dark. The ratio of red and green
fluorescence signal intensities of JC-1 probemonomerswas calculated.

Intracellular Adenosine Triphosphate (ATP)
Level Assay
Intracellular ATP levels were measured with an assay kit
(Beyotime Institute of Biotechnology) in accordance with
the manufacturer’s instructions.

Data Presentation and Statistical Analyses
All data are expressed as means ± SEM. Student’s t-test was
used to compare the differences between the means of two
groups. One-way analysis of variance (ANOVA) with post hoc
Fisher’s least significant difference tests was performed for
comparisons among multiple groups using SPSS 22.0 (SPSS
Inc., Chicago, United States). A p value of less than 0.05 was
considered statistically significant.

RESULTS

SSd Alleviated CCL4-Induced Liver Injury
and Liver Fibrosis in Mice
To investigate the effect of SSd on liver injury, we established amouse
model of CCL4-induced liver injury and liver fibrosis. Unlike to the
control group, the AST and ALT levels of the model group increased
significantly (Figures 1A,B). The liver fibrosis score of the model
group was also meaningfully higher than that of the control group
(Figure 1C). Liver injury and fibrosis was occurred as shown byH&E
staining (inflammatory cell infiltration and lobular disorder),
Masson’s trichrome staining (blue color was indicative of collagen
deposition), Picrosirius red staining (red color was indicative of
collagen deposition) and the IHC of α-SMA and TNF-β1
(Figures 1D–F). On the contrary, the intervention of SSd
significantly promoted the recovery of liver function and the
normal liver structure. First of all, we also observed that the
activities of liver enzymes AST and ALT were lower in the SSd
group than in the control group, indicating an improved liver
function (Figures 1A,B). Furthermore, the liver fibrosis score also
decreased in the treatment group compared with the model group
(Figure 1C). H&E staining displayed significantly reduced
proliferation of fibrous tissues, significantly decreased
inflammatory cell infiltration, and not obvious fat infiltration in
the liver ofmodelmice treatedwith SSd (Figure 1E).Masson staining
revealed that the deposition of collagen fibers was reduced in the SSd
intervention group (Figure 1E). Picric acid-Sirius red staining
exhibited only a few collagen fibers in the vascular wall of the
portal area after SSd intervention (Figure 1E). Correspondingly,
the expression levels of α-SMA and TGF-β1 in the portal area
and liver tissues of the SSd intervention group were significantly
decreased compared with the model group (Figures 1D,E),
suggesting that SSd treatment reduced hepatic inflammation and
damages in the model mice.

SSd Inhibited Mitochondrial Dysfunctions
and NLRP3 Inflammasome Activation in
Mice
Compared with untreated mice, the intensity of MitoSOX Red
fluorescence in the SSd intervention group was decreased
(Figure 2A). Determination of mitochondrial membrane
potential showed that the ratio of JC-1 monomers with red
fluorescence was higher in the SSd group than in the model
group, and a similar trend was observed for intracellular ATP
content (Figures 2B,C). As illustrated in Figures 2D,E, the
expression levels of NLRP3 inflammasome, pro-IL-1β, IL-1β,
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and IL-18 in model mice were decreased significantly after
treatment with SSd. Altogether, these data suggested that the
effect of SSd on NLRP3 inflammasome activation in liver
fibrosis was likely mediated through the regulation of
mitochondrial ROS level. Taken together, these data
suggested that SSd had inhibitory effects on the activation
of the NLRP3 inflammatory proteins and mitochondrial
oxidative stress damage in a model of liver fibrosis.

SSd Alleviated H2O2-Induced Mitochondrial
Dysfunctions and NLRP3 Inflammasome
Activation in HSCs
To investigate whether SSd can protect the mitochondrial functions
of activated HSCs in vitro, activated HSCs were treated with SSd. It
was found that both MDA content and mitochondrial ROS level in
HSCs were significantly decreased after SSd treatment (Figures
3A,B). Conversely, both intracellular ATP content and the
mitochondrial proportion of JC-1 monomers with red
fluorescence were increased after SSd treatment (Figures 3C,D).
The effects of SSd treatment on the expression of NLRP3
inflammatory and fibro-genic proteins in activated HSCs were
also examined. The results showed that SSd inhibited the
expression of α-SMA, NLRP3 inflammasome, pro-IL-1β, IL-1β,
and IL-18 (Figures 3E–H). Collectively, these results indicated
that SSd alleviated H2O2-induced mitochondrial dysfunctions, as
well as in reducing the expression of inflammatory factors in HSCs.

Deficiency of ERβ, But Not ERα, Blocked the
Inhibitory Effects of SSd Against
CCL4-Induced Mitochondrial Dysfunctions
and NLRP3 Inflammasome Activation
Mitochondrial damages were also present in the CCL4-induced
ERKO mice model. Compared with wild-type mice,
mitochondrial ROS production was significantly
upregulated, while the proportion of JC-1 monomers with
red fluorescence and ATP content in the mitochondria were
decreased in wild-type and ERKO mice treated by CCL4
(Figures 4A–C). After intervention with SSd, the above
changes were reversed in wild-type and αERKO mice, but
not in βERKO mice (Figures 4A–C). NLRP3 related mRNA
and proteins were further examined in the liver of wild-type
and ERKO mice treated with CCL4 alone or in combination
with SSd. The results indicated that SSd effectively prevented
CCl4-induced increase in NLRP3 inflammasome, pro-IL-1β,
IL-1β, and IL-18 levels in wild-type mice and αERKOmice, but
not in βERKO mice (Figures 4D,E).

Deficiency of ERβ, But Not ERα, Blocked the
Inhibitory Effect of SSd Against
CCL4-Induced Liver Injury
SSd has estrogen-like effects in vivo and in vitro, and is an
estrogen receptor modulator (Wang et al., 2010). It was

FIGURE 1 | SSd alleviated CCL4-induced liver injury and liver fibrosis. (A,B) the changes of serological ALT and AST concentration, n = 6. (C) Liver Fibrosis Score,
n = 6. (D–F) liver histological determination (H&E) and IHC of α-SMA and TNF-β (×200; scale bar: 50 μm). Data are expressed in mean ± SEM; **p < 0.01, ****p < 0.0001,
versus control group; ##p < 0.01, ####p < 0.0001, AND versus CCL4 treated group.
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hypothesized that SSd would have a therapeutic effect on liver
injure and fibrosis. After CCl4 administration, increased ALT
and AST activities were observed in both wild-type and ERKO
mice, which could be significantly inhibited by SSd
intervention in both wild-type and αERKO mice, but not in
βERKO model mice (Figures 5A,B). Additionally, the H&E
staining results revealed that SSd significantly reduced the
necrotic area and the number of inflammatory cells in the liver
of wild-type and αERKO liver fibrosis mice compared with the
control group (Figure 5C). However, these changes were not
observed in βERKO liver injure mice, suggesting that SSd
blocked the inhibitory effects of SSd against CCL4-induced
liver injury through the ERβ pathway.

Deficiency of ERβ, But Not ERα, Blocked the
Inhibitory Effect of SSd Against
CCL4-Induced Liver Fibrosis
Consistent with the blood biochemistry results, SSd treatment
failed to prevent liver fibrosis induced by CCl4 in βERKOmice.
RT-PCR and WB analyses indicated that liver fibrosis-related
factors (including α-SMA, TGF-β1, TIMP-1, MMP-2, and
Vimentin) were significantly downregulated, while
E-cadherin was significantly upregulated in wild-type and
αERKO mice after SSd treatment (Figures 6A,B). Liver
fibrosis scores of wild type mice and αERKO mice were also

significantly lower than that of the control mice after SSd
treatment (Figure 6C). Furthermore, liver sections from CCl4-
induced wild-type and ERKO mice with or without SSd
treatment were analyzed by Masson’s trichrome staining,
Picric acid-Sirius red staining and IHC. It was observed that
SSd effectively decreased collagen accumulation and the
expression of α-SMA and TGF-β1 as compared with
controls group in wild-type and αERKO mice (Figures
6D–G). No significant changes were observed in βERKO
mice after SSd treatment, suggesting that SSd inhibited
CCl4-induced liver fibrosis via the ERβ pathway.

Specifically Antagonizing ERβ, But Not ERα,
Blocked the Inhibitory Effects of SSd
Against H2O2-Induced Mitochondrial
Dysfunctions and NLRP3 Inflammasome
Activation in HSCs
To better understand the molecular mechanism underlying
SSd’s effects on liver fibrosis, we attempted to link the ER
pathway with the impaired activation of HSCs. First, ER
blockers alone or in combination with SSd were used to
treat HSCs (normal or activated). It was found that ER
inhibitors alone had no significant effect on HSCs
compared with the control group. Interestingly, when
combined with SSd, ERα inhibitor MPP decreased ROS

FIGURE 2 | SSd inhibited mitochondrial dysfunctions and NLRP3 inflammasome activation. (A)MitoSOX RedMitochondrial Superoxide Indicator detection, n = 6.
(B)mitochondrial JC-1 fluorescence expression, n = 6. (C) ATP content, n = 6. (D,E) relative mRNA and proteins expression of inflammasome, n = 3. Data are expressed
in mean ± SEM; **p < 0.01, CCL4 group versus control group; ##p < 0.01, CCl4+SSd versus CCL4 treated group.
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FIGURE 3 | SSd alleviated H2O2-induced mitochondrial dysfunction and NLRP3 activation in HSCs (A) the content of MDA in HSCs after SSd intervention
combination with H2O2 or not, n = 6. (B) MitoSOX Red fluorescence images (the heavier the red, the more damage, scale bar, 52 μm). (C) ATP content, shows the
degree of damage to mitochondria in HSCs, n = 6. (D) JC-1 fluorescence images (the more JC-1 monomers with green, the more damage to mitochondria, scale bar,
52 μm). (E,F) RT-PCR and WB was employed to examine the expression of inflammasome, n = 3. (G,H) α-SMA protein expression, n = 3. Data are expressed in
mean ± SEM; **p < 0.01, H2O2 treated group versus control group; ##p < 0.01, H2O2+SSd group versus H2O2 treated group.
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production, increased the proportion of JC-1 monomers with
red fluorescence and intracellular ATP content, which were
similar to the therapeutic effects of SSd alone (Figures 7A–C).
However, treatment with the combination of SSd and ERβ
inhibitor THC showed no significant effect (Figures 7A–C).
Furthermore, the levels of NLRP3 related proteins were
assessed, which shown that treatment with the combination
of SSd and ERα blocker notably decreased the levels of NLRP3,
pro-IL-1β and IL-1β proteins, the degrees of which were
comparable to those caused by SSd treatment alone
(Figure 7D). Consistent with these results, RT-PCR analysis
revealed that the combination of ERα inhibitor and SSd
inhibited the expression of inflammasome genes in HSCs
(Figure 7E).

Specifically Antagonizing of ERβ, But Not
ERα, Blocked the Inhibitory Effects of SSd
Against H2O2-Induced ECM Deposition and
EMT in HSCs
To explore the biomechanism underlying SSd’s inhibitory
effects on ECM deposition and EMT in activated HSCs, we
tested the expression levels of relative indicators. The results
showed that the combination of SSd and MPP significantly
impaired the expression of α-SMA, TGF-β, TIMP-1, MMP-2,
and vimentin, and improved the expression of E-cadherin in
HSCs exposed to H2O2, while no therapeutic effect was observed
in the SSd + THC intervention group (Figures 8A,B). Our
results indicated that SSd-induced changes in expression of

FIGURE 4 | Deficiency of ERβ, but not ERα, blocked the inhibitory effect of SSd against CCl4-induced mitochondrial dysfunction and NLRP3 activation in the liver
(A). ROS fluorescence expression in the CCl4-induced ERKO mouse model combine with SSd or not, n = 6. (B) the mitochondrial JC-1 fluorescence expression in liver
tissue, n = 6. (C) ATP content, n = 6. (D,E) inflammasome complex expression was tested by western blot experiment and PT-PCR in each group, n = 3. Data are
expressed in mean ± SEM; **p < 0.01, ***p < 0.001, ****p < 0.0001, CCl4 treated versus control in WT and ERKO mice; ##p < 0.01, ###p < 0.001, ####p < 0.0001,
SSd + CCl4 group versus CCl4 group in WT mice; ΔP <0.05, ΔΔP <0.01, ΔΔΔP <0.001, ΔΔΔΔP <0.0001, SSd + CCl4 group versus CCl4 group in αERKO mice.
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fibrosis-related factors depended on the activation of the ERβ
pathway.

DISCUSSION

Our research confirmed the important role of SSd in the
treatment of liver fibrosis. First, the application of SSd reduced
mitochondria damage, activation of the NLRP3 inflammasome
and inhibited HSCs activation and proliferation and liver injure
and fibrosis. Second, the ERβ pathway played an important role
in anti-liver fibrosis effects about SSd.

Subcutaneous CCl4 administration has been successfully
applied to induce liver injury and cirrhosis, with histological
changes and serum ALT levels being similar to those of human
hepatic diseases. Persistent hepatocyte damages, excessive ECM
deposition, and abnormal proliferation of connective tissue in the
liver can lead to liver fibrosis (Hernandez-Gea and Friedman,
2011). HSCs activation, a key event in the occurrence of liver
fibrosis, is the source of myofibroblasts and the final target of
various fibrosis-inducing factors (Mederacke et al., 2013; Ray,
2014). Fortunately, EMT can be reversed into mesenchymal-
epithelial transformation (MET), promoting the repair and
reversal of hepatic fibrosis (Cicchini et al., 2015; Yang et al.,
2020). Our experimental results showed that SSd intervention
accelerated the degradation of deposited ECM, inhibited and
reversed the process of EMT, and had anti-fibrosis effects. Early
interventions can effectively alleviate liver fibrosis. Radix
Bupleuri, the dry root of Bupleurum Chinense DC, has been
characterized as a hepatoprotective herbal medicine that can treat
various liver diseases, such as chronic hepatic inflammation, liver
cirrhosis, hepatocellular carcinoma, and viral hepatitis (Li et al.,
2018; Tian et al., 2019). SSd is one of the pharmacologically active
compounds of Bupleurum. Recently, the anti-inflammatory, anti-
fibrotic, anti-tumor, and hepatoprotective effects of SSd observed
both in vivo and in vitro have attracted widespread attention (Xie
et al., 2012; Yuan et al., 2017; Cui et al., 2019). A previous study
showed that SSd could prevent hepatic inflammation and liver
injury in acetaminophen-induced mice (Liu et al., 2014). The
study showed that SSd reduced the infiltration and proliferation

of CD8+ T cells, increased the expression of anti-inflammatory
cytokines, inhibited the expression of TGF-β1, and ultimately
alleviated inflammation and fibrosis in a mouse model of
glomerulonephritis (Li et al., 2005). Furthermore, studies have
shown that SSd can inhibit the activation of HSCs by regulating
intracellular inflammatory responses, thereby eventually
inhibiting liver fibrosis (Chen et al., 2013). Our previous
studies also confirmed that SSd had a protective effect on
CCl4-induced acute liver injury (Chen et al., 2020). CCl4-
induced chronic liver injury and liver fibrosis model mice
were treated with SSd, and found that liver injury and liver
fibrosis were significantly alleviated by SSd treatment
compared with the control group.

Activation of the NLRP3 inflammasome has been shown to
cause liver injury and hepatic fibrosis in various acute and chronic
liver diseases (Wree et al., 2014). Key components of a functional
NLRP3 inflammasome are NLRP3, the adaptor protein ASC and
caspase-1. NLRP3 recruits ASC and procaspase-1, which results
in caspase-1 activation and processing of cytoplasmic targets,
including the pro-inflammatory cytokines IL-1β and IL-18,
whose purpose being to drive the inflammatory process and
restore homeostasis. Mostly, priming is provided by signals of
tissue damage activation downstream of pattern recognition
receptors and is thought to be required both for NLRP3 and
pro-IL-1β induction (Haneklaus and O’Neill, 2015). Active
caspase-1 cleaves the cytokines pro-IL-1β and pro-IL-18 into
their mature and biologically active forms (Martinon et al., 2002).
Maria et al. introduced an NLRP3−/−mousemodel and confirmed
that the NLRP3 inflammasome could directly activate HSCs and
trigger liver fibrosis (Inzaugarat et al., 2019). Our experimental
results confirmed that the NLRP3 inflammasome was
overexpressed and activated during the process of liver
fibrosis, suggesting that the increased levels of NLRP3
inflammasome proteins were associated with liver injury, liver
fibrosis and HSCs activation. According to a previous study,
mitochondrial ROS is the main activator of the NLRP3
inflammasome (Scambler et al., 2019). ROS can induce
chronic inflammation and fibrous hyperplasia, leading to the
activation of HSCs and finally promoting fibrosis (Dickie et al.,
2012; Chen et al., 2019). In addition, oxidative stress significantly

FIGURE 5 |Deficiency of ERβ, but not ERα, blocked the inhibitory effect of SSd against CCL4-induced liver injury (A,B) plasma ALT and AST levels were tested after
CCl4 treatment inWT and ERKOmice treated with SSd or without SSd, n = 6. (C) liver injury was detected by HE (×200; scale bar: 50 μm). Data are expressed in mean ±
SEM; **p < 0.01, CCl4 treated versus control in WT and ERKOmice; ##p < 0.01, SSd + CCl4 group versus CCl4 group in WT mice; ΔΔP <0.01, SSd + CCl4 group versus
CCl4 group in αERKO mice.
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FIGURE 6 | Deficiency of ERβ, but not ERα, blocks the inhibitory effect of SSd against CCl4-induced liver fibrosis (A,B). α-SMA, TGF-β1, TIMP-1, MMP-2,
E-cadherin, and Vimentin mRNA and protein expression were tested by RT-PCR and WB in liver tissues, n = 3. (C) liver fibrosis scores in each group, n = 6. (D,E) Liver
fibrosis was detected by Masson staining, picric acid-Sirius staining (×200; scale bar: 50 μm). (F,G) IHC detection of the expression of α-SMA, TGF-β1 (×200; scale bar:
100 μm). Data are expressed in mean ± SEM; *p < 0.05, **p < 0.001, ****p < 0.0001, CCl4 treated versus control in WT and ERKO mice; #p < 0.05, ##p < 0.01,
####p < 0.0001, SSd + CCl4 group versus CCl4 group in WT mice; ΔP <0.05, ΔΔP <0.01, ΔΔΔP <0.0001, SSd + CCl4 group versus CCl4 group in αERKO mice.
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FIGURE 7 | Specific antagonist of ERβ, but not ERα, blocked the inhibitory effect of SSd against H2O2-induced mitochondrial dysfunction and NLRP3 activation in
HSCs (A). ROS production in HSCs in each group in estrogen receptor blockers alone or in combination with SSd treated group in HSCs (normal or activated state)
(Scale bar, 52 μm). (B) JC-1 membrane potential (Scale bar, 52 μm). (C) ATP content, n = 6. (D,E) inflammasome complex expression was tested by PT-PCR and
western blot experiment. in each group, n = 3. Data are expressed in mean ± SEM; **p < 0.01, ****p < 0.0001, H2O2, H2O2 +MPP, and H2O2 +THC group versus
control group; #p < 0.05, ##p < 0.01, ####p < 0.0001, SSd + H2O2 group versus H2O2 group;

ΔP <0.05, ΔΔP <0.01, ΔΔΔΔP <0.0001, MPP + SSd + H2O2 group versus
MPP + H2O2 group.
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contributes to HSCs activation and fibrosis (Lin et al., 2020).
Consistent with the findings in literature, our analyses of
mitochondrial functions in vivo and in vitro confirmed that
the production of mitochondrial ROS increased in CCl4-
induced liver fibrosis mice and H2O2-induced activated HSCs.
Therefore, reducing oxidative stress and eliminating ROS have
been promising treatment strategies for liver fibrosis. SSd
possesses anti-oxidative stress effects. According to a previous
study, SSd could prevent oxidative damage, oxidative stress, and
cytotoxicity in neural cells (Lin et al., 2016). SSd can reverse the
impaired hepatic activity of superoxide dismutase, improve liver
antioxidant capacity, inhibit lipid peroxidation, eliminate ROS,
and ultimately prevent oxidative stress and liver injury (Fan et al.,
2007). It was found that SSd significantly protected HL-7702 cells
against CCl4-mediated oxidative stress and inhibited
NLRP3 inflammasome-induced inflammation (Lin et al.,
2018). Consistent with these findings, our study also
confirmed that mitochondrial oxidative stress could activate
HSCs and the NLRP3 inflammasome, which played an
important role in the development of liver fibrosis. In this
study, it was also focused on the correlation between SSd
treatment and activation of the ROS/NLRP3 inflammasome
axis. It was found that SSd treatment inhibited mitochondrial
oxidative stress, reduced the production of mitochondrial ROS,
downregulated the expression of NLRP3 inflammasome proteins
and pro-IL-1β, IL-1β, and IL-18 induction, and eventually
protected liver from injury and fibrosis.

Estradiol acts by binding to and activating different subtypes
of estrogen receptors, including the two classical receptors ERα
and ERβ, and the G protein-coupled estrogen receptor on the
plasma membrane (Revankar et al., 2005; Dahlman-Wright et al.,
2006). ERα and ERβ receptors can be detected in many tissues,
but their distributions and expression levels are different. In liver
cells, ERα is the predominant ER subtype, while ERβ is expressed

in a variety of tissues during human fetal development; HSCs
have been demonstrated to possess functional ERβ but not ERα;
these findings suggest different organ-specific roles for the ERs
(Brandenberger et al., 1997; Zhou et al., 2001; Gao et al., 2008).
Some studies have shown that the function of E2 in preventing
liver inflammation is mediated by ERα (Evans et al., 2002).
Preclinical findings in rodents demonstrate that endogenous
estradiol can prevent steatosis, insulin resistance, and fibrosis
in liver diseases by activating the ER signal pathways (Grossmann
et al., 2019). ERβ2 can lead to suppression of the ERα signaling
(Zhao et al., 2007). ERβ may inhibit EMT (Mak et al., 2010) and
effectively improve cirrhosis with portal hypertension in
ovariectomized rats (Zhang et al., 2016). Zhang et al. found
that selective agonists for ERβ exert antifibrogenic effects by
inhibiting the activation and proliferation of HSCs (Zhang
et al., 2018). These effects were obviously mediated by ERβ,
but not ERα or GPER. SSd has estrogen-like effects in vivo
and in vitro, and is an ER modulator (Wang et al., 2010). Liu
et al. demonstrated that SSd improved memory in rats by
modulating ERα activation, but not E2 level or ERβ activity, in
the hippocampus (Liu et al., 2019). Que et al. found that SSd could
inhibit oxidative stress-induced activation of HSCs, an effect that
depended on the regulation of ERβ (21). Therefore, it can be seen
that SSd activates estrogen ligands in difference organs and
tissues with different functions. To this end, we introduced
ERKO mice to verify that the anti-fibrosis effects of SSd were
mediated by the ERβ pathway.

Studies have shown that E2 is a strong endogenous antioxidant
that inhibits oxidative stress-induced lipid peroxidation and ROS
production in rat livermitochondria (Yagi, 1997; Omoya et al., 2001).
Simvastatin could activate the expression of ERα and ERβ, thereby
inhibiting the activation of theNLRP3 inflammasome and decreasing
the levels of pro-inflammatory mediators (Menze et al., 2021). 17β-
estradiol can reduce NLRP3 inflammasome activation to abrogate

FIGURE 8 | Specific antagonist of ERβ, but not ERα, blocked the inhibitory effect of SSd against H2O2-induced extracellular matrix deposition and EMT in HSCs
(A,B) the indicators of extracellular matrix deposition and EMT (α-SMA, TGF-β1, TIMP-1, MMP-2, Vimentin, and Ecadherin) expression in HSCs were detected by RT-
PCR andWB, n = 3. Data are expressed in mean ± SEM; **p < 0.01, H2O2, H2O2 +MPP, and H2O2 +THC group versus control group; #p < 0.05, ##p < 0.01, SSd + H2O2

group versus H2O2 group; ΔP <0.05, ΔΔP <0.01, MPP + SSd + H2O2 group versus MPP + H2O2 group.
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airway inflammation (Cheng et al., 2019). However, it has also been
reported that E2 significantly inhibited the malignant behaviors of
hepatocellular carcinoma cells through E2/ERβ pathway-mediated
upregulation of the NLRP3 inflammasome (Wei et al., 2015). So far, a
variety of estrogen receptor modulators have been found, such as
soybean isoflavones, lignans, stilbenes, resveratrol, ginsenosides and
SSd (Chan et al., 2002; Dixon, 2004). However, studies have shown
that phytoestrogens have different affinities and transactivating
activities for ERα and ERβ. For example, genistein and coumestrol
preferentially interact with and activate ERβ rather than ERα to
mediate estrogenic effects (Gutendorf and Westendorf, 2001). In
addition, a previous study showed that SSd could upregulate the
expression of ERα in the hippocampus of ovariectomized rats, but
had no significant effect on the expression of ERβ (Liu et al., 2019).
Moreover, they can inhibit the expression of NLRP3, HSCs
activation, and liver fibrosis by acting on different estrogen
ligands. Soybean isoflavones can alleviate DSS-induced colitis by
inhibiting the ERα pathway and downregulating the subsequent
activation of the NLRP3 inflammasome (Gao et al., 2020).
Phytoestrogen calycosin inhibits the activation, proliferation, and
migration of HSCs induced by TGF-β1 via downregulating ERβ
(Deng et al., 2018). Comprehensive studies have shown that the
mechanism of interaction between estrogen regulators and ligands is
complex, and a specific regulator may even have opposite effects
under different circumstances. Therefore, we used ER knockout mice
to carry out experiments, and obtained strong evidence to support
that SSd has ERβ pathway-dependent anti-liver fibrosis effects, such
as inhibiting the expression of NLRP3 inflammasome proteins. By
treating HSCs with ERα and ERβ blockers and establishing αERKO
and βERKO knockout liver fibrosis mouse models, we found that the
experimental results obtained frommouse and cellular model groups
were not significantly different from those obtained from the THC
intervention group and the βERKO mouse group, while there were
significant differences between the MPP intervention group, the
αERKO mouse group and the control group. These findings
suggested that SSd inhibited HSCs activation through the ERβ
pathway, and alleviated liver injury and liver fibrosis by negatively
regulating the ROS/NLRP3 inflammasome. Thus, we confirmed a
new molecular mechanism underlying SSd’s anti-fibrosis effects—by
negatively regulating the ROS/NLRP3 inflammasome through
activating the ERβ pathway.

CONCLUSION

Collectively, the results of our study demonstrate SSd suppresses
hepatic injure and fibrosis by exerting inhibiting mitochondrial
injury effect that inhibit the activation of NLRP3 inflammasome,
which in turn leads to inhibition of HSCs activation and

proliferation. This suggests SSd may be an effective therapeutic
agent for the treatment of hepatic fibrosis.
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Interleukin-6 Receptor Blockade can
Increase the Risk of Nonalcoholic
Fatty Liver Disease: Indications From
Mendelian Randomization
Shuxuan Li, Lanlan Chen and Guoyue Lv*

Department of Hepatobiliary and Pancreatic Surgery, First Affiliated Hospital of Jilin University, Changchun, China

Background: Interleukin-6 receptor (IL-6R) blockade has been approved for
inflammation-associated diseases and whether it is effective in treating non-alcoholic
fatty liver disease (NAFLD) is still unknown.

Methods: A target-based Mendelian randomization was performed to appraise whether
inhibiting the IL-6 signaling pathway via IL-6R blockade can reduce the risk of NAFLD. The
previously established genetic proxy SNP rs2228145 was mainly used to appraise the
therapeutic effects and the genetic-predicted circulating IL-6 level was treated as the
exposure with ~30,000 samples. The genetic association between SNP rs2228145 (A >C)
and NAFLD was obtained from non-FinnGen GWAS (1,483 cases and 17,781controls)
and FinnGen GWAS (894 cases and 217,898 controls). The causal effects were estimated
using a Wald ratio method and were combined using a fixed-effects meta-analysis.
Furthermore, the SNP rs12048091 was employed as another proxy in the sensitivity
analysis.

Results: The positive control analysis suggested the SNP rs2228145 can mimic the
effects of IL-6R blockade where inhibiting IL-6 signaling can reduce the risk of rheumatoid
arthritis [OR = 0.68 (0.58, 0.80)] and coronary heart disease [OR = 0.75 (0.68, 0.84)]. This
Mendelian randomization analysis suggested that IL-6R blockade can adversely increase
the risk of NAFLD in the non-FinnGen GWAS [OR = 1.99 (1.27, 3.13)] while not significant
in the FinnGen consortium. The fixed-effects meta-analysis indicated inhibiting the IL-6
signaling pathway can reduce the risk of NAFLD [OR = 1.80 (1.26, 2.57)]. When including
SNP rs12048091 as the genetic instrument, the meta-analysis using two genetic variants
also indicated a similar effect on NAFLD [OR = 1.83 (1.32, 2.53)]. There was no
heterogeneity in the whole analysis.

Conclusion: Our Mendelian randomization suggested inhibiting the IL-6 signaling
pathway via IL-6R blockade might increase the risk of NAFLD, suggesting IL-6R
should play a protective role in NAFLD.

Keywords: interleukin-6 receptor blockade, interleukin-6 signaling pathway, nonalcoholic fatty liver disease,
mendelian randomization, causal inference
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INTRODUCTION

The prevalence of non-alcoholic fatty liver disease (NAFLD), also
termed metabolic associated fatty liver disease (MAFLD), is
increasing worldwide and almost 1 billion people are harassed
by it (Eslam et al., 2020). Currently, no effective therapeutics have
been approved for it though the pan-PPAR agonist lanifibranor
displayed the efficacy in phase 2b trial (Francque et al., 2021).
Thus, it is of necessity to find therapeutic targets and potential
drugs to help ameliorate NAFLD. Interleukin-6 (IL-6) is a pivotal
cytokine in inflammation-associated liver disease, and the current
evidence suggested it has both pro-inflammation and anti-
inflammation effects where IL-6 released from adiposity can
promote inflammation and muscle-derived IL-6 can ameliorate
inflammation (Giraldez et al., 2021). Furthermore, chronic
exposure to high IL-6 levels can increase hepatic
gluconeogenesis and result in impaired lipid metabolism
(Perry et al., 2015), however, the IL-6 has hepatoprotective
effects in acute liver injury (Gao et al., 2020). Also, a recent
study suggested IL-6 receptor (IL-6R) can reduce NAFLD-
associated inflammation (Skuratovskaia et al., 2021).

It is still unknown whether targeting the IL-6 signaling
pathway would have a causal effect on NAFLD through
several drugs targeting this pathway that have been approved
or displayed clinical potency formetabolic diseases, inflammatory
bowel disease (IBD), and liver and gastrointestinal cancer
(Giraldez et al., 2021). The rapid developments in Mendelian
randomization (MR) have provided strategies to evaluate the
causal effect of specific targets with the integration of results
derived from genome-wide association studies (GWAS). Several
target-based MR investigations have been performed to appraise
the therapeutic effects of specific targets and signaling pathways,
including the IL-6 signaling pathway (Swerdlow et al., 2012). The
target-based MR study used germline genetic variants located in
the target gene region as the instruments and it is a quasi-
randomized clinical trial (quasi-RCT) since germline genetic
variants were usually randomly allocated at conception (Smith
and Ebrahim, 2003). Considering the MR estimates often
represent a life-long causal effect of exposure on the outcome,
this target-based design can evaluate the effect of chronic
exposure to a biomarker (Davies et al., 2018).

It should be noted that the inhibiting IL-6 signaling pathway
can increase the serum IL-6 level via a negative feedback
mechanism (Peters et al., 1996). Therefore, we cannot
determine whether the hazardous effect of chronic exposure to
high IL-6 levels might rise from a loss function of IL-6R. In this
target-based MR study, we attempted to explore the causal effect
of the IL-6 signaling pathway on NAFLD and furthermore
appraise the effect of chronic exposure to high IL-6 levels on
NAFLD.

METHODS

Data Source Description
The genetic associations with circulating IL-6 levels were
obtained from the largest GWAS meta-analysis with more

than 30,000 European individuals (Folkersen et al., 2020). The
IL-6 level was normalized or standardized and this meta-analysis
adjusted for population structure and study-specific parameters.
The genetic associations with NAFLD were extracted from two
independent GWAS summary statistics where one is composed
of 1,483 European cases and 17,781 European controls (Anstee
et al., 2020), and the other consists of 894 European cases and
217,898 European controls (https://www.finngen.fi/en). The
former NAFLD was diagnosed by histopathology and
associated laboratory examinations while the latter NAFLD
was determined by electronic medical records. In addition, the
former was analyzed by a multiple logistic regression by adjusting
for the top 5 principal components and the latter was performed
under the protocols of FinnGen GWAS round 5 (https://finngen.
gitbook.io/documentation/v/r5/). There was no sample
overlapping between the data sources of exposure and outcome.

Selection of Genetic Variants Mimicking
IL-6R Blockade
The genetic variants mimicking IL-6R blockade were determined
via two ways, one is from previous literature and the other was
directly from the GWAS summary statistics. Previously, two
SNPs located in the gene region coding IL-6R were reported
to imitate the effect of inhibiting the IL-6 signaling pathway,
namely SNP rs7529229 (Swerdlow et al., 2012) and rs2228145
(Parisinos et al., 2018). The two SNPs are in high linkage
disequilibrium among Europeans (LD R2 = 0.94). They can
increase the proteolysis of IL-6R and result in a reduction in
classic signaling, and have a similar effect to tocilizumab, an
approved anti-IL6Rmonoclonal antibody (Swerdlow et al., 2012).

From the GWAS summary statistics of IL-6 level, only three
SNP retained based on three criteria (p-value < 5 × 10−8, minor
allele frequency >0.01 and LD R2 < 0.3), including SNP
rs2228145, rs12048091 and rs10752641. The SNP rs10752641
was removed further as it is a palindromic one. The LD R2

between SNP rs2228145 and rs12048091 was 0.11. To
furthermore demonstrate that the selected genetic variants can
mimic the effect of inhibiting the IL-6 signaling pathway by IL-6R
blockade, we examined their genetic associations with C-reactive
protein and fibrinogen, two downstream biomarkers of the IL-6
signaling pathway, in the UK Biobank with 361,194 Europeans.
The F statistic was calculated to appraise the weak
instrument bias.

Mendelian Randomization Design and
Meta-analysis
TheMR study should be carried out following three basic criteria:
1) relevance: genetic variants, usually single nucleotide
polymorphism (SNP), should be close to the exposure; 2)
independence: genetic variants should not be associated with
any potential confounders; 3) exclusion-restriction: genetic
variants should not be associated with the outcome except via
the way of exposure (Emdin et al., 2017) (Figure 1). In addition,
other assumptions should be satisfied such as linearity and no
interaction (Bowden and Holmes, 2019).
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Preliminarily, we extracted genetic association with NAFLD
from two GWASs for SNP rs2228145 and estimated the effect of
IL-6 level on NAFLD using the Wald ratio method. Then, two
MR estimates based on the ratio method were combined using a
meta-analysis. The fixed-effects model was adopted if there was
no heterogeneity. Otherwise, we would use a random-
effects model.

Positive Control Analysis and Sensitivity
Analysis
To further guarantee the validity and rigorousness of this MR
study, we selected two well-established outcomes as the positive
controls such as rheumatoid arthritis (RA) (Okada et al., 2014)
and coronary heart disease (CHD) (Nikpay et al., 2015). The
causal effect of IL-6R blockade on them was estimated using SNP
rs2228145.

As theremight be a lack of statistical power with only one SNP,
we further included SNP rs12048091 in the sensitivity analysis.
The inverse-variance weighted (IVW) method was employed to
estimate the causal effect of IL-6 blockade using two SNPs.

Statistical Analysis and Data Visualization
All statistical analyses and data visualization were performed
using the R programming software (R 3.6.0, https://www.r-
project.org/). The Wald ratio and IVW methods were
provided by the R package “TwoSampleMR” (https://github.
com/MRCIEU/TwoSampleMR) (Hemani et al., 2018). The
statistical power was assessed by the mRnd (https://
cnsgenomics.shinyapps.io/mRnd/) (Brion et al., 2013).

RESULTS

Description of Selected Genetic Variants
The SNP rs2228145 (A > C), a missense variant (IL-6R
Asp358Ala), was used in the primary analysis, and this variant

was associated with increased soluble IL-6R (sIL-6R) and IL-6
levels (Ferreira et al., 2013). In the light of its association with the
IL-6 level, its F statistic was 198, much greater than the empirical
threshold of 10. The SNP rs12048091 (A > G) was an intron
variant located in the IL-6R gene region, however, its biological
function is still unknown. Its F statistic was 30, respectively. All
genetic associations were aligned to the allele that raises the IL-6
level (Table 1).

Genetic Associations With CRP and
Fibrinogen
The genetic associations with CRP and fibrinogen confirmed the
validity of selected genetic variants (Table 2). As displayed in
Table 2, the allele increasing IL-6 level was inversely associated
with CRP and fibrinogen for each SNP, suggesting that the SNPs
can mimic the inhibition of the classical IL-6 signaling pathway.

When estimating the change of CRP and fibrinogen scaled by
the IL-6 level change, we obtained that the CRP level would
decrease 0.54 standard deviation (SD) (95% confidence interval
(CI): (−0.56, −0.51), p-value < 0.001) with per SD increase in IL-6
level and the fibrinogen level would decrease 0.06 [95% CI:
(−0.09, −0.02), p-value = 0.001) for SNP rs2228145. There
were similar results for SNP rs12048091 where the CRP level
was reduced 0.62 SD [95% CI: (−0.69, −0.55), p-value < 0.001],
together with fibrinogen [beta = −0.11 [−0.20, −0.02), p-value =
0.013).

Results of Positive Control Analysis
The genetic association with positive controls suggested SNP
rs2228145 were inversely associated with the risk of RA and
CHD. However, the SNP rs12048091 was not associated with
CHD. The MR results of the positive control analysis were all
statistically significant and concordant with the expectations.
Initially, inhibiting IL-6 signaling pathway could reduce the
risk of RA [OR = 0.68 (0.58, 0.80), p-value < 0.001]. Like RA,
the risk of CHD would decrease as well [OR = 0.75 (0.68, 0.84),
p-value < 0.001]. In the fixed-effects model using two SNPs, we
obtained similar results (Figure 2).

MainMendelian Randomization Results and
Meta-Analysis
In the largest NAFLD GWAS, we observed that the odds of
NAFLD would increase if inhibiting IL-6 signaling pathway [OR

FIGURE 1 | The basic assumptions and main design of this Mendelian randomization.

TABLE 1 | Genetic associations with serum interleukin-6 level and F statistics.

SNP A1 A2 EAF BETA SE P F

rs2228145 C A 0.38 0.17 0.012 3.34 × 10−45 198.49
rs12048091 A G 0.82 0.09 0.016 3.95 × 10−08 30.01

Note: A1 is the effect allele.
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= 1.99 (1.27, 3.13), p-value = 0.003] where the inhibitive effect was
measured by IL-6 level and proxied by SNP rs2228145. However,
such causal effect was not detected in the FinnGen NAFLD
GWAS [OR = 1.51 (0.84, 2.72), p-value = 0.167]. In the meta-
analysis, the odds of NAFLD would increase [OR = 1.80 (1.26,
2.57), p-value = 0.001] (Figure 3). There was no heterogeneity in
the meta-analysis (I square = 0; Q p-value > 0.05).

When including SNP rs12048091 in the MR analysis, the odds
of NAFLD would increase in the largest NAFLD GWAS [OR =

2.09 (1.38, 3.16), p-value < 0.001]. Also, the result was not
significant in the FinnGen NAFLD GWAS (Figure 3). The
meta-analysis yielded a significant result [OR = 1.83 (1.32,
2.53), p-value < 0.001]. Compared to the results from the
main analysis using only one SNP, the results derived from
two SNPs displayed larger effect sizes and statistical power.
Furthermore, both MR and meta-analysis results suggested
that inhibiting the IL-6 signaling pathway via IL-6R blockade
could increase the risk of NAFLD.

TABLE 2 | Genetic associations with serum CRP and fibrinogen levels and two positive controls (rheumatoid arthritis and coronary heart disease).

SNP A1 A2 CRP Fibrinogen Rheumatoid arthritis Coronary heart disease

BETA SE P BETA SE P BETA SE P BETA SE P

rs2228145 C A −0.09 0.002 1.00 × 10−200 −0.01 0.003 0.001 −0.07 0.015 4.50 × 10−6 −0.05 0.010 1.86 × 10−7

rs12048091 A G −0.06 0.003 4.36 × 10−65 −0.01 0.004 0.013 −0.09 0.021 1.30 × 10−5 0.02 0.013 0.243

Note: A1 is the effect allele.

FIGURE 2 | The positive control analysis results. NSNP is the number of SNPs used in analysis and the SNP rs2228145was used if NSNP = 1. The SNP rs2228145
and rs12048091 were used if NSNP = 2. OR is the odds ratio. 95% LCI is the lower limit of 95% confidence interval while 97%UCI is the upper limit of 95% confidence
interval.

FIGURE 3 | The main Mendelian randomization results. NSNP is the number of SNPs used in analysis and the SNP rs2228145 was used if NSNP = 1. The SNP
rs2228145 and rs12048091 were used if NSNP = 2. OR is the odds ratio. 95% LCI is the lower limit of 95% confidence interval while 97%UCI is the upper limit of 95%
confidence interval.
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The statistical powers of the non-FinnGen dataset were 98 and
84% for the FinnGen dataset. In addition, all the other results
were above 80%.

DISCUSSION

This target-based MR analysis gave novel insights into the
increased risk of NAFLD when inhibiting the IL-6 signaling
pathway via IL-6R blockade, especially inhibiting the classic
IL-6 signaling pathway.

Currently, there was no direct clinical trial reporting the incidence
rate of NAFLD among patients receiving anti-IL6R therapy. Thus, we
would concentrate on the effect of anti-IL6R drugs on metabolism,
especially on lipid and glucose metabolism. The available evidence
indicated that anti-IL6Rdrugs seemed to be associatedwith amarginal
reduction in glycated hemoglobin (HbA1c) levels (p = 0.047) (Lurati
et al., 2021) while another trial ruled out this association (Chen et al.,
2020). Overall, the anti-IL6R drugs appear not to reduce the risk of
diabetes mellitus. The ASCERTAIN trial suggested application of
subcutaneous sarilumab and intravenous tocilizumab could increase
alanine transaminase (ALT) and lipids, including low-density
lipoprotein cholesterol (LDL-C), high-density lipoprotein
cholesterol (HDL-C) and triglycerides (TG) (Emery et al., 2019). In
addition, other clinical trials also corroborated that tocilizumab
treatment could increase the levels of serum lipids, especially LDL-
C and HDL-C (Gabay et al., 2016; Hoffman et al., 2019).

However, all these trials correlated the lipid elevation with the
increased risk of cardiovascular events and neglected the potential
risk of NAFLD. Our study indicated that IL-6R blockade could
increase the risk of NAFLD. These trials lent support to our
findings since NAFLD is characterized by lipid accumulation and
genetically-elevated LDL-C could increase the risk of NAFLD
(Liu et al., 2020). Nonetheless, it should be noted that we used
CHD as the positive control where IL-6R blockade could reduce
the risk of it. Thus, the association between IL-6R blockade, lipid
elevation, and NAFLD should be independent of the common IL-
6 signaling pathway and might be liver-specific.

The IL-6 signaling can be classified into two categories: 1)
classical signaling: IL-6 binds to the signal transducing subunit
gp130 in complex with the membrane-bound IL-6R; 2) trans-
signaling: IL-6 binds to the gp130 via the soluble IL-6R (Schmidt-
Arras and Rose-John, 2016). The classical signaling has anti-
inflammatory and regenerative properties while the trans-
signaling can promote inflammation (Skuratovskaia et al.,
2021). Skuratovskaia et al. reported that higher plasma IL-6
level was correlated with a decreased CRP level and IL-6R
could reduce chronic inflammation in NAFLD (Skuratovskaia
et al., 2021). These findings were consistent with our results as the
IL-6 signaling inhibition was scaled by the IL-6 level and this level
was inversely associated with CRP and fibrinogen. In this MR
study, the SNP rs2228145 promotes the proteolysis of membrane-
bound IL-6R and increases the serum level of soluble IL-6R
(Ferreira et al., 2013), suggesting this SNP has an inhibitive
effect on classical signaling while amplifying the trans-
signaling. Thus, it is plausible that we observed an increased
risk of NAFLD.

However, the evidence that the impaired lipid metabolism
often concurs with high IL-6 levels suggested chronic exposure to
high IL-6 levels should promote liver inflammation (Giraldez
et al., 2021). In our study, we observed that high IL-6 level caused
by IL-6R blockade was associated with the elevated risk of
NAFLD. Therefore, we postulated that the chronic exposure to
high IL-6 caused by a loss function of IL-6R could promote the
chronic inflammation process. A recent study corroborated our
findings from another aspect where myeloid-specific IL-6
signaling inhibits liver fibrosis via exosomal transfer of
antifibrotic miR-223 into hepatocytes, suggesting the protective
role of IL-6 signaling in NAFLD (Hou et al., 2021). Although an
early study suggested the blockade of interleukin 6 signalings
could ameliorate hepatic steatosis via modulating insulin
resistance, it should be noted that this experiment was
performed on mice instead of on human beings and the
higher IL-6 level was caused by a high-fat diet (Yamaguchi
et al., 2015). Thus, it should be emphasized that the cause of
high IL-6 levels should induce different effects and IL-6 signaling
effects might vary between mice and people. In addition, the
muscle-derived IL-6 could ameliorate inflammation (Pedersen
and Febbraio, 2008) while adiposity-derived IL-6 was pro-
inflammatory (Coppack, 2001), suggesting the IL-6 effects
might vary between tissues. However, the tissue-specificity was
not taken into consideration in our study due to data limitations.

Anyhow, this target-based Mendelian randomization suggested
the potential risk of NAFLD caused by inhibiting the classic IL-6
signaling, which should be paid attention to in patients receiving
anti-IL6R treatments. This study has several strengths as follows: 1)
the relatively large sample size of NAFLD; 2) this population-based
study added much more robust evidence than animal models or
observational studies with small sample sizes. However, several
limitations should be pointed out as well. Currently, most of the
anti-IL6R monoclonal antibodies usually inhibit both classical
signaling and trans-signaling such as tocilizumab (Tanaka et al.,
2014). As mentioned above, classical IL-6 signaling is anti-
inflammatory while trans-signaling is pro-inflammatory in the
liver. Thus, IL-6R monoclonal antibodies should have both anti-/
pro-inflammatory effects in the liver and SNP rs2228145 has a single
pro-inflammatory effect in the liver, and we cannot equal the MR
results to that derived for RCTs. Only two IVs were used in
estimating the causal effect, guaranteeing the power and validity
of this MR study. In addition, the function of included SNP
rs12048091 is unknown and it adds some uncertainty to our
results. The causal effects were estimated in European ancestry
individuals and the generalizability of our conclusion might not
be suitable for other ethnicities.

Last but not least, this target-based MR study assessed the
effect of IL-6R blockade proxied by SNP rs2228145 on NAFLD
though IL-6R blockade was measured by serum IL-6 level. We
cannot obtain the conclusion that the genetically-elevated IL-6
level could increase the risk of NAFLD despite it might be
reasonable. Our study implicated that clinical trials focused on
anti-IL6R drugs should not neglect the incidence rate of NAFLD.
However, clinical trials should be carried out to further
corroborate these findings and further investigations should be
performed to clarify the tissue-specific effects of IL-6 signaling.
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CONCLUSION

Our target-based suggested IL-6R blockade might increase the
risk of NAFLD and it should be corroborated and paid attention
to in further clinical trials.
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Mononuclear Cells Ameliorate
CCl4-Induced Acute Liver Injury in
Mice via Inhibiting Inflammatory
Responses and Upregulating
Peripheral Interleukin-22
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Background: Human umbilical cord blood mononuclear cells (hUCBMNCs) show
therapeutic effects on many inflammatory diseases. The deterioration of acute liver
injury is attributed to excessive inflammatory responses triggered by damage-
associated molecular patterns (DAMPs) and pathogen-associated molecular patterns
(PAMPs). Whether hUCBMNCs treatment is a promising strategy for acute liver injury/
failure needs to be investigated.

Methods: Liver injury mice induced by PAMPs, DAMPs, or DAMPs plus PAMPs were
developed. DAMPs included CCl4 (carbon tetrachloride), APAP (acetaminophen), and
ConA (Concanavalin A). PAMPs included Klebsiella pneumoniae (K.P.) and Salmonella
typhimurium (S. Typhimurium). DAMP plus PAMP-induced liver injury was developed by
sequential CCl4 and K.P. administration. hUCBMNCs were injected intravenously.

Results: hUCBMNCs significantly prolonged mice survival time in DAMP plus PAMP-
induced liver failure but had no benefit in bacteria-infected mice. hUCBMNCs significantly
alleviated hepatic necrosis post CCl4/ConA insult. In CCl4-induced acute liver injury,
peripheral levels of interleukin (IL)-22 were upregulated and liver regeneration was
enhanced after treating with hUCBMNCs at 48h. The levels of p62 and LC3B-II,
autophagy markers, were also upregulated in the hUCBMNC-treated group.

Conclusion: hUCBMNCs as a kind of cell therapeutic strategy could attenuate acute liver
injury in mice, which is executed by enhancing autophagy and regeneration in the liver via
inhibiting inflammatory responses and upregulating peripheral IL-22.
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INTRODUCTION

The incidence of acute liver failure (ALF) ranges from 1.4/10 000
(Escorsell et al., 2007) to 5.5/10 000 (Bower et al., 2007) worldwide. It
is impossible for the liver to compensate in fulminant liver failure.
The only feasible treatment option is liver transplantation (Chew
et al., 2020). Thus, new therapeutic strategies for ALF in the
reversible stage need to be explored. Inflammatory response and
immune-mediated damage of hepatocytes play fatal roles during the
deterioration from acute liver injury (ALI) to ALF (Wu et al., 2010).
Necrosis of cells triggers the release of cellular contents with some of
the endogenous compounds (alarmins) including heat shock
proteins, DNA, RNA, and others, called damage-associated
molecular patterns (DAMPs), which are able to activate innate
immune cells (Scaffidi et al., 2002; Bianchi, 2007). The milieu of
inflammation and necrosis in ALF is presumed to predispose
patients to infection due to complement deficiency, and/or
impaired function of polymorphonuclear or Kupffer cell (Chung
et al., 2012). Bacteria release a set of pathogen-associated molecular
patterns (PAMPs) such as lipopolysaccharide (LPS), which would be
recognized by the innate and acquired immunity system (Bianchi,
2007). DAMPs/PAMPs activate the immune system and generate
excessive inflammatory responses, which subsequently aggravate
tissue damage and eventually result in liver failure or multiorgan
failure (Mihm, 2018; Arroyo et al., 2020).

Cells as a direct therapeutic strategy open a new era for the
remedy of many diseases (Yamanaka, 2020). Human umbilical cord
blood mononuclear cells (hUCBMNCs) contain a variety of stem
cells and low immunogenic immune cells, such as hematopoietic
stem cells, endothelial stem cells, lymphoblasts, small embryonic
stem cells, mesenchymal stem cells, lymphocytes and bone marrow
cells, and can be isolated from human umbilical cord blood
conveniently and easily (Weiss and Troyer, 2006). hUCBMNCs
have been reported for the immunomodulatory effects on other
inflammation-related diseases, such as renal tubulointerstitial
fibrosis (Li et al., 2020), inflammation-induced preterm brain
injury (Dalous et al., 2013), and LPS-induced acute kidney injury
(Paton et al., 2019). However, whether hUCBMNCs have
therapeutic effects on ALI/ALF remains to be elucidated. Thus,
the present study aimed to investigate the application value and
mechanisms of hUCBMNCs treatment in several DAMPs-/PAMPs-
induced acute liver injury mouse models.

MATERIALS AND METHODS

Isolation and Identification of hUCBMNCs
The hUCBMNCs were provided by Shandong Cord Blood Bank
(Shandong Qilu stem cell engineering Co., Ltd, Jinan, Shandong,
China). Human umbilical cord blood samples were collected
from healthy newborns with mothers’ consents as described
previously (Rubinstein et al., 1995). The blood samples were
negative for antibodies against hepatitis B virus, hepatitis C virus,
cytomegalovirus, human immunodeficiency virus, and syphilis.
hUCBMNCs were isolated from umbilical cord blood by
centrifugation on lymphocyte separation medium (Ficoll, d =
1.077 g/ml; Eurobio) (Dalous et al., 2013) and washed twice in

Dulbecco’s modified eagle medium (DMEM). hUCBMNCs of 5 ×
107 cells were frozen in a sterile 5 ml cryovial with 10%
dimethylsulfoxide. hUCBMNCs identified by China National
Institutes for Food and Drug Control (NIFDC) showed major
expression of CD38, CD4, CD5, and CD3 and expressed no less
than 1% of CD34 (Feng et al., 2020). Details for the identification
of hUCBMNCs are included in supplementary materials
(Supplementary Table S1 and Supplementary Attachment
S1) and representative flow cytometry plots of typical cells
subsets in hUCBMNCs are shown in Supplementary Figure
S1. hUCBMNCs from the same donor were used in each
experiment. This study was approved by the Ethics Committee
of Ruijin Hospital, Shanghai Jiao Tong University School of
Medicine.

Mouse Experiments
All animal experiments were performed on adult 8-week-old
male C57BL/6J mice purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. Mice were kept in a
cage (up to five mice per cage) and maintained in a light (12–12h
light-dark cycle) and temperature (24 ± 1°C) controlled room
with water and food freely available unless otherwise stated.

For PAMPs-induced liver injury, Klebsiella pneumoniae (K.P.)
(ATCC, 43816, Manassas, United States) (500 CFU/mouse)
(Xiang et al., 2020) or Salmonella typhimurium (S.
Typhimurium) (ATCC, 14028s, Manassas, United States) (8 ×
103 CFU/mouse) (Ren et al., 2019) was injected intraperitoneally
to simulate bacterial infection in mice at appointed time points.
For mouse models of DAMPs-induced liver injury, mice were
injected intraperitoneally with CCl4 (1 μl/g, dissolved in olive oil,
v/v 1:4) and APAP [350 mg/kg, dissolved in phosphate-buffered
solution (PBS)] (Bird et al., 2018). For ConA-induced acute liver
injury model, mice were injected intravenously with ConA
(12 mg/kg, dissolved in PBS) (He et al., 2021). For DAMPs
plus PAMPs-induced liver injury model, CCl4 (0.4 μl/g,
dissolved in olive oil, v/v 1:4) and K.P. (500 CFU/mouse) were
administrated sequentially (Xiang et al., 2020). IL-22 neutralizing
antibody (R&D system, Minnesota, United States) (PBS as
carrier) was administrated intravenously 2 h before CCl4
injection in hUCBMNCs-treated mice (1μg/mouse/time point)
(Ji et al., 2017), as well as 20 and 44 h post CCl4 injection. Mice
administrated with PBS served as a control group. All mouse
experiments were approved by the Institutional Animal Care and
Use Committee of Ruijin Hospital, Shanghai Jiao Tong University
School of Medicine (Supplementary Attachment S2).

Treatments of hUCBMNCs in Mouse
Models
hUCBMNCs (8 × 106 cells/ml) suspended in PBS were prepared
in advance. In CCl4 plus K.P.-induced liver injury mouse model,
CCl4 and K.P. were administrated intraperitoneally at 0 and 24 h,
and hUCBMNCs (1 × 106 cells/mouse) were administrated
intravenously at 22 h for pre-treatment or 26 h for treatment.
hUCBMNCs were also used to treat the bacterial infection-
induced liver injury with K.P. or S. Typhimurium. In CCl4- or
APAP-induced acute liver injury mouse models, mice were
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injected intravenously with hUCBMNCs (1 × 106 cells/mouse) or
PBS (as a control treatment) 2 hours (2 h) post insult. Blood and
liver tissues were collected at 24, 48, and 72 h post CCl4 insult and
mice were injected intraperitoneally with BrdU
(Bromodeoxyuridine/5-bromo-2′-deoxyuridine) 2 h before they
were sacrificed. In APAP model, blood and liver tissues were
collected at 6, 12, 24, and 48 h post APAP injection. In ConA-
induced acute liver injury model, mice were injected
intravenously with hUCBMNCs (1 × 106 cells/mouse) or PBS
(as control) 1 h post ConA injection and were sacrificed for the
collection of blood and liver tissue at 4, 6, 9 h post insult. Intact
right lobe of the liver was fixed in 10% formalin overnight for the
paraffin section (Xiang et al., 2012) and the rest of liver tissue was
frozen in −80°C. Sera diluted 10 times were sent to the
Department of Laboratory Medicine of Ruijin hospital,
Shanghai Jiao Tong University School of Medicine for the test
of alanine transaminase (ALT) or aspartate transaminase (AST).

The following methods are described in Supplementary
Material S1: Western blotting; Real-time quantitative
polymerase chain reaction (RT-qPCR); Hematoxylin & eosin
(H&E) staining; BrdU staining; Determination of mouse

serum interleukin 22 (IL-22); Determination of
malondialdehyde (MDA) in mouse liver tissue; Determination
of multi-inflammatory cytokines in mouse serum.

Statistical Analysis
Mean ± standard error (SEM) was used to describe the
distribution of the data. Means for continuous variables were
compared using paired or unpaired Student t-test between the
two groups when the data were normally distributed. A p-value
less than 0.05 was considered statistically significant.

RESULTS

hUCBMNCs Treatment Prolonged Survival
Time in the DAMP Plus PAMP-Induced Liver
Injury Mouse Model
Intravenous infusion of hUCBMNCs was applied 2 h before or
after K.P. injection in CCl4 plus K.P.-induced acute liver injury
mice. In the group of 2 h after K.P. injection, the application of

FIGURE 1 | hUCBMNCs treatment prolonged mice survival time in DAMPs plus PAMPs-induced liver injury. (A) hUCBMNCs showed a therapeutic effect on CCl4
plus Klebsiella pneumoniae (K.P.) -induced liver injury. CCl4 (0.4 μl/g) plus K.P. (500 CFU/mouse) were administrated at 0 and 24h, respectively, to induce acute liver
injury, and hUCBMNCs (n = 20) or PBS (n = 20) was applied at 26h for the observation of therapeutic effects. (B) Pretreatment of hUCBMNCs on CCl4 plus K.P.-induced
liver injury hardly improved the mice survival. CCl4 (0.4 μl/g) plus K.P. (500 CFU/mouse) was administrated at 0 and 24h, respectively, to develop liver injury model,
and hUCBMNCs (n = 10) or PBS (n = 10) was applied at 22h for the verification of preventative effects. (C) hUCBMNCs had no therapeutic effects on K.P.-induced liver
injury. K.P. (500 CFU/mouse) was administrated intraperitoneally at 0h, and hUCBMNCs (n = 7) or PBS (n = 8) was applied at 2h post infection. *, p < 0.05.
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hUCBMNCs showed an improved survival rate (p < 0.05)
compared with the PBS group (Figure 1A). However, in the
group of 2 h before K.P. injection, the survival rate showed no
significant difference between the two groups (Figure 1B). To
observe the exact function of hUCBMNCs in DAMP- or PAMP-

induced inflammatory processes, we applied hUCBMNCs or PBS
to PAMP-induced liver injury by usingK.P. infection (Figure 1C)
and found that there was no significant difference in survival rate
between the two groups. hUCBMNCs treatment was also used in
S. Typhimurium infection mouse model, and no significant

FIGURE 2 | hUCBMNCs treatment improved CCl4/ConA-induced liver injury but did not improve APAP-induced liver injury. (A–C) hUCBMNCs treatment alleviated
liver necrosis in CCl4-induced liver injury (PBS, n = 5/time point; hUCBMNCs, n = 5/time point). (A) Schematic experiment timeline of hUCBMNCs in CCl4-induced acute
liver injury. (B) H&E staining (40×) and the percentage of necrotic areas of mice liver at 24, 48, and 72 h post CCl4 injection. Necrotic areas are circled with black dashed
lines. (C) Serum ALT levels of mice at 24, 48, and 72 h post CCl4 insult. The bars represent mean ± SEM. (D–F) hUCBMNCs treatment alleviated liver necrosis in
ConA-induced liver injury (PBS, n = 4/time point; hUCBMNCs, n = 4/time point). (D) Schematic experiment timeline of hUCBMNCs in ConA-induced acute liver injury. (E)
H&E staining (100×) and the percentage of necrotic area of mice liver at 6 h, 9 h post ConA injection. Necrotic areas were circled with black dashed lines. (F) Serum ALT
levels of mice at 4, 6, and 9 h post ConA injection. (G–I) hUCBMNCs treatment did not alleviate liver necrosis in APAP-induced liver injury (PBS, n = 4/time point;
hUCBMNCs, n = 4/time point). (G) Schematic experiment timeline of hUCBMNCs in APAP-induced liver injury. (H)H&E staining (40×) of mice liver at 6, 12, 24, 48 h post
APAP injection. (I) Serum ALT levels of mice at 6, 12, 24, and 48 h post APAP injection.

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 9244644

Zhang et al. Effects of hUCBMNCs in ALI

45

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


difference was found as well (Supplementary Figure S2). These
results indicated that hUCBMNCs might improve the damage of
hepatocytes in DAMP-induced liver injury.

hUCBMNCs Improved DAMP-Induced
Acute Liver Injury in CCl4/ConA-Treated
Mice
To verify the hypothesis that hUCBMNCs played a protective role in
DAMP-induced liver injury, three kinds of acute liver injury mouse
models induced by DAMPs were developed and hUCBMNCs were
infused intravenously (Figures 2A,D,G). hUCBMNCs dramatically
improved liver damages in CCl4-induced liver injury mouse model
(Figure 2B) and ConA-induced liver injury mouse model (Figures
2E,F). However, hUCBMNCs did not alleviate liver damage in
APAP-induced liver injury mouse model (Figures 2H,I). For
CCl4-induced liver injury, although ALT levels showed no
significant changes at the appointed time points, there was a
significant difference in necrotic areas of liver H&E staining
images at 24 h between the two groups post CCl4 injection
(Figure 2B). H&E staining demonstrated that necrotic areas and
degrees of necrosis were both ameliorated in the hUCBMNCs-
treated group compared to the control group at 24h post CCl4 insult
(Figure 2B). ALT levels, as a regularmarker for assessing the severity
of liver damage, were not significantly improved at 24, 48, and 72h
post CCl4 insult (Figure 2C).

In ConA-induced acute liver injury, hUCBMNCs treatment
significantly downregulated the necrotic areas [%] (Figure 2E)
and ALT levels at 9h post insult (p < 0.01) were decreased
correspondingly (Figure 2F). However, hUCBMNCs treatment
did not improve APAP-induced acute liver injury significantly.
The levels of liver necrosis areas (Figure 2H) and serum ALT
(Figure 2I) in the APAP model were not improved after the
treatment of hUCBMNCs, as well as mRNA levels of
inflammatory cytokines (Supplementary Figure S3A). In
addition, the phosphorylation levels of regeneration-associated
phosphorylation of STAT3 (p-STAT3) protein were not
enhanced in the liver but phosphorylation of ERK (p-ERK)
was activated at 24h in the hUCBMNCs group after APAP
insult (Supplementary Figure S3B).

hUCBMNCs Alleviated Liver Inflammation
and Oxidative Stress in CCl4/ConA-Induced
Acute Liver Injury
Since inflammatory response and oxidative stress were two main
pathological processes contributing to the deterioration of liver
injury (Reyes-Gordillo et al., 2017), we assumed that hUCBMNCs
treatment would attenuate the levels of inflammation and
oxidative stress in both CCl4- and ConA-induced liver injury.

To confirm this hypothesis, hepatic mRNA levels of
inflammatory markers were measured by RT-qPCR.
hUCBMNCs treatment significantly suppressed mRNA
expression of pro-inflammatory cytokines of II6, Tnfα, Ifng,
II17a except for II1b in CCl4-induced liver injury at 48 h
(Figure 3A). Moreover, the expression of Cxcl1 and Cxcr1
markedly declined after hUCBMNCs treatment at 48h

(Figure 3A), but the expression levels of inflammatory
markers were not decreased at 24 h (Supplementary Figure
S4). F4/80, a mouse-specific macrophage marker, was also
downregulated at the mRNA level compared with the control
group at 48 h. Interestingly, mRNA levels of anti-inflammatory
cytokines IL-4 and IL-10 were also decreased after the treatment
of hUCBMNCs. Although hUCBMNCs treatment did not
influence mRNA expression of inflammatory cytokines in
ConA-induced liver injury (Supplementary Figure S5),
protein levels of inflammatory cytokines such as TNF-α, IFN-
γ, IL-17A, IL-1α, MCP-1, IL-12p70, and IL-22 were
downregulated in our experiment (Figure 3B).

Subsequently, we determined the levels of oxidative stress in
mice liver. The expression of MDA in liver homogenate
supernatants was measured by MDA Assay Kit, and the levels
of MDA were significantly decreased in the hUCBMNCs
treatment group at 48h post CCl4 insult (p < 0.01)
(Figure 3C). We further detected the expression of ROS-
related oxidant enzymes and found that mRNA expression
levels of NADPH oxidase Duox2 and Nox3 were decreased at
48h post CCl4 insult in the hUCBMNCs treatment group
(Figure 3D).

hUCBMNCs Played a Protective Role
Against CCl4-Induced Acute Liver Injury via
Upregulating IL-22
Improved necrosis of hepatocytes was demonstrated in
hUCBMNCs-treated mice with CCl4-induced liver injury and
ConA-induced liver injury. Whether liver regeneration was
enhanced in these mice required further confirmation.

In CCl4-induced mouse liver injury model, BrdU staining was
performed on liver slices in mice. The percentage of BrdU-positive
(BrdU+) hepatocytes was counted per ×200 field. Notably,
hUCBMNCs treatment enhanced liver regeneration at 48 h post
CCl4 injection. BrdU + hepatocytes were increased in the
hUCBMNCs group compared to the control group at 48 h (p <
0.01) (Figures 4A,B). Subsequently,Western blotting results showed
that the phosphorylation of STAT3 (p-STAT3) was strongly
activated in the hUCBMNCs group at 48 h (p < 0.05)
(Figure 4E), but the expression levels of phosphorylation of
STAT1 (p-STAT1) at 24 and 48 h were not significantly different
between the PBS treatment group and the hUCBMNCs treatment
group (Supplementary Figure S6). Marginal activation of p-ERK
protein in the hUCBMNCs groupwas also found compared with the
control group at 48 h (Figure 4E). In ConA-induced mouse liver
injury model, there were no significant differences of p-STAT1 and
p-STAT3 at 6 and 9 h between the PBS treatment group and the
hUCBMNCs treatment group (Supplementary Figure S7). IL-6 and
IL-22 are both described as pro-proliferative cytokines in liver
regeneration and the two cytokines signal through activation of
STAT3 pathway (Schmidt-Arras and Rose-John, 2016; Xiang et al.,
2020). The mRNA levels of IL-6 in liver were significantly decreased
under the treatment of hUCBMNCs (Figure 3A). Thus, serum IL-22
levels were determined by using ELISA. Compared to PBS group,
serum IL-22 levels were elevated under the treatment of
hUCBMNCs at 48h. Usually, in normal mice, serum IL-22 is
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FIGURE 3 | hUCBMNCs treatment suppressed inflammation and oxidative stress in mice liver in CCl4-induced acute liver injury and ConA-induced liver injury. (A)
mRNA levels of liver representative inflammatory markers in hUCBMNCs and control groups at 48h post CCl4 injection (n = 5/time point, experiments were repeated for
3 times). (B) Protein levels of serum inflammatory cytokines in ConA-induced liver injury mouse model at 4, 6, and 9h (n = 5/time point). (C) Malondialdehyde (MDA)
expression in liver tissue at 24, 48,and 72h post CCl4 insult (n = 5/time point, experiments were repeated for 3 times). (D) mRNA expression levels of Duox2 and
Nox3 in liver at 24, 48, and 72h post CCl4 injection (n = 5/time point, experiments were repeated for 3 times). The bars represent mean ± SEM.
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maintained at a low level (~10 pg/ml) (Xu et al., 2014). After CCl4
injury, serum IL-22 levels were elevated both in PBS (~40 pg/ml) and
hUCBMNCs (~30 pg/ml) groups at 24h. However, IL-22 levels
declined to baseline (~10 pg/ml) at 48h in the PBS group
(Figure 4C). Interestingly, in the hUCBMNCs group, serum IL-
22 levels were upregulated and maintained around 20 pg/ml (p <
0.001) at 48h (Figure 4C). Activation of caspase-3 protein was
attenuated at 24 h under hUCBMNCs treatment (Figure 4D). But
there was no significant difference in hepatocyte apoptosis at 48 and
72 h between the two groups via TUNEL staining (Supplementary
Figure S8).

hUCBMNCs Treatment Enhanced
Autophagy of Hepatocyte and Promoted
Liver Repair
Autophagy is widely involved in many pathophysiological
courses, especially in oxidative stress and inflammation (You

et al., 2015). We have previously found that IL-22 could protect
drug-induced liver injury by enhancing autophagy (Lai et al.,
2015; Mo et al., 2018). Therefore, we further explored whether
enhanced autophagy would contribute to the protective effects of
hUCBMNCs against CCl4-induced liver injury.

A series of autophagy-related genes (ATG) regulate and
participate in the process of autophagy. To confirm the
involvement of autophagy in hUCBMNCs treatment in CCl4-
induced liver injury, expression of ATG in the liver was detected
by RT-qPCR. mRNA expression levels of Binp3, Pik3c3, Ctsb,
Becn1, Bnip3l were significantly elevated at 24 h in the
hUCBMNCs group compared with the control group (p <
0.01) (Figure 5A). Additionally, hUCBMNCs treatment
induced enhanced expression of hypoxia-inducible factor 1α
(Hif1α) (p < 0.05) (Figure 5B), which could interact with
BINP3 to promote autophagy and exert beneficial effects on
liver repair after damage (Zhang et al., 2019). Further
assessment of autophagy markers was performed by Western

FIGURE 4 | hUCBMNCs treatment promoted liver regeneration at 48h post CCl4 injection via IL-22. (A) BrdU staining of liver slices at 24 h, 48 h post CCl4 injection
(PBS, n = 5/time point; hUCBMNCs, n = 5/time point). (B) Percentage of BrdU positive hepatocytes. (C) Serum IL-22 levels in the hUCBMNCs group (n = 4/time point)
and the control group (n = 4/time point). (D,E)Western blotting results of proteins and relative protein expression in liver regeneration and apoptosis pathways, including
p-STAT3, STAT3, processed-caspase 3, pro-caspase 3, p-ERK, ERK, andGAPDH at 24 h (D) and 48 h (E) post CCl4 injection (n = 5/time point, experiments were
repeated for 3 times). The bars represent mean ± SEM.
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blotting (Figures 5C,D), and expression levels of LC3B-II and
p62 were significantly increased under hUCBMNCs treatment at
48 h (Figure 5E).

Blocking IL-22 Could Partly Impair the
Therapeutic Effects of hUCBMNCs
To confirm whether the upregulated peripheral IL-22 would
contribute to the promoted liver regeneration and enhanced
autophagy after hUCBMNCs treatment, we blocked peripheral
IL-22 by administrating neutralizing IL-22 antibody
synchronously. Liver H&E staining suggested that IL-22
neutralizing antibody impaired the therapeutic effects of
hUCBMNCs (Figure 6A).

Serum ALT and AST levels were higher in the anti-IL-
22 treatment group than that in the control group at 48h
(Figure 6B). In addition, the expression levels of regeneration-

related protein p-STAT3 were declined at 48h in anti-IL-22 mice
(Figure 6C). The expression levels of autophagy-related protein
p62 were also downregulated at both 24 and 48 hours after
treating with anti-IL-22 antibody (Figure 6C). There were no
significant differences of LC3B-II/LC3B-I (Figure 6C).

DISCUSSION

To our knowledge, the present study is the first investigation to
utilize hUCBMNCs to treat acute liver injury in mouse models
induced by DAMPs or PAMPs. The hepato-protective role of
hUCBMNCs was surprisingly found in CCl4/ConA-induced
acute liver injury model. We have provided the first evidence
that hUCBMNCs could alleviate DAMPs-induced liver injury
including CCl4-/ConA- except APAP-induced liver injury. The
hepatoprotective effects of hUCBMNCs were demonstrated as

FIGURE 5 | hUCBMNCs treatment enhanced hepatocellular autophagy at mRNA and protein levels. (A)mRNA levels of autophagy-related genes (ATG) in liver at
24 and 48h post CCl4 injection (n = 5/time point, experiments were repeated for 3 times). (B) Liver mRNA level of hypoxia inducible factor 1α (Hif1α) (n = 5/time point,
experiments were repeated for 3 times). (C,D)Western blotting results of proteins in autophagy pathway in the liver, including p-AMPK, AMPK, p62, LC3B-I and LC3B-II
at 24h (C) and 48h (D) post CCl4 injection (n = 5/time point, experiments were repeated for 3 times). (E)Relative protein expression of LC3B-II/LC3B-I, p62/GAPDH
at 24 and 48 h post CCl4 insult (n = 5/time point, experiments were repeated for 3 times). The bars represent mean ± SEM.
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intensified pro-regeneration and enhanced autophagy in the liver,
which turned out to be partly via upregulation of peripheral IL-22
level (Figure 7).

Cell therapies provide unprecedented opportunities for
intractable diseases and injury (Yamanaka, 2020). The
combined disciplines of cell and gene therapy and tissue
engineering, broadly known as regenerative medicine, have the

potential to revolutionize the treatment of diseases (De Luca et al.,
2019). Mesenchymal stem cells (MSCs) have been the main
subject of clinical trials for the functions of immunoregulation
(Tasso and Pennesi, 2009), differentiation potential (Musina
et al., 2006), pro-regeneration (Jackson et al., 2010), and anti-
infective property (Shaw et al., 2021). Both hUCBMNCs and
MSCs can be isolated from cord blood. hUCBMNCs have already

FIGURE 6 | Blocking IL-22 impaired the therapeutic effects of hUCBMNCs. (A). H&E staining (×40) and necrotic areas percentage of mice liver at 24 h, 48 h post
CCl4 injection in the anti-IL-22 group and the control group (4 mice each group). (B) Serum ALT and AST levels of mice at 24 h, 48 h post CCl4 injection in the anti-IL-
22 group and the control group (4 mice each group). (C) Expression of p-STAT3, p62, LC3B, and GAPDH of mice liver at 24 h, 48 h post CCl4 injection in the anti-IL-
22 group and the control group (4 mice each group, experiments were repeated for 3 times). The bars represent mean ± SEM.
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presented with immunoregulation function in a variety of
diseases (Alvarez-Mercado et al., 2008; Paton et al., 2019; Feng
et al., 2020; Li et al., 2020). In the present study, hUCBMNCs
treatment was revealed to play a protective role by improving
survival rate in DAMPs plus PAMPs-induced liver injury mice.
However, in PAMPs-induced liver injury mice, hUCBMNCs
showed no protective effects on mouse models with bacterial
infection including K.P. or S. Typhimurium, which indicated that
hUCBMNCs treatment might have beneficial effects on DAMP-
induced liver injury. Cell therapy as an emerging therapeutic
strategy has been applied for many intractable liver diseases, such
as acute liver injury, acute-on-chronic liver failure (Dwyer et al.,
2021), and diabetic hepatocyte damage in mice (Nagaishi et al.,
2014). It is reported that cells could successfully reach the liver
after administrating intravenously in mice (Starkey Lewis et al.,
2020). Several studies have shown that labeled cells can migrate to
the injured liver by APAP and alleviate liver injury (Resaz et al.,
2011; Nagaishi et al., 2014; Starkey Lewis et al., 2020). For
hUCBMNCs treatment, we have no evidence showing that
these cells would surely migrate to the liver in the present
study, and we will perform this in the further study with cell
labeling and tracking techniques.

CCl4- or APAP-induced acute liver injury mouse model is
the representative animal model of hepatotoxin-mediated acute
liver injury (Forbes and Newsome, 2016). The core pathological
processes in both models are oxidative stress and inflammatory
response (Reyes-Gordillo et al., 2017). In our study,
hUCBMNCs treatment exerted hepatoprotective effects on
CCl4-induced acute liver injury mice but could hardly
improve the necrosis in APAP-induced mice, which is

consistent with the effects of MSCs on APAP mice model
(Ryu et al., 2014). Nonetheless, hUCBMNCs treatment
indeed reduced the expression of p-ERK activation in the
pathogenesis of APAP-induced liver damage. This indicated
that hUCBMNCs could alleviate APAP-induced liver injury at
the protein level. For ALT levels, though there were no
statistically significant differences between the hUCBMNCs
treatment group and the control group in CCl4- or APAP-
induced liver injury mouse model, the elevated ALT levels could
demonstrate the liver damage in the two models. In CCl4-
induced liver injury model, ALT levels were elevated at 24 h
and reached a peak level at 48 h, which indicated that liver
damage already occurred at 24 h (Liu et al., 2015). However, in
APAP-induced liver injury, ALT levels were elevated at 6h in
our experiment. In fact, it was reported that serum ALT levels
were elevated at 0.5 h and reached the peak at 24h in APAP-
induced liver injury (Yi et al., 2021). Therefore, hepatic necrosis
can be found at 6 h in APAP-induced liver injury. However,
calculations based on the total amount of ALT in the damaged
liver indicate that the increase in the serum ALT activity cannot
be explained simply by leakage from necrotic cells (Hauss and
Leppelmann, 1958; Freidman and Lapan, 1964). Poor
correlation between the degree of necrosis and the magnitude
of serum ALT levels has often been reported (Rees and Sinha,
1960). Thus, hepatic histopathologic changes are always needed
as the gold standard to confirm liver necrosis (Khalifa and
Rockey, 2020). In liver H&E staining, the necrotic areas of mice
liver at 24h post CCl4 injection were significantly decreased in
the hUCBMNCs treatment group, though there was no
significant difference of ALT levels between the two groups.

FIGURE 7 | The working model for the protective roles of hUCBMNCs in acute liver injury/failure. hUCBMNCs treatment as a kind of cell therapeutic strategy could
attenuate CCl4-induced acute liver injury/failure in mice with hepatoprotective role, which is executed by enhancing autophagy and regeneration in the liver via inhibiting
inflammatory responses and upregulating peripheral IL-22.
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ConA-induced T-cell-mediated liver injury is a well-
established model for investigating autoimmune or viral
fulminant hepatitis with acute immune response playing a
pivotal role in mediating liver damage (Wang et al., 2012).
Immunosuppression therapy has an obvious effect on
autoimmune hepatitis (Mieli-Vergani et al., 2018). In the
present study, hUCBMNCs treatment demonstrated a
dramatic attenuation of ConA-induced liver injury. Unlike
hUCBMNCs in CCl4-induced liver injury, improved liver
function and necrosis were both shown in ConA-induced liver
injury. A previous study demonstrated that glucocorticoids, as
immunosuppressants, have opposing effects on CCl4-induced
liver injury and ConA-induced liver injury (Kwon et al.,
2014). hUCBMNCs, reported for the immunomodulatory
functions, showed hepatoprotective effects both on CCl4- and
ConA-induced acute liver injury in the present study. Therefore,
hUCBMNCs treatment would provide an alternative therapeutic
strategy in clinical practice. The underlying mechanism of
hUCBMNCs on ConA-induced liver injury needs to be further
explored.

Our study showed that hUCBMNCs alleviated the levels of
inflammatory responses and oxidative stress in the liver at 48 h
post-CCl4 injection. The process of oxidative stress induces cells
death involved a wide range of DAMPs (Jaeschke, 2011; Yang and
Tonnesseen, 2019), and then activates innate immune cells to
release abundant of inflammatory cytokines. The aggravation of
inflammatory response would contribute to systemic
inflammatory response syndrome (SIRS), and eventually lead
to multiple organ failures (Rolando et al., 2000). Our study
revealed that hUCBMNCs treatment alleviated both
inflammatory responses (II6, Tnfa, Ifng, II17a, II1b, Cxcl1,
Cxcr1, F4/80) and oxidative stress in CCl4-induced liver injury.
Further experiments uncovered that NADPH oxidase Duox2 and
Nox3, leading to accumulation of peroxides (Babior, 2004), were
also downregulated at mRNA levels at 48h in the hUCBMNCs
group. These results demonstrated the promising and inspiring
therapeutic values for acute liver injury of hUCBMNCs
treatment.

Besides, it was exciting that hUCBMNCs enhanced the
phosphorylation levels of STAT3 protein, which would
promote liver regeneration in CCl4-induced acute liver
injury (Gao, 2005). And BrdU staining also confirmed the
effect of pro-regeneration in hUCBMNCs treated mice at 48 h.
IL-6 is a critical pro-regenerative factor and acute-phase
inducer. IL-6 activates downstream signal through p-STAT3
in the liver, which confers resistance to liver damage (Schmidt-
Arras and Rose-John, 2016). However, it was reported that
mRNA and protein levels of IL-6 were both inhibited after
treatment of hUCBMNCs (Rosenkranz et al., 2012; Yu et al.,
2021), which are parallel to our study. The inhibition of IL-6
expression by hUCBMNCs in the early stage of liver injury
would theoretically lead to the inhibition of liver regeneration
which might be harmful for liver repair. However, the elevated
levels of serum IL-22 could partly illustrate the activation of
p-STAT3 in the liver. In addition, the attenuated
phosphorylation levels of STAT3 (p-STAT3) after blocking
peripheral IL-22 could partly demonstrate the pro-

regenerative effect of hUCBMNCs. IL-22, a member of the
IL-10 family, is mainly produced by innate lymphoid cells,
Th17 cells, and Th22 cells (Radaeva et al., 2004; Xiang et al.,
2012; Dudakov et al., 2015; Gao and Xiang, 2019). The
function of IL-22 is mainly mediated via the activation of
the Jak1/Tyk2-STAT3 pathway by binding to the
heterodimeric receptors of IL-22R1 and IL-10R2 (Kong
et al., 2013). IL-22 was mainly reported for its robust effects
of pro-regenerative and hepatoprotective roles (Pan et al.,
2004; Radaeva et al., 2004). Interestingly, compared to PBS
treatment, hUCBMNCs treatment upregulated serum IL-22 in
CCl4-induced liver injury mouse model, but downregulated
serum IL-22 in ConA-induced liver injury mouse model.
Considering that serum IL-22 was reduced to ~10 pg/ml in
the PBS treatment group, mildly elevated serum IL-22 in CCl4-
induced liver injury mice might possibly be secreted by
hUCBMNCs. It was reported that IL-22 was mainly
produced by lymphoid cells (Dudakov et al., 2015). Our
flow cytometry results of the constituents of hUCBMNCs
manifested that there were activated T cells in hUCBMNCs,
including NK cells and CD4+ T cells. These cells could secret
IL-22, which would contribute to the increased serum level of
IL-22 and the promoted liver regeneration at 48 h (Xiang et al.,
2020).

Autophagy is a crucial process for maintaining cellular
homeostasis (Dunlop et al., 2014), and many genes are
involved in autophagy regulation. We further explored the
expression of autophagy-related genes (ATG) in mouse liver.
The expression levels of Binp3, Pik3c3, Ctsb, Becn1, and Bnip3l
were significantly elevated under the treatment of hUCBMNCs.
Among these targets, BECN1 and PIK3C3 are involved in the
initiation of autophagy (Feng et al., 2014). BECN1 is reported as a
direct transcriptional target of STAT3, and the phosphorylation
of STAT3 after IL-6 administration could inhibit
BECN1 expression at mRNA and protein levels (Miao et al.,
2014). But in the present study, hUCBMNCs treatment promoted
the phosphorylation of STAT3 at 48 h and did not suppress
mRNA expression of BECN1. Further investigation is still
needed. BINP3 and BINP3L proteins are crucial for hypoxia-
induced autophagy (Bellot et al., 2009). Elevated HIF-1α has a
protective effect on hepatocytes in liver injury (Khan et al., 2017).
hUCBMNCs treatment promoted the expression of HIF-1α.
BNIP3, a HIF-1α interacting protein, which was known to
play a fundamental role in response to hypoxia (Zhang et al.,
2019), was also increased at the mRNA level after hUCBMNCs
treatment. LC3B-II protein, the cleaved and lapidated form of
autophagy protein LC3B, is a widely known marker of autophagy
(Dikic and Elazar, 2018). In our study, the expression of LC3B-II
and p62 was significantly enhanced. These elevated expression
levels of autophagy-related genes and autophagy proteins
strongly suggested that autophagy played a role in the
hepatoprotective effects after hUCBMNCs treatment.

In the present study, hUCBMNCs showed various effects on
CCl4-induced liver injury. In our opinion, hUCBMNCs treatment
might alleviate CCl4-induced liver injury through the elevation of
peripheral IL-22 (Figure 7). With low immunogenicity (Kang
et al., 2020), hUCBMNCs are more convenient to obtain from
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cord blood compared to MSCs, and the functions of hUCBMNCs
with anti-inflammation, pro-regeneration and enhancement of
autophagy in CCl4-induced hepatotoxin-mediated liver injury
highlight that hUCBMNCs could be an alternative optimal cell
therapy strategy for patients with liver injury or liver failure.
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in hypercholesterolemic rats
through the ROCK/AMPK
pathway
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Paeoniflorin (PF) is the main active component in Paeonia lactiflora Pall, and it

has multiple effects. However, the precise mechanism of PF in

hypercholesterolemia is unclear. In this study, rats were either fed a high-

cholesterol diet (HCD) for 4weeks to establish the hypercholesterolemicmodel

or administered normal saline or PF (20 mg/kg/day). PF significantly reduced

liver weight and the liver index. PF reduced hepatic lipid deposition and

inflammation, improved serum lipid metabolism, and significantly inhibited

serum and hepatic oxidative stress and the inflammatory response. PF

treatment caused a marked decrease in the phosphorylated myosin

phosphatase target subunit (p-MYPT)-1, nuclear sterol regulatory element-

binding protein-1c (SREBP-1c), fatty acid synthase (FAS) levels, and an

increase in the low-density lipoprotein receptor (LDLR) and phosphorylated-

AMP-activated protein kinase (p-AMPK). Thus, PF could alleviate liver injury in

hypercholesterolemic rats, and the specific mechanism may be related to the

antioxidant, anti-inflammatory properties, and ROCK/AMPK/SREBP-1c

signaling pathway.

KEYWORDS

paeoniflorin, rho kinase (ROCK), AMPK, anti-inflammation, anti-oxidation,
hypercholesterolemia

Introduction

Hypercholesterolemia is a lipid metabolic disorder characterized by an increase in

blood cholesterol, particularly low-density lipoprotein cholesterol (LDL) (Csonka et al.,

2016). Epidemiological studies indicated that dietary habits such as intake of foods

containing excessive saturated fats and cholesterol are the risk factors for

hypercholesterolemia (AlSaad A. M. et al., 2020). Hypercholesterolemia is an

important cause of obesity, atherosclerosis, and nonalcoholic fatty liver disease

(NAFLD). In 2015, the World Health Organization reported that approximately 4.5%
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of global deaths worldwide were due to hypercholesterolemia.

Thus, it is significant to find effective drugs to treat

hypercholesterolemia.

The pathogenesis of hypercholesterolemia remains unclear,

and oxidative stress and the inflammatory response are often

mentioned as key factors (Zhang et al., 2022). Studies have shown

that excessive accumulation of cholesterol in the blood leads to

increased reactive oxygen species (ROS) production (Li et al.,

2020), and these highly reactive species mediate low-grade

inflammation (Reyes-Gordillo et al., 2017) (Liao et al., 2021)

(Incalza et al., 2018). Systematic oxidative stress and

inflammatory response impair lipid metabolism, and thus,

lipids accumulate in the liver (Abbasi et al., 2021). Therefore,

reducing the oxidative stress and the inflammatory response is an

important strategy to reduce hepatic lipid deposition and protect

the liver in hypercholesterolemic rats.

An increasing amount of evidence showed that Rho kinase

(ROCK) is closely related to oxidative stress and the

inflammatory response (Zhang et al., 2019; Matoba et al.,

2020). Fasudil, a ROCK inhibitor, inhibits ROCK activation

and reduces oxidative stress and the inflammatory response in

hypercholesterolemic rats (Ma et al., 2011a; Ma et al., 2011b). A

recent study reported that hepatic ROCK suppresses AMP-

activated protein kinase (AMPK) activity, and the ROCK/

AMPK pathway is required to mediate hepatic lipogenesis

during overnutrition (Huang et al., 2018). A large amount of

evidence showed that activating the AMPK pathway can improve

lipid deposition through the key downstream pathway in NAFLD

(Xiao et al., 2019; Huang et al., 2021). Sterol regulatory element-

binding protein-1c (SREBP-1c) is downstream of the AMPK

pathway and plays an important role in gene expression related

to intracellular lipid synthesis such as fatty acid synthase (FAS)

(Mohammadi et al., 2020). At the same time, the activation of

AMPK can increase the level of low-density lipoprotein receptor

(LDLR) protein to regulate cholesterol homeostasis (Li et al.,

2021). Taken together, ROCK inhibition and AMPK activation

are potential targets to reduce oxidative stress, the inflammatory

response, and hepatic lipid deposition in hypercholesterolemia.

Paeoniflorin (PF) has well known for pharmacological effects

such as anti-inflammatory, anti-oxidation, reduces lipid

deposition (Ma et al., 2020). Our previous studies showed that

PF could reduce oxidative stress and the inflammatory response

and improve hepatic lipid metabolism in NAFLD rats induced by

high-fat diet (HFD) (Ma et al., 2017). However, the beneficial

effects of PF on liver damage induced by hypercholesterolemia

and the potential molecular mechanism remain unclear. We

investigated whether PF reduces oxidative stress and

inflammation response and improves lipid metabolism by

inhibiting ROCK activation, and in turn, influencing the

AMPK/SREBP-1c/FAS pathway. In this study, we established

a hypercholesterolemic rat model using a high-cholesterol diet

(HCD) to explore the hepatic protection effect and potential

mechanism of PF in hypercholesterolemia.

Materials and methods

Materials

PF (purity 98%) (Figure 1) was purchased from Nanjing

Zelang Pharmaceutical Technology Co., Ltd. (Nanjing, China).

Cholesterol was purchased from Beijing Solarbio Science and

Technology Co., Ltd (Beijing, China). The normal diet and HCD

were provided and supervised by Hebei Medical University

(Shijiazhuang, China). Myosin phosphatase target subunit

(MYPT)-1 and phosphorylated MYPT (p-MYPT)-1 primary

antibodies were purchased from Affinity Biosciences Ltd.

(Jiangsu, China), AMPK and phosphorylated-AMPK

antibodies were purchased from Shanghai Abways

Biotechnology Co., Ltd. (Shanghai, China), LDLR, SREBP-1c,

and FAS antibodies were purchased from Jiangsu Affinity

Biosciences Co., Ltd (Jiangsu, China), glyceraldehyde 3-

phosphate (GAPDH) antibodies were purchased from

Bioworld Technology, lnc. (Nanjing, China). Secondary

horseradish peroxidase (HRP) antibodies were purchased from

Shanghai Abways Biotechnology Co., Ltd. (Shanghai, China).

Animals and experimental design

Forty specific pathogen-free male Sprague–Dawley (SD)

rats, weighing 180–200g, were provided by Hebei Medical

University (Shijiazhuang, China). All rats were housed in

cages under standard conditions (e.g., kept at room

temperature, 24 ± 2°C) with free access to food and water.

All animal handling procedures were performed in

accordance with the 1996 National Institutes of Health

Guide for the Care and Use of Laboratory Animals and

approved by the Ethics Committee for Animal Experiments

at the Hebei University of Chinese Medicine (approval

number: DWLL2020008).

FIGURE 1
The general structure of paeoniflorin.
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Forty rats were randomly allocated to four groups (n =

10 per group), as follows: normal control group (NC), PF-

treated control group (NPF), model group (MOD), and PF-

treated model group (MPF). The NC group and NPF group

were fed with normal diet, MOD group and MPF group were

fed with HCD (HCD composition: protein 18%, fat 4%, fiber

5%, ash 8%, water 10%, cholesterol 2%, cholic acid 0.5%, total

energy 1780 kcal/kg) for 4 weeks. Within 4 weeks of HCD

feeding, both NPF group and MPF group were administered

PF (20 mg/kg/day) orally (Ma et al., 2017), and the NC and the

MOD groups were administered the same volume of normal

saline orally. Food intake was monitored daily and body

weight was measured weekly during the experiment. After

4 weeks, rats were fasted for 12 h, weighed, and then

intraperitoneally injected with pentobarbital (40 mg/kg) for

anesthesia. Blood was collected from the femoral artery and

the serum was immediately centrifuged for separation. The

liver appearance was observed, quickly removed, weighed, and

the liver index was calculated (liver weight/body weight ×

100%). The same part of the liver was fixed in 4%

paraformaldehyde, while the rest of the liver was

temporarily stored in liquid nitrogen and stored in a −80
°C freezer until subsequent experimentation.

Preparation of liver homogenate

Liver tissue from each group was accurately weighed and

ground in a homogenate medium. After centrifugation at

2,500 rpm for 10 min, the supernatant was removed for analysis.

Detection of biochemical indicators in
serum and liver

According to the kit instructions, serum and liver

homogenates were used to detect total cholesterol (TC),

triglycerides (TG), LDL, and high-density lipoprotein

cholesterol (HDL) levels. Serum aspartate aminotransferase

(AST) and alanine aminotransferase (ALT) activity were also

detected. The above kits were purchased from Nanjing Jiancheng

Bioengineering Institute Co., Ltd. (Nanjing, China).

Detection of inflammation indicators in
serum and liver

Enzyme-linked immunosorbent assays were used to detect

serum and hepatic C-reactive protein (CRP), tumor necrosis

factor (TNF)-α, interleukin (IL)-1β, and IL-6 levels in serum and

liver according to the kit instructions. The above kits were

purchased from Hangzhou Lianke Biotechnology Co., Ltd

(Hangzhou, China).

Histological changes in the liver

From each rat, the same part of the liver tissue was fixed in 4%

paraformaldehyde for over 48 h. The liver sample was dehydrated in

gradient alcohol, embedded in paraffin wax, and then sliced into 4-

μm thick sections and stained with hematoxylin-eosin (H and E) for

observation. Each section was observed with a microscope

at ×200 magnification (Leica DM4000B, Solms, Germany).

The frozen liver tissue was sliced into 8-μm thick sections

using a cryomicrotome (Thermo Fisher Scientific Inc,

Massachusetts, United States), fixed in fixing solution

(Servicebio Technology Co., Ltd, Wuhan, China) for 15 min,

and stained with oil red O solution (Servicebio Technology Co.,

Ltd, Wuhan, China) for 15 min, The liver tissues were washed

with 60% isopropanol, and then the nuclei were then stained with

hematoxylin staining solution (Servicebio Technology Co., Ltd,

Wuhan, China). The slices were observed, and photos were taken

using an optical microscope (Olympus, Tokyo, Japan).

Detection of oxidative stress indicators in
serum and liver

According to the kit instructions, the prepared serum and

liver homogenates were used to detect superoxide dismutase

(SOD) and catalase (CAT) activity and the malondialdehyde

(MDA) and glutathione (GSH) content. The above kits were

purchased from Nanjing Jiancheng Bioengineering Institute Co.,

Ltd. (Nanjing, China).

We used a dihydroethidium (DHE) probe to measure the

ROS fluorescence intensity in the liver tissues in each

group. Frozen fresh liver tissue was taken and sliced under

freezing conditions for ROS detection. The frozen section was

rewarmed at room temperature to control the water content.

Spontaneous fluorescence quenching reagent (Servicebio

Technology Co. Ltd., Wuhan, China) was added and

incubated for 5 min followed by rinsing with running water

for 10 min. ROS staining solution (Sigma, St. Louis, MO,

United States) was added and incubated in a light-proof

incubator at 37°C for 30 min. After the slides were cleaned

with PBS, DAPI solution was added and incubated at room

temperature without light for 10 min. The liver tissue slices were

washed again with PBS, dried, and sealed with an anti-fade

mounting medium. The sections were observed under a

fluorescence microscope (Nikon eclipse C1, Nikon, Japan),

and the images were collected.

Western blot analysis of protein
expression in liver

The frozen tissue was removed, and RIPA lysate

(Servicebio Technology Co., Ltd, Wuhan, China), protease
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inhibitor, and phosphorylated protease inhibitor (Boster

Biological Technology Co., Ltd. Wuhan, China) were

added, and the tissue was homogenated. After

centrifugation, the supernatant was extracted to prepare

protein samples. Nuclear protein was extracted according

to the instructions of the kit (Beyotime Biotechnology Co.,

Ltd. Shanghai, China) and used to detect the expression of

nuclear SREBP-1c. The equivalent protein sample or nuclear

protein sample was added to 8% sodium dodecyl sulfate-

polyacrylamide gel to undergo electrophoresis, and the

protein was then transferred to the polyvinylidene

difluoride (PVDF) membranes. After blocking with 5%

skimmed milk powder, the PVDF membrane was

incubated overnight with the following antibodies:

p-MYPT-1, MYPT-1, p-AMPK, AMPK, LDLR, SREBP-1c,

FAS, or GAPDH at 4 °C. After cleaning the primary antibody,

the membranes were incubated with the corresponding

secondary antibody and then treated with the Super ECL

detection reagent (Yeasen Biotechnology Co., Ltd. Shanghai,

China). The obtained bands were analyzed using Vision Capt

software (Kunming Beijie Technology Co., Ltd. Kunming,

China).

Statistical analysis

Results are presented as the mean ± standard error of the

mean (S.E.M.). Data analysis was conducted using the GraphPad

Prism 8.0.1 software package for Windows (GraphPad Software,

America). We first tested the data’s normality and homogeneity

of variance. The differences among the four groups were then

estimated using a one-way analysis of variance followed by

Tukey’s post-hoc test. p < 0.05 was considered to be

statistically significant.

Results

Effect of PF on body weight, and food
intake

As shown in Figure 2, the weight of rats in the MOD

group was significantly higher than that in the NC group (p <
0.05). There was no obvious difference in body weight

between the MOD and MPF groups or between the NPF

and NC groups, indicating that PF had no significant

influence on the weight of the rats. Additionally, food

intake did not change significantly during the treatment.

Therefore, we excluded the anorexia effect of PF on

hypercholesterolemia.

Effects of PF on lipids level in serum

Serum lipid levels are presented in Figure 3. In the MOD

group, the serum levels of TC, TG, and LDL were markedly

higher than those in the NC group, and the HDL level was

markedly lower than those in the NC group (all p < 0.05).

After PF treatment, the serum TC, TG, and LDL levels were

markedly decreased, and the serum HDL level was

significantly increased (all p < 0.05). Among the above

indicators, there were no differences between the NC and

NPF groups.

Effects of PF on oxidative stress indicators
in the serum and liver

Compared with the NC group, SOD and CAT activity and

the GSH content in the serum and liver in the MOD group

FIGURE 2
Effects of paeoniflorin (PF) on bodyweight, and food intake. (A)Weight changes for rats in the four groups during the treatment with PF. (B) Food
intake of each rat in the four groups during the treatment with PF. The liver samples were obtained from the normal control group (NC), PF-treated
control group (NPF), model group (MOD), and PF-treated model group (MPF). Data are presented as the mean ± S.E.M (n = 10). *p < 0.05 vs. NC and
#p < 0.05 vs. MOD.
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showed an obvious decrease. The serum and liver MDA content

also increased significantly (all p < 0.05). PF treatment could

increase SOD and CAT activity and the GSH content and

decrease the MDA content (all p < 0.05) (Figures 4A–D).

Compared to the NC group and the NPF group, there were

no apparent differences.

For liver ROS sections, we used the DHE probe to detect ROS

expression in liver tissue. Compared with the CON group, the

MOD group had a higher fluorescence intensity. However, after

PF treatment, the fluorescence intensity decreased significantly,

which showed that PF could reduce ROS production in the liver

(Figure 4E).

Effects of PF on inflammatory cytokines in
the serum and liver

Serum and liver CRP, IL-1β, IL-6, and TNF-α levels in the

MOD group were considerably higher than those of the NC and

NPF groups (all p < 0.05). After PF treatment, these levels were all

distinctly decreased (all p < 0.05) (Figure 5). There was no

statistically significant difference between the NC and NPF

groups.

Effects of PF on liver function and
histological changes in the liver

Serum ALT, AST, and the liver index are important

indicators reflecting liver injury. As shown in Figure 6A,

compared with the NC group, ALT and AST activity

showed an obvious increase in the MOD

group. Conversely, the MPF group showed lower of ALT

and AST activity (both p < 0.05). Compared with the NC

group, the liver index in the MOD group was significantly

higher. PF treatment also significantly reduced the liver index

(p < 0.05) (Figure 6B).

Macroscopic observation showed that the livers of rats in the

NC and NPF groups were chestnut-colored, while livers in MOD

group rats were yellowish, butyrous, brittle, and larger than those

in the NC and NPF groups. The livers of rats treated with PF had

less histological damage than those of the MOD group

(Figure 6C).

Microscopically, H&E staining of liver tissue showed that

the NC and NPF group liver tissue had a normal structure with

hepatocytes showing healthy nuclei and parenchymal

structure, but the rats of the MOD group showed obvious

fatty changes and inflammatory cell infiltration in liver

FIGURE 3
Effects of paeoniflorin (PF) on lipids level in serum. Serum levels of (A) TC, (B) TG, (C) LDL, and (D)HDL. Serum samples were obtained from the
normal control group (NC), PF-treated control group (NPF), model group (MOD), and PF-treated model group (MPF). Data are presented as the
mean ± S.E.M (n = 10). *p < 0.05 vs. NC and #p < 0.05 vs. MOD.
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sections. After PF treatment, liver lipid deposition and

inflammatory cell infiltration were significantly reduced

(Figure 6D).

To evaluate the effect of PF on liver lipid deposition, we used

oil red O staining to detect the lipid deposition in the livers of

each group. In Figure 3B, compared to the NC group, lipid

deposition was significantly increased in the MOD group. After

PF treatment, lipid deposition was significantly reduced in the

MPF group, indicating that PF could reduce liver lipid deposition

(Figure 6E).

FIGURE 4
Effects of paeoniflorin (PF) on oxidative stress indicators in the serum and liver. (A) Serum and liver SOD activity. (B) Serum and liver MDA
content. (C) Serum and liver CAT activity. (D) Serum and liver GSH content. (E) Representative reactive oxygen species (ROS) histologic slices in four
groups, (200×, scale bar = 100 μm). The serum and liver samples were obtained from the normal control group (NC), PF-treated control group (NPF),
model group (MOD), and PF-treated model group (MPF). Data are presented as the mean ± S.E.M (n = 10). *p < 0.05 VS. NC and #p <
0.05 VS. MOD.
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Effects of PF on lipids level in liver

As shown in Figure 7, in the MOD group, the liver levels of

TC, TG, and LDL were markedly higher than those in the NC

group, and the HDL level was markedly lower than those in

the NC group (all p < 0.05). The liver TC, TG, and LDL levels

were markedly decreased after PF treatment, and the liver

HDL level was significantly increased (all p < 0.05). Among

the above indicators, there were no differences between the

NC and NPF groups.

Effects of PF on protein expression related
to lipid metabolism in the liver

In Figure 8, LDLR protein expression in the MOD

group was down-regulated remarkably compared to the

NC group. After PF treatment, LDLR protein expression

was significantly increased (p < 0.05). FAS and nuclear

SREBP-1c protein expression in the MOD group was

considerably higher than in the NC group. After

treatment with PF, FAS and nuclear SREBP-1c protein

expression was down-regulated rapidly (p < 0.05). There

was no statistically significant difference between the NC

and NPF groups.

Effects of PF on p-MYPT-1/p-AMPK
protein expression in the liver

As shown in Figure 9, p-AMPK protein expression in theMOD

group was down-regulated remarkably compared to the NC

group. However, after treatment with PF, p-AMPK expression

was significantly up-regulated (p < 0.05). Compared with the NC

and NPF group, the MOD group rats had higher liver p-MYPT-

1 protein expression (p < 0.05), and PF treatment decreased its

expression in liver tissue (p < 0.05). There was no statistically

significant difference between the NC and NPF groups.

Discussion

At present, hypercholesterolemia is mainly treated by

lifestyle intervention and drugs. Therapeutic lifestyle

interventions include diet control, increased exercise, smoking

cessation, and alcohol restriction, etc. Drugs mainly include

statins, intestinal cholesterol absorption inhibitors, bile acid

chelators and other lipid-lowering drugs. Long term use of

these drugs often has hepatotoxicity and gastrointestinal

reactions. PF is the main active component of Paeonia

Lactiflora Pall and has the effect of hepatic protection, anti-

inflammation, anti-oxidation, and lipid metabolism. In our

FIGURE 5
Effects of paeoniflorin (PF) on inflammatory cytokines in the serum and liver. Serum and liver levels of (A) CRP, (B) IL-1β, (C) IL-6, and (D) TNF-α.
The serum and liver samples were obtained from the normal control group (NC), PF-treated control group (NPF), model group (MOD), and PF-
treated model group (MPF). Data are presented as the mean ± S.E.M (n = 10). *p < 0.05 vs. NC and #p < 0.05 vs. MOD.
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previous study, we used HFD feeding for 14 weeks to establish

NAFLD rat model and evaluate the insulin-sensitizing effect of

PF and possible molecular mechanisms. However, the beneficial

effects of PF on hypercholesterolemia-induced liver injury and

the underlying molecular mechanisms remain unclear. In this

study, we used the HCD for 4 weeks to establish the

hypercholesterolemic model, and we explored the mechanism

by which PF attenuated the development of

hypercholesterolemia in rats. PF could inhibit ROCK, activate

AMPK, and then inhibit the downstream SREBP-1c, FAS and

LDLR to play the role of antioxidant, and anti-inflammatory,

reducing lipid deposition and protecting the liver.

Because dietary intake of cholesterol is a critical factor in the

etiopathogenesis of hypercholesterolemia, it is common for the

HCD to induce hypercholesterolemia in rats (Cunha et al.,

2021). It was shown that rats fed a HCD for 4 weeks could be

used as an experimental animal model for

hypercholesterolemia, and these rats showed a significant

increase in blood cholesterol, especially LDL (Fidèle et al.,

2017). This showed that we were successful in establishing

the model for hypercholesterolemia in rats (AlSaad A. M. S.

et al., 2020). HCD can increase the serum lipid level, while

reducing the lipid level can alleviate hypercholesterolemia

progression. We also detected the levels of other lipids in

serum, including TC, TG, and HDL, and PF decreased

serum TC, TG, LDL, and HDL in hypercholesterolemic rats.

LDLR is widely expressed and is a key receptor for maintaining

cholesterol homeostasis. It has been confirmed that the majority

FIGURE 6
Effects of PF on liver function and histological changes in the liver. (A) Serum levels of ALT and AST activity. (B) Average liver index of rats in four
groups. (C) Representative photos of rat liver in four groups. (D) Representative H and E staining histologic slices in four groups, (200×, scale bar =
100 μm). (E) Representative oil redO staining histologic slices in four groups, (200×, scale bar = 100 μm). The serum and liver samples were obtained
from the normal control group (NC), PF-treated control group (NPF), model group (MOD), and PF-treated model group (MPF). Data are
presented as the mean ± S.E.M (n = 10). *p < 0.05 vs. NC and #p < 0.05 vs. MOD.
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of blood LDL-C is recognized and eliminated by the endocytic

cycle of LDLR in hepatocytes (Go and Mani, 2012; Yang et al.,

2020). We found that PF could up-regulate the expression of

LDLR, which may be one of the mechanisms of PF reducing

serum cholesterol level. The specific mechanisms of PF to

reduce blood lipids may be related to 3-hydroxy-3-methyl

glutaryl coenzyme A reductase (HMG-CoA) and

proliferator-activated receptor-alpha (PPAR-α). This is

consistent with the results of Hu et al. (Hu et al., 2017).

Hypercholesterolemia can cause oxidative stress and

inflammation. Excessive accumulation of cholesterol in the blood

can cause significant ROS accumulation and affect the redox

imbalance in tissues (Cammisotto et al., 2021). When the balance

between the production of free radicals and endogenous antioxidants

is destroyed, ROS is accelerated and leads to the oxidative stress

response (AlSaad A.M. et al., 2020). A large amount of cholesterol or

LDL accumulates in the blood and is deposited under the vascular

endothelium, which is usually accompanied by vascular endothelial

cell apoptosis and macrophage-dominated inflammation (Ma and

Feng, 2016). Endothelial cell apoptosis and dysfunction induces a

series of pro-inflammatory cytokines, which further aggravate the

inflammatory reaction (Hou et al., 2019; Rudnicka et al., 2021).

Macrophages phagocytose lipids are deposited under endothelial cells

to form foam cells, which undergo the oxidative phosphorylation

response. Massive lipid deposition in macrophages leads

mitochondrial dysfunction and accelerates ROS production. The

ROS converts LDL into a large amount of oxidized low-density

lipoprotein (ox-LDL), and ox-LDL can cause inflammation and

oxidative stress (Liao et al., 2021), which forms a vicious cycle.

Thus, we tested the indexes related to oxidative stress and

inflammation. The oxidative stress indexes showed that PF

reduced the liver ROS content and the serum and liver MDA

content and increased the serum and liver anti-oxidant indicators,

including SOD, CAT, and GSH. For inflammatory indicators, PF

decreased CRP, IL-1β, IL-6, and TNF- α in the serum and liver. This

indicated that PF could reduce oxidative stress and the inflammatory

response in hypercholesterolemic rats. These results are consistent

with the study conducted by Xie et al. (Xie et al., 2018).

Systematic oxidative stress and the inflammatory response

impair liver lipid metabolism, leading to liver lipid deposition in

hypercholesterolemia (Stefan et al., 2019). We observed the hepatic

pathological morphology usingH&E staining and oil redO staining.

We also determined the hepatic lipid content. The results showed

that PF improved the liver structure, reduced inflammatory cell

infiltration, and reduced lipid deposition in the liver. We also found

that PF treatment reduced serumALT andAST activity and the liver

index. This suggests that PF can improve liver lipid deposition and

protect the liver in hypercholesterolemic rats.

FIGURE 7
Effects of paeoniflorin (PF) on lipids in the liver. Hepatic levels of (A) TC, (B) TG, (C) LDL, and (D) HDL. The liver samples were obtained from the
normal control group (NC), PF-treated control group (NPF), model group (MOD), and PF-treated model group (MPF). Data are presented as the
mean ± S.E.M (n = 10). *p < 0.05 vs. NC and #p < 0.05 vs. MOD.
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An important reason for hepatic lipid deposition is the

increase of in situ lipid synthesis in the liver. SREBP-1c and

FAS are important regulatory factors for in situ lipid synthesis in

the liver. SREBP-1c is mainly expressed in the liver, and FAS is its

key downstream pathway. Studies have shown that, in diet-

induced obese mice, the effect of anti-hepatic steatosis is

achieved by inhibiting SREBP-1c activity (Mun et al., 2019).

The correlation between the inhibition of the SREBP-1c/FAS

pathway and the reduction of liver lipid synthesis has been fully

affirmed (Jiao et al., 2018; Fang et al., 2019). In this study, PF

treatment significantly inhibited the expression of SREBP-1c and

FAS, and finally reduced liver lipid deposition.

AMPK is the energy receptor of the body, and it plays a key

role in regulating lipid metabolism (Chen et al., 2017). As a

potential therapeutic target for metabolic diseases, AMPK is of

great significance in treating NAFLD (Carling, 2017; Day et al.,

2017). Activation of the AMPK pathway can inhibit the SREBP-1c

and FAS expression, and reduce liver lipids synthesis. A recent

study reported that ROCK is an upstream component of AMPK

signaling, and the hepatic ROCK/AMPK signaling cascade is a

crucial determinant of hepatic lipid synthesis (Sousa-Lima et al.,

2021). Studies have shown that ROCK inhibition can improve

hepatic steatosis and inhibit hepatic lipid synthesis (Huang et al.,

2018; Sousa-Lima et al., 2021). ROCK inhibition can also activate

AMPK and inhibit the downstream SREBP-1c and FAS, further

reducing hepatic lipid deposition (Tang et al., 2017; Huang et al.,

2018). Additionally,metformin, themost widely used anti-diabetes

drug, can reduce liver lipid accumulation by inactivating ROCK

(Özdemİr and Ark, 2021), which activates downstream AMPK

signal transduction. Moreover, the ROCK signaling pathway

regulates multiple biological functions throughout the body

(Priviero et al., 2010) and is closely related to oxidative stress

and inflammation. Our previous studies showed that inhibiting

hepatic ROCK could improve oxidative stress and the

inflammatory response in hypercholesterolemia (Ma et al.,

2011a; Ma et al., 2011c). In this study, we used the p-MYPT-

1 as a marker for ROCK activity (Innico et al., 2021), and we

showed that p-MYPT-1 is highly expressed in the liver of

hypercholesterolemic rats, which indicates that hepatic ROCK

pathway expression was increased. After PF treatment, we

found that p-MYPT-1 expression was significantly reduced,

which also showed that PF could reduce hepatic oxidative stress

and the inflammatory response, and these results are consistent

with our previous research. Future studies should address the

FIGURE 8
Effects of paeoniflorin (PF) on protein expression related to lipid metabolism in the liver. (A) Representative LDLR, nuclear SREBP-1c, and FAS
expression brands. (B–D) Grey value of western blotting bands. The liver samples were obtained from the normal control group (NC), PF-treated
control group (NPF), model group (MOD), and PF-treated model group (MPF). Data are presented as the mean ± S.E.M (n = 3). *p < 0.05 vs. NC, #p <
0.05 vs. MOD.
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regulation mechanism of PF on ROCK/AMPK signaling pathway

and clarify the target of PF.

Conclusion

In this study, we found that PF exerted anti-inflammation

and anti-oxidation, improved lipid deposition, and hepato-

protective effects in hypercholesterolemic rats. The specific

mechanism may be implemented through the ROCK/AMPK/

SREBP-1c/FAS pathway. These findings suggest that PF may be a

candidate drug for hypercholesterolemia, and further in-depth

study of its mechanism and clinical applications are required.
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Mechanism of hydroxysafflor
yellow A on acute liver injury
based on transcriptomics

Xiangmei Hou, Ziying Zhang, Yuehong Ma, Rong Jin, Bing Yi,
Dongdong Yang and Lijie Ma*

Inner Mongolia Key Laboratory of Molecular Biology, Inner Mongolia Medical University, Hohhot,
China

Objective: To investigate howHydroxysafflor yellow A (HSYA) effects acute liver

injury (ALI) and what transcriptional regulatory mechanisms it may employ.

Methods: Rats were randomly divided into five groups (n = 10): Control, Model,

HSYA-L, HSYA-M, and HSYA-H. In the control and model groups, rats were

intraperitoneally injected with equivalent normal saline, while in the HSYA

groups, they were also injected with different amounts of HSYA (10, 20, and

40mg/kg/day) once daily for eight consecutive days. One hour following the

last injection, the control group was injected into the abdominal cavity with

0.1 ml/100 g of peanut oil, and the other four groups got the same amount of a

peanut oil solution containing 50% CCl4. Liver indexes were detected in rats

after dissection, and hematoxylin and eosin (HE) dyeing was utilized to

determine HSYA’s impact on the liver of model rats. In addition, with RNA-

Sequencing (RNA-Seq) technology and quantitative real-time PCR (qRT-PCR),

differentially expressed genes (DEGs) were discovered and validated.

Furthermore, we detected the contents of anti-superoxide anion (anti-O2
−)

and hydrogen peroxide (H2O2), and verified three inflammatory genes (Icam1,

Bcl2a1, and Ptgs2) in the NF-kB pathway by qRT-PCR.

Results: Relative to the control and HSYA groups, in themodel group, we found

1111 DEGs that were up-/down-regulated, six of these genes were verified by

qRT-PCR, including Tymp, Fabp7, Serpina3c, Gpnmb, Il1r1, and Creld2,

indicated that these genes were obviously involved in the regulation of

HSYA in ALI model. Membrane rafts, membrane microdomains, inflammatory

response, regulation of cytokine production, monooxygenase activity, and iron

ion binding were significantly enriched in GO analysis. KEGG analysis revealed

that DEGs were primarily enriched for PPAR, retinol metabolism, NF-kB

signaling pathways, etc. Last but not least, compared with the control group,

the anti-O2
− content was substantially decreased, the H2O2 content and

inflammatory genes (Icam1, Bcl2a1, and Ptgs2) levels were considerably

elevated in the model group. Compared with the model group, the anti-O2
−

content was substantially increased, the H2O2 content and inflammatory genes

(Icam1, Bcl2a1, and Ptgs2) levels were substantially decreased in theHSYA group

(p < 0.05).

Conclusion: HSYA could improve liver function, inhibit oxidative stress and

inflammation, and improve the degree of liver tissue damage. The RNA-Seq
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results further verified that HSYA has the typical characteristics of numerous

targets and multiple pathway. Protecting the liver from damage by regulating

the expression of Tymp, Fabp7, Serpina3c, Gpnmb, Il1r1, Creld2, and the PPAR,

retinol metabolism, NF-kappa B signaling pathways.

KEYWORDS

acute liver injury, hydroxysafflor yellow A, RNA-sequencing, differentially expressed
genes, targets

1 Introduction

Acute liver injury (ALI) is associated with a rapid reduction

in liver enzymes (Tao et al., 2021), and it’s mechanism involves a

complicated interaction of hepatocyte degeneration,

inflammatory reaction, reactive oxygen species (ROS), necrosis

and apoptosis of hepatocytes (Yang et al., 2021). ALI is usually

caused by viral infections (Marra et al., 2021), drugs or alcohol

abuse (Oh and Park, 2015), and ingestion of toxic substances

(Allard et al., 2019). Liver disease is a major health problem with

a very poor prognosis, severe hepatic damage might result in liver

failure or death (Åberg et al., 2018). Currently, there are no

effective targeted drugs. Consequently, it is crucial to identify

critical molecular targets for ALI prevention. Hydroxysafflor

yellow A (HSYA), one of the most important active elements

of safflower (Guo et al., 2019), is mainly used in clinical for

coronary heart disease, cerebral ischemia-reperfusion,

hyperlipidemia and other diseases (Han et al., 2016; Zou

et al., 2018; Tan et al., 2020). It is reported that HSYA has the

ability to neutralize oxygen free radicals, prevent lipid

peroxidation and reduce inflammatory response (Li et al.,

2017). Other studies have shown that HSYA has numerous

biological roles, including anti-tumor, regulating glucose, lipid

metabolism, anticoagulation, and antihypertensive (Ao et al.,

2018). However, the mechanism related to the effect of HSYA on

ALI is not clear. Our previous research showed that safflower and

compound preparations with it had a very good mitigation effect

on ALI (LV et al., 2018; Lu et al., 2021), we suspect that HSYA is

one of the main protective components in safflower.

In recent years, RNA-Sequencing (RNA-Seq) has developed

rapidly, and with it’s advantages of high reproducibility,

accuracy, and extensiveness (Jiang et al., 2015), it has

gradually become a powerful tool for detecting genome-wide

transcriptional patterns such as differentially expressed genes

(DEGs), signaling pathways, novel transcripts, and disease

biomarkers in complex tissues or cells (Tran et al., 2015; Zang

et al., 2019). Rats were used to generate an ALI model caused by

carbon tetrachloride (CCl4) in this investigation, and the

Illumina NovaSeq 6000 high-throughput sequencing

technology was used to construct the corresponding

transcriptome library. Then the differential expression analysis

of genes and the functional annotation of GO and KEGG were

carried out. We attempted to estimate the associated targets of

HSYA on the protective impact of CCl4-induced ALI rats and

explore the associated mechanisms, providing a theoretical

foundation for future investigation.

2 Materials and methods

2.1 Main instruments and reagents

Automatic chemistry analysis instrument (Beckman

AU5800, BECKMAN COULTER, United States). HSYA

(purity > 98%) was obtained from Chengdu Zhibiao Pure

(Chengdu, China). The ALT, AST, ALP, SOD, MDA,

Hydrogen peroxide, Inhibition and produce superoxide

anion assay kits were from Nanjing Jiancheng (Nanjing,

China). TNF-α, IL-6, and IL-1β assay kits were from

Wuhan Gene Beauty (Wuhan, China). TRIzol reagent,

FastKing RT Kit, SYBR Premix Ex Taq were purchased

from Tiangen (Beijing, China). Other reagents possessed a

higher degree of analytical purity.

2.2 Animals and treatment

SPF-grade Wistar rats (male, 180–220 g) were obtained from

SPF Biotechnology Co., Ltd. (Beijing, China). The license number

for Animal Production: SCXK (Beijing) 2019-0010. All animals

were raised in the Laboratory Animal Center of Inner Mongolia

Medical University (20°C ± 2°C, 12 h day/night cycle). Before

beginning studies, animals were given adequate water and food

for 5 days to adapt to the animal center’s environment. The

experiments were conducted according to the Animal Welfare

Guidelines and approved by the Inner Mongolia Medical

University’s Animal Care and Use Committee (No.

YKD202001020). These animals were arbitrarily separated

into five categories (n = 10): Control, Model, HSYA-L,

HSYA-M, and HSYA-H. The modeling method was as

follows: in the control and model groups, rats were

intraperitoneally injected with equivalent normal saline,

and rats in HSYA groups were also injected with different

amounts of HSYA (10, 20, and 40 mg/kg/day) once daily for

eight consecutive days. One hour following the last injection,

the control group was injected into the abdominal cavity with

0.1 ml/100 g of peanut oil. Meanwhile, the other four groups

got the same amount of a peanut oil solution containing 50%
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CCl4. After 24 h, 150 mg/kg of sodium pentobarbital via

intraperitoneally to euthanize the rats, and serum and liver

tissues were collected for subsequent analysis.

2.3 Calculation of body mass, wet liver
weight, and liver index

After collecting blood samples, rats were killed. The whole

liver was immediately removed and put in ice-cold PBS, and then

we wiped off the water on the liver surface with filter paper to

calculate the liver index. Liver Index = Wet Liver Weight (g)/

Body Mass (g) × 100%.

2.4 Biochemical analysis

Using an automated biochemical analyzer and biochemical

assay kits, ALT, AST, and ALP levels were determined.

2.5 Enzyme-linked immunosorbent assay

The right lobe tissues of rats in all groups were washed with

normal cold saline, and 10% liver homogenate was prepared. The

supernatant was taken by centrifugation (4°C, 12,000 r/min, and

15 min), and the SOD activity, MDA and inflammatory

mediators (TNF-α, IL-1β, and IL-6) levels were measured as

per directions for kits.

2.6 Liver histopathological examination

The right liver tissues of rats for each group were preserved in

10% buffered formalin. The tissues were dehydrated, wax-

impregnated, fixed, sliced (4–5 m thick), with hematoxylin-

eosin staining (HE), and viewed under a light microscope for

histological liver alterations. The ratio between the necrotic area

of tissue and the whole visual field was calculated using Image-

Pro Plus 6.0 software.

2.7 Transcriptome sequencing

2.7.1 Total RNA extraction
Three liver samples were randomly selected from the

control, model, and HSYA-M groups (Note: the HSYA

group mentioned in the sequencing section only

represented the HSYA-M). In each group, the liver’s left

region was removed. After extracting total RNA, Agilent

2100 bioanalyzer was used to accurately detect the

concentration, total amount, and integrity of RNA.

2.7.2 Library preparation, quality inspection, and
sequencing analyses

Oligo (dT) magnetic beads were used to enrich PolyA-tailed

mRNA, which was subsequently fragmented. The first strand of

cDNA was produced using fragmented mRNA and random

oligonucleotide, whereas the second strand was generated by

DNA polymerase I, RNase H, and dNTP. After adding purified

cDNA to poly (A), Utilizing AMPure XP beads, a fragment of

300 bp was chosen for PCR amplification. PCR products were

refined, and the final library was obtained. Moreover, using the

Qubit 2.0 Fluorometer and Agilent 2100 Bioanalyzer, the filtered

sequences were assessed. Finally, on the Illumina NovaSeq

6000 equipment, 150-bp partnered reads were used for the

sequencing. These processes were operated by Beijing

novogene Bioinformatics Technology Co., Ltd.

2.7.3 Gene quality control
To obtain the clean reads with high quality, the sequencing

quality was assessed by fastp (version 0.19.7) software to remove

the adaptor sequence, reads from N (N indicates that the data

cannot be verified), which was >10% and poor quality reads

which was >50% bases from raw reads. Using the

HISAT2 program, the positional information of Reads in the

reference genome was acquired.

2.7.4 Differential expression analysis
The quantitative study of gene expression was performed

using the FeatureCount tool, and FPKM > 1 was used to define

gene expression. The DEGs comparison across two groups was

made using DESeq2 software, and DEGs with differential

expression multiples (|log2FC| ≥ 1) and p < 0.05 were

considered significantly DEGs. ClusterProfiler software was

used to examine the enrichment of GO and KEGG. p <
0.05 was deemed statistical significance.

2.7.5 Real-time quantitative PCR analysis
For establishing the validity of RNA-Seq, DEGs were

analyzed by qRT-PCR, GAPDH was used to standardize each

sample. The kit’s instructions were followed for total RNA

extraction, inverse transcription, and qRT-PCR tests.

Conditions for amplification were 95°C for 15 min, cycling at

95°C for 10 s, 60°C for 32 s, repeated 40 times. The 2−△△CT

method was used for quantification and analysis. Experiments

were repeated three times. Sangon Biotech (Shanghai, China)

synthesized the Primer combinations seen in Table 1.

2.8 Detection of anti-superoxide anion
and hydrogen peroxide

To further determine the effects of HSYA against

oxidative stress induced by CCl4, we have determined the
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contents of anti-superoxide anion (anti-O2
−) and hydrogen

peroxide (H2O2) in liver tissue of rats in each group, the

specific operation was carried out according to the kits’

instructions.

2.9 Statistical analysis

Using the GraphPad prism8 tool, statistical analyses were

conducted, the tests were provided as means ± standard

deviation (�x ± s), the number of samples is represented by

n. If the data satisfied the homogeneity tests of normality and

variance, using One-way ANOVA, several groups were

evaluated, while pairwise comparisons were conducted by

the LSD test. If the data only conformed or did not

conform to the normal distribution and/or did not satisfy

the homogeneity test of variance, a rank-sum test was used to

test rank count data. p < 0.001, p < 0.01, and p < 0.05 showed

statistical validity.

3 Results

3.1 Effects of hydroxysafflor yellow A on
liver morphology of CCl4-induced acute
liver injury in rats

As seen in Figure 1, in the control group, the hepatic of rats

was bright red, and the membrane surface was smooth and soft.

In contrast to the control group, in the model group, significantly

greater liver volume was witnessed, the surface of capsule was

rough, the texture was hard, and local rotten. Relative to the

model group, the hepatic volume in HSYA groups decreased

slightly smaller, the liver edge was slightly sharper, the surface

was slightly rougher, the texture was slightly harder. The overall

state was among the control and model groups.

3.2 Effects of hydroxysafflor yellow A on
body mass, wet liver weight, and liver
index

Weight loss and liver index increase might indicate liver

damage (Li et al., 2019). As observed in Figure 2, relative to the

control group, in the model group, the body mass of rats was

dramatically decreased (p < 0.05). Relative to the model group,

there was no significant change in the HSYA-L, but the body

mass of rats was dramatically increased in the HSYA-M and

HSYA-H groups (p < 0.01, p < 0.05). CCl4 significantly increased

rats’ wet liver weight and liver index (p < 0.001). Relative to the

model group, the wet liver weight and liver index of rats were

greatly diminished in the HSYA-M and HSYA-H groups (p <
0.01, p < 0.05). The results showed that HSYA could effectively

protect the liver.

TABLE 1 Primer sequences of DEGs to be measured.

Gene Forward primer Reverse primer

Tymp CCCTGGAAGTGGAAGAAGCGTTG CTGGTCTTGGGTTTCTGCCTGTC

Fabp7 TGTGATTCGGTTGGATGGAGACAAG CATAACAGCGAACAGCAACGACATC

Serpina3c GCTGTCCTCTGTGATGGCATACTG TGTGAAGTCAGTGTTGATGGAAGCC

Gpnmb AGATGCCAGAAGGAAGATGCCAAC GGGTCAGAAGCCAGCTCCAAATC

Il1r1 CTGCCGAGGCTTGTGACATCTTC CGACAGCAGAGGCACAATGAGAC

Creld2 AGAGGAACGAGACCCACAGCATC GCCGCACACTCATCTACATCCAC

Icam1 TGTCGGTGCTCAGGTATCCATCC TTCGCAAGAGGAAGAGCAGTTCAC

Bcl2a1 ATCCACTCCCTGGCTGAGAACTATC AAAGCAACTCTCTGTAGCACTCTGG

Ptgs2 CACATTTGATTGACAGCCCACCAAC AGTCATCAGCCACAGGAGGAAGG

GAPDH TCACCCCATTTGATGTTAGCG GCAAGTTCAACGGCACAGTCA

FIGURE 1
Morphology of liver tissues in each group.
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3.3 Effects of hydroxysafflor yellow A on
biochemical indicators

ALT, AST, and ALP are valuable biochemical indicators for

examining early hepatotoxicity (Ali et al., 2021). As seen in

Figure 3, relative to the control group, in the model group,

the ALT, AST, and ALP activities were dramatically increased

(p < 0.001, p < 0.01). In comparison with the model group, in the

HSYA-M and HSYA-H groups, the ALT and ALP activities were

considerably reduced (p < 0.001, p < 0.01), and the AST activity

in all HSYA groups were also obviously decreased (p < 0.001, p <
0.05). The above revealed that HSYA could prevent ALI caused

by CCl4.

3.4 Effects of hydroxysafflor yellow A on
oxidative indexes and expression levels of
inflammatory factors

Oxidative stress and inflammation are strongly associated

with the pathophysiology of ALI (Al-Dossari et al., 2020). To

analyze HSYA’s effects on CCl4-induced hepatic lipid

peroxidation and inflammatory response, we detected the

SOD activity, MDA and inflammatory factors (TNF-α, IL-1β,

and IL-6) expression levels. As seen in Figure 4, relative to the

control group, the SOD activity in liver tissues was dramatically

reduced, and the content of MDA and inflammatory factors

levels were considerably elevated in the model group (p < 0.001).

Relative to the model group, the SOD activity in liver tissues of all

HSYA groups was dramatically increased, MDA and TNF-α
levels in all HSYA groups were drastically reduced (p < 0.001,

p < 0.01, and p < 0.05), IL-1β and IL-6 levels in HSYA-M and

HSYA-H groups were also noticeably diminished (p < 0.01).

These findings demonstrated that HSYA might decrease

oxidative stress and inflammatory responses generated by CCl4.

3.5 Effects of hydroxysafflor yellow A on
the liver tissues pathology

As seen in Figure 5, the hepatic cords of rats in the control

group were neatly arranged, the hepatic lobules and nucleus were

visible without obvious inflammation, cell degeneration and

necrosis (Figure 5A). In the model group, the hepatic cords

were obviously disordered, the hepatic lobule structure mostly

was destroyed, the surrounding liver tissues showed vacuolar

degeneration, the major vein was surrounded by infiltrating

inflammatory mediators, and apoptotic bodies were standard

FIGURE 2
Effects of HSYA on Body Mass, Wet Liver Weight and Liver Index. (A) Body Mass; (B) Wet Liver weight; (C) Liver Index (�x ± s, n = 10). #p < 0.05,
###p < 0.001 vs. the control group; *p < 0.05, **p < 0.01 vs. the model group.

FIGURE 3
Effects of HSYA on Biochemical Indicators. (A) ALT; (B) AST; (C) ALP (�x ± s, n= 10). ###p < 0.001 vs. the control group; *p < 0.05, **p < 0.01, ***p <
0.001 vs. the model group.
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(Figure 5B). In the HSYA-L group, the hepatic cords of rats

were disordered, the boundary of hepatic lobules was not

clear, the liver cells showed obvious degeneration and

necrosis, moderate diffuse vacuolar degeneration, and

inflammatory infiltration was lighter than that in the model

group (Figure 5C). In the HSYA-H group, the hepatic cords of

rats were slightly disordered, it was easy to see the structure of

liver lobules, the liver cells were accompanied by mild edema

and steatosis, apoptotic bodies were occasionally seen around

the central vein, the inflammatory infiltration was

significantly reduced, and the pathological manifestations

of liver tissues tended to be normal (Figure 5E). The

FIGURE 4
Effects of HSYA on oxidative indexes and expression levels of inflammatory factors. (A) SOD; (B)MDA; (C) TNF-α; (D) IL-1β; (E) IL-6 (�x ± s, n= 10).
###p < 0.001 vs. the control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. the model group.

FIGURE 5
Effects of HSYA on the liver tissue pathology. (A) Control; (B) Model; (C) HSYA-L; (D) HSYA-M; (E) HSYA-H; (F) Hepatocyte necrosis quantified
(�x ± s, n = 3). ##p < 0.01 vs. the control group; *p < 0.05 vs. the model group.
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pathological changes in the HSYA-M group were between the

above two groups (Figure 5D). A quantitative analysis of

necrotic areas in liver tissue revealed that there was no

evidence of liver cell degeneration or necrosis around the

central vein of the liver in the control group. Compared with

the control group, the necrotic area of liver in the model group

was significantly increased (p < 0.01). In addition, compared

with the model group, except the HSYA-L group, the necrotic

area of liver in the HSYA-M and HSYA-H groups were

drastically reduced (p < 0.05) (Figure 5F).

3.6 RNA-sequencing data analysis

3.6.1 RNA-sequencing analysis
To elucidate the mechanism underlying how HSYA

performed a protective role in ALI, three liver samples of rats

were chosen at random from the control, model and HSYA-M

groups (the following is represented by the HSYA group) to

construct mRNA libraries. After the quality control of RNA-Seq

was qualified, the sequencing data in the three groups were

analyzed. As shown in Table 2, these data indicate that the

sequencing data are reliable.

3.6.2 Quantitative analysis of differentially
expressed genes

We detected the patterns of gene regulation in hepatic

tissue from control, model, and HSYA (HSYA-M) groups by

RNA-Seq. 1,591 DEGs were upregulated and 996 were

downregulated between control and model groups, whereas

413 were upregulated and 698 were downregulated between

HSYA and model groups (Figures 6A,B). To elucidate the

improvement mechanism of HSYA on ALI, further DEGs

screening has been carried out. According to the findings,

618 genes were elevated by CCl4 and downregulated by HSYA.

Meanwhile, 304 genes were downregulated by CCl4 and

elevated by HSYA (Figures 6C,D). We suspected these

genes are potential genes for HSYA to prevent CCl4-

induced ALI. Cluster analysis revealed substantial

differences between the three groups (Figure 6E).

TABLE 2 RNA-seq data analysis.

Group Clean_reads Total_map (%) Unique_map (%) Q30 (%) GC_pct (%) Exon (%) Intergenic (%)

Control 42515666 95.45 88.55 94.48 50.17 89.15 6.5

Model 42049237.33 95.58 89.27 94.52 50.56 88.49 7.32

HSYA 42794086 95.7 89.55 94.33 50.25 89.18 6.89

FIGURE 6
Quantitative analysis of DEGs. (A,B) Volcanic map of DEGs among groups; (C,D) Venn diagram of DEGs among groups; (E) Heat map among
liver tissues.
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3.6.3 Differentially expressed genes analyzed by
GO and KEGG

After obtaining the DEGs of HSYA in the pretreatment of

ALI, GO analysis was conducted on up- and down-regulated

DEGs. The 30 most enhanced GO phrases were selected for

analysis (p < 0.05). BP (Biological Process) analysis of the

upregulated DEGs has mainly exhibited enrichment for

icosanoid metabolic process, exogenous drug catabolic process,

fatty acid derivative metabolic process and so on; the

downregulated DEGs has mainly exhibited enrichment for

inflammatory response, regulation of cytokine production,

innate immune response, leukocyte migration and so on. The
CC (Cellular Component) analysis revealed the upregulated
DEGs were mostly found in the immunoglobulin complex,

FIGURE 7
DEGs were analyzed by GO and KEGG. (A) Analysis of 304 upregulated DEGs and 618 downregulated DEGs by GO; (B) Analysis of
304 upregulated DEGs and 618 downregulated DEGs by KEGG; (C) 296 altered pathways by CCl4 treatment were attenuated by HSYA pretreatment.
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neuronal cell body membrane and peroxisome; the
downregulated DEGs were mostly found in the membrane
raft, membrane microdomain, membrane region, etc. In terms
of MF (Molecular Function), the upregulated DEGs were mostly
concentrated on cofactor binding, monooxygenase activity, iron
ion binding, etc; the downregulated DEGs mainly focus on
receptor-ligand activity, double-stranded RNA binding,
chemokine receptor binding, etc. (Figure 7A). Additionally, we
did a KEGG analysis further to investigate the pathogenic
mechanism of HSYA pretreatment ALI and to identify the
pathways associated with the functions between Model vs.
Control and HSYA vs. Model. The top 20 signaling pathways
with the greatest enrichment were selected (Figure 7B). There
were 296 shared pathways among the enriched pathways between
Model vs. Control and HSYA vs. Model (Figure 7C). Among the
intersecting paths, Retinol metabolism, PPAR, NF-kappa B,
NOD-like receptor signaling pathways were observed; it is
hypothesized that HSYA pretreatments may influence ALI
with the above pathways.

3.6.4 qRT-PCR validation of differentially
expressed genes

The genes involved in the regulation of ALI by HSYA were

selected for qRT-PCR to estimate the mRNA expression levels.

Screening genes according to the following principles: The p

value should be much less than 0.05; genes ought to be highly

expressed, that is, the FPKM value of each sample should be at

least more than 20; 1.0 ≤ |log2FC| ≤ 3.0; the read count should be

relatively high. Based on the above filters, a total of

91 upregulated and 28 downregulated DEGs were selected.

The specifics of the top 10 DEGs that were upregulated or

downregulated by HSYA administration are reported in

Table 3. The first three upregulated DEGs and the first three

downregulated DEGs were selected for qRT-PCR verification, the

results are shown in Figure 8, compared with the control group,

Tymp, Fabp7, and Serpina3c mRNA levels were diminished

significantly in the model group (p < 0.01, p < 0.05),

meanwhile, Gpnmb, Il1r1, and Creld2 mRNA levels elevated

drastically (p < 0.001, p < 0.01, and p < 0.05). Tymp, Fabp7, and

Serpina3c mRNA levels were considerably higher in the HSYA

group than in the model group (p < 0.001, p < 0.01), Gpnmb,

Il1r1, and Creld2 mRNA levels were declined substantially (p <
0.01, p < 0.05). qRT-PCR corroborated that the same pattern in

the expression levels of DEGs that matched the RNA-seq data.

3.7 Effects of hydroxysafflor yellow A on
the reactive oxygen species and
inflammatory genes

As shown in Figure 9, two components of reactive oxygen

species (ROS) were determined. The findings revealed that

relative to the control group, the anti-O2
− content was

substantially decreased (p < 0.01), and the H2O2 content was

considerably elevated in the model group (p < 0.01). Relative to

the model group, the anti-O2
− content was substantially

increased (p < 0.01), and the content of H2O2 was

substantially decreased in the HSYA group (p < 0.001)

(Figure 9A). Moreover, we selected three inflammatory genes

in the NF-kB signaling pathway to confirm the exact role of

HSYA in CCl4-induced ALI. The results showed that the gene

expression levels of Icam1, Bcl2a1, and Ptgs2 in the model group

were significantly higher than those of the control group (p <
0.001, p < 0.01). In the HSYA group, Bcl2a1 and Ptgs2 expression

levels were significantly lower than that of the model group (p <
0.001, p < 0.01) (Figure 9B). Combined with the results in Section

3.4, it was further suggested that HSYA can protect the liver from

damage by inhibiting inflammatory response and oxidative

stress.

4 Discussion

HSYA is a water-soluble monomer component extracted

from safflowers that promotes blood flow, removes blood

clots, relaxes and activates tendons (Bai et al., 2020). CCl4
model is one of the classical models for inducing ALI, which

is often used to investigate hepatotoxicity and hepatic fibrosis, as

well as the hepatoprotective functions of pharmaceuticals and

natural substances (Zhao et al., 2020). The mechanism involves

TABLE 3 The top 10 up- and down-regulated DEGs in HSYA.

Gene ID Gene name Log2FC p adj

ENSRNOG00000032394 Tymp 1.896308884 1.23E-27

ENSRNOG00000000814 Fabp7 2.404946406 3.61E-26

ENSRNOG00000010410 Serpina3c 2.785841518 1.92E-19

ENSRNOG00000029993 Kynu 1.927743293 1.54E-13

ENSRNOG00000048874 Gckr 1.429194087 3.23E-13

ENSRNOG00000023116 Agmo 1.421670722 3.92E-12

ENSRNOG00000002878 Afm 1.210173494 6.98E-12

ENSRNOG00000001736 Bdh1 1.219810299 3.39E-11

ENSRNOG00000015438 Ces1f 1.527371 1.59E-10

ENSRNOG00000033010 Akr1c12 1.411245353 2.09E-10

ENSRNOG00000008816 Gpnmb −2.20580116 7.25E-08

ENSRNOG00000014504 Il1r1 −1.367891194 4.61E-07

ENSRNOG00000004659 Creld2 −1.849881578 1.22E-06

ENSRNOG00000015078 Ifitm3 −1.146379749 3.04E-06

ENSRNOG00000026605 Ifi27l2b −1.271733055 3.34E-06

ENSRNOG00000014117 Hmox1 −1.188417247 3.73E-06

ENSRNOG00000042499 Tmsb10 −1.300520436 5.21E-06

ENSRNOG00000049075 Fabp5 −1.077557324 6.01E-06

ENSRNOG00000007650 Cd63 −1.060319089 6.66E-06

ENSRNOG00000007089 Lgmn −1.108294769 8.02E-06
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oxidative stress, lipid peroxidation of the liver membrane,

inflammatory reaction, apoptosis, and necrosis of liver cells

(Li et al., 2021a). Rats were used in this research to construct

a CCl4-induced ALI model, and the liver protective activity of

HSYA was investigated. Using RNA-Seq to analyze the possible

effects of HSYA on ALI, provides a reliable basis for further

development of HSYA as a secure and reliable medication for

liver damage avoidance and therapy.

In the metabolic process of the body, CCl4 can generate CCL3
and CCl3O2 free radicals through the cytochrome P450 enzymes,

whichmay cause a structural collapse of liver cell membranes and

enhance their permeability, and large amounts of intracellular

enzymes, including ALT, AST, and ALP are released into the

bloodstream, resulting in liver damage (Guo et al., 2016; Susilo

et al., 2019). Consequently, the measurement of serum ALT,

AST, and ALP activity is an essential criterion for assessing ALI

(Xie et al., 2015).

Moreover, these ROS are capable of attacking fatty acids and

causing peroxidation (Li et al., 2019). As the metabolic end-

product of lipid peroxides, MDA can aggravate cell membrane

damage by destroying the function, structure, and metabolism of

biofilms (Lixin et al., 2019). SOD is the principal antioxidative

enzyme, which can transform free radicals into water and

molecular oxygen, thus reducing cell damage (Wu et al.,

2017). Therefore, MDA and SOD are often considered

sensitive oxidative stress indicators. Meanwhile, these free

radicals can induce inflammatory, with the release of

inflammatory factors, which accelerate the development of

liver injuries (Li et al., 2020). In this study, it was discovered

that HSYA considerably decreased the blood AST, ALT, and ALP

levels of CCl4-induced ALI in rats, alleviated the pathological

alterations of liver tissue, decreased the MDA content,

inflammatory factors (TNF-α, IL-1, and IL-6) levels, as well as

increased the SOD activity. These findings imply that HSYAmay

effectively prevent rats with ALI caused by CCl4.

The invention of RNA-seq technology facilitates the

investigation of the molecular basis of illness. Thus, RNA-Seq

was undertaken to study the DEGs and associated pathways after

HSYA pretreatment that might help in the prevention and

treatment of ALI by HSYA. We observed that HSYA

pretreatment reversed most genes changed by CCl4, such as

Tymp, Fabp7, Serpina3c, Gpnmb, Il1r1, Creld2, etc. But, these

genes have rarely been reported in ALI, so we performed qRT-

PCR verification for them, and explored whether HSYA

pretreatment exerts its functional role on ALI through these

genes.

FIGURE 8
Three upregulated DEGs and three downregulated DEGs mRNA expression levels (�x ± s, n = 3). #p < 0.001, ##p < 0.001, ###p < 0.001 vs. the
control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. the model group.

FIGURE 9
Effects of HSYA on the ROS and inflammatory genes. (A) The contents of Anti-O2

− and H2O2; (B) The expression levels of inflammatory genes
(�x ± s, n = 3). ##p < 0.001, ###p < 0.001 vs. the control group; **p < 0.01, ***p < 0.001 vs. the model group.
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Tymp (thymidine phosphorylase) is a nucleoside metabolism

enzyme induced by TNF-α, which is essential for angiogenesis,

cell apoptosis and multiplication (Schwartz et al., 2010; Elamin

et al., 2016). Earlier studies have shown that Tymp is

overexpressed and associated with tumor growth in a variety

of cancers (Marangoni et al., 2018; Ramadan et al., 2020; Gao

et al., 2021; Poortahmasebi et al., 2022). But our research,

compared to the control group, revealed that Tymp

expression was considerably down-regulated in the model

group, which could be reversed after HSYA intervention. The

reason why the model group’s Tymp expressions were lower,

despite the fact that the TNF-α expressions were greater in the

model group, remains unanswered. It’s the first research to

examine the Tymp expression in rats with ALI caused by

CCl4. Although the explanation of this surprising discovery is

unclear, it heavily implies that the livers of rats with ALI may

contain unique Tymp downregulation that are more efficient

than TNF-α. Zhao et al. (2018) confirmed that Tymp could

inhibit the purine, pyrimidine, and bile acid metabolism levels.

We suspected that the Tymp expression levels in rats with ALI

were inhibited by an increase in thymidine demand, but further

fundamental research is required to investigate this possibility.

Fabp7 is a fatty acid-binding protein of the brain type.

Recently, Zhang et al. (2013) reported that Fabp7 participates

in the absorption and transport of fatty acids, as well as the

control of other biological functions, like signal conduction,

proliferation, and differentiation. Last but not least, it also

performs a key function in oxidative stress resistance; lower

Fabp could induce hepatocyte injury by encouraging the

production of an abundance of ROS and initiating lipid

peroxidation. Prior studies have shown that the Fabp

expression decreased significantly after dexamethasone

feeding, and the change in Fabp level occurred before the

increase of hepatic and serum cholesterol levels,

demonstrating that Fabp is an indicator of early hepatic

damage (Rajaraman et al., 2007; Tu et al., 2021). Several

observations indicate that some hepatoprotective medications,

like clofibrate, diacerein, and icariin, can enhance the

antioxidative capability of damaged liver cells by inducing

Fabp expression, further reducing cell apoptosis and necrosis,

and improve liver function (Rajaraman et al., 2007; Liu et al.,

2014; Ibrahim et al., 2021). Consistent with the above reports, the

present study showed that Fabp7 was down-regulated in the

model group, and this process could be reversed after HSYA

intervention, suggesting that HSYA has a substantial beneficial

influence against CCl4-induced ALI. Its mechanisms may include

decreasing oxidative stress and improve Fabp7 expression.

In the rat, serpina3 was annotated as either serpina3k or

serpina3c (Sánchez-Navarro et al., 2022). It is crucial for

oxidative stress and inflammatory response, inflammatory

response, tumor angiogenesis, apoptosis, proliferation, and

migration (Yao et al., 2013; Jing et al., 2019; Ji et al., 2020;

Qian et al., 2021). Some studies have shown that serpina3c

participates in a series of pathophysiological processes:

metabolic diseases, vascular diseases, optic nerve injury, etc.

(Zheng et al., 2017; Choi et al., 2020; Qian et al., 2021). To

our knowledge, until now, there has been no functional study on

ALI-associated serpina3c. In the current experiment, serpina3c

expression was dramatically decreased in the model group,

whereas this decline was reversible with HSYA intervention.

This finding suggested that HSYA may inhibit peroxidation

and inflammation from protecting the liver from damage.

Nevertheless, the precise mechanism may be explored deeper.

Glycoprotein nonmetastatic melanoma protein b (Gpnmb)

contributes to osteoblast differentiation, inflammatory

regulation, and tissue remodeling (Li et al., 2010; Abdelmagid

et al., 2015; Nickl et al., 2021). Recently, some liver diseases have

been associated with the expression of Gpnmb, such as ALI,

cirrhosis, and alcohol-associated hepatitis (Onaga et al., 2003;

Haralanova-Ilieva et al., 2005; Harris et al., 2022). Michalinos

et al. (2020) found that Gpnmb was upregulated in the liver and

kidneys following hepatic damage, but after treatment with

hepatoprotective drugs, its expression was significantly

decreased. Similar to the preceding outcomes, in this work, we

observed that HSYA could drastically reduce the hepatic

expression levels of Gpnmb in rats with CCl4-induced ALI,

suggesting that this gene may be a potential target for

intervention in ALI.

The interleukin-1 receptor (IL-1R) mediates several

physiologic activities of interleukin-1 (IL-1) to trigger a pro-

inflammatory immunological system (Anzaghe et al., 2019; Li

et al., 2021b). IL1R1 is overexpressed in some liver diseases, such

as ALI, liver fibrosis, and liver cancer (Gehrke et al., 2018; Dang

et al., 2020; Li et al., 2021c). The present study revealed that

IL1R1 expression was considerably higher in the model group

than in the control group, and obviously decreased after HSYA

intervention, suggesting that this gene may be utilized as a

diagnostic marker for ALI.

Creld2 is a ~50 kDa secretory glycoprotein (Oh-hashi et al.,

2009). Some studies confirmed Creld2 is the crucial gene and a

viable therapeutic target for hepatic steatosis and hepatocellular

carcinoma (Liu et al., 2019; Kern et al., 2021). In the current

research, compatible with the study of RNA-Seq, qRT-PCR

suggested that HSYA can reduce Creld2 levels in rats with

CCl4-induced ALI. Although no studies have reported the

correlation between Creld2 and ALI, Creld2 was discovered to

be a new ER stress-inducible gene (Oh-hashi et al., 2009). ERS is

closely related to ALI (Cai et al., 2022), so we suspected that this

gene is closely related to ALI, and HSYA may inhibit ERS by

regulating the expression of Creld2 to protect the liver from

damage.

The above transcriptomics results analyzed the DEGs in the

liver for CCl4-induced under HSYA pretreatment. RNA-Seq and

qRT-PCR studies yielded identical outcomes, supporting the

validity of RNA-Seq data. We speculate that these genes may

be the key genes for the diagnosis and prevention of ALI.
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Meanwhile, our investigation revealed that HSYA might exhibit

benefits for preventing ALI via numerous pathways, including

those linked to inflammation and lipid metabolism. Pathways

involved in inflammation include the TNF, NF-kappa B, NOD-

like receptor signaling pathways, and pathways involved in lipid

metabolism include retinol metabolism, and PPAR signaling

pathway. It has been reported that retinol metabolism and

PPAR signaling pathway are closely related to acute liver

injury (Chen et al., 2019; Yan et al., 2022).

According to the transcriptome results, we further explored

the exact possible mechanisms of HSYA on CCl4-induced ALI.

ROS are a group of highly reactive oxygen-containing

substances, mainly including anti-O2
−, hydroxyl radical (·OH

), and hydrogen peroxide (H2O2) (Moloney and Cotter, 2018).

Excessive ROS can induce oxidative stress in the liver and

inhibit antioxidant stress defense pathways (Zhou et al.,

2019). Some studies have confirmed that CCl4 leads to

necrosis and apoptosis of liver cells by increasing content of

ROS, thus causing ALI (Xu et al., 2022). Therefore, reducing

ROS contents is important for the prevention of CCl4-induced

ALI. In this study, we found that in the model group, the

content of H2O2 was significantly increased and the level of

anti-O2
− was markedly decreased. However, after HSYA

intervention, the phenomenon was able to be reversed.

Meanwhile, the inflammatory response was researched.

Inflammation plays an essential role in the process of ALI

(Huang et al., 2017). Moreover, we selected three inflammatory

genes in the NF-kB signaling pathway to confirm. The results

showed that the gene expression levels of Icam1, Bcl2a1, and

Ptgs2 in the model group were significantly higher than those of

the control group. In the HSYA group, Icam1, Bcl2a1, and

Ptgs2 expression levels were significantly lower than that of the

model group. Combined with the above detected indicators,

MDA, SOD and inflammatory factors (TNF-α, IL-1, and IL-6),

it was further suggested that HSYA can protect the liver from

damage by inhibiting inflammatory response and oxidative

stress.

5 Conclusion

In a word, HSYA may prevent CCl4-induced ALI through a

number of mechanisms, as predicted from RNA-Seq analysis and

experimentally confirmed. This research demonstrated that

HSYA ameliorated hepatic pathological damage and function;

the possible underlying molecular mechanism is that HSYA

protects the liver from damage by decreasing oxidative stress,

inflammatory response, regulating the Tymp, Fabp7, Serpina3c,

Gpnmb, Il1r1, Creld2, and other genes expression levels as well as

the retinol metabolism, PPAR, NF-kappa B, and NOD-like

receptor signaling pathways. This work may help us

comprehend the course of ALI and give a new proof that

HSYA prevents ALI. However, more testing is required to

confirm discovered genes and pathways.
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signal-regulating kinase 1 to
protect against liver ischemia/
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Background: Hepatic ischemia–reperfusion (I/R) injury is a major complication

leading to surgical failures in liver resection, transplantation, and hemorrhagic

shock. The role of cytokine macrophage migration inhibitory factor (MIF) in

hepatic I/R injury is unclear.

Methods: We examined changes of MIF expression in mice after hepatic I/R

surgery and hepatocytes challenged with hypoxia–reoxygenation (H/R) insult.

Subsequently, MIF global knock-out mice and mice with adeno-associated-

virus (AAV)-delivered MIF overexpression were subjected to hepatic I/R injury.

Hepatic histology, the inflammatory response, apoptosis and oxidative stress

were monitored to assess liver damage. The molecular mechanisms of MIF

function were explored in vivo and in vitro.

Results: MIF was significantly upregulated in the serum whereas decreased in

liver tissues of mice after hepatic I/R injury. MIF knock-out effectively

attenuated I/R -induced liver inflammation, apoptosis and oxidative stress in

vivo and in vitro, whereas MIF overexpression significantly aggravated liver

injury. Via RNA-seq analysis, we found a significant decreased trend of MAPK

pathway in MIF knock-out mice subjected hepatic I/R surgery. Using the

apoptosis signal-regulating kinase 1 (ASK1) inhibitor NQDI-1 we determined

that, mechanistically, the protective effect of MIF deficiency on hepatic I/R

injury was dependent on the suppressing of the ASK1-JNK/P38 signaling

pathway. Moreover, we found MIF inhibitor ISO-1 alleviate hepatic I/R injury

in mice.

Conclusion:Our results confirm that MIF deficiency suppresses the ASK1-JNK/

P38 pathway and protects the liver from I/R -induced injury. Our findings
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suggest MIF as a novel biomarker and therapeutic target for the diagnosis and

treatment of hepatic I/R injury.

KEYWORDS

MIF deficiency protects from hepatic I/R injury hepatic ischemia-reperfusion injury,
macrophage migration inhibitory factor, apoptosis signal-regulating kinase 1,
inflammation, apoptosis, oxidative stress

Introduction

Hepatic ischemia–reperfusion (I/R) injury is associated with

high morbidity and mortality in patients following liver trauma,

liver resection or transplantation, and can cause hemorrhagic

shock (Chen et al., 2021). Liver I/R injury accounts for up to 10%

of early transplantation failures in liver transplantation, although

surgical and allograft preservation techniques have been greatly

improved (Kong et al., 2021). Unfortunately, despite its profound

clinical importance, there are no effective treatments available for

liver I/R injury, and clinical therapy is mainly limited to the

prevention and control of risk factors (Guo et al., 2020; Guan

et al., 2021). Therefore, thorough understanding of the

underlying mechanisms and effective intervention measures to

limit I/R-induced liver damage are urgently needed.

The mechanisms of hepatic I/R injury are highly complex

and have been the focus of investigation for decades. Numerous

previous studies show that inflammation, highly reactive oxygen

species (ROS), nitrogen monoxide (NO) and cell death are the

most critical factors associated with pathophysiology of hepatic

I/R injury (Yuan et al., 2021; Zhang et al., 2021). During the

ischemic period, the impeded blood supply results in an

imbalance between metabolic supplements and demands, and

causes eNOS failure. In the reperfusion phase, reoxygenation of

the ischemic liver can stimulate the generation of excessive ROS

through activated nicotinamide adenine dinucleotide phosphate

oxidases. Meanwhile, the excess NO reacts with ROS to generate

peroxynitrite (ONOO-), resulting in endothelial dysfunction and

aggravating liver damage (Ferrer-Sueta and Radi, 2009; Zhang

et al., 2022). Additionally, reperfusion causes the infiltration of

neutrophils, macrophages and other inflammatory cells to the

ischemic liver. The intense oxidative stress and inflammatory

response can directly result in severe or even irreversible

apoptosis, tissue injury, and organ dysfunction (Zhou et al.,

2021a; Sahu et al., 2021). Therefore, determining strategies to

suppress inflammation, oxidative stress and apoptosis could

effectively ameliorate I/R-induced liver injury and contribute

to the identification of novel pharmacological interventions to

improve patient prognosis.

MIF was first discovered in 1966 as a pro-inflammatory

cytokine that retains macrophages at sites of inflammation by

preventing their random migration (Schindler et al., 2021). MIF

is widely expressed in many cell types including lymphocytes,

macrophages and non-immune cells such as hepatocytes,

endothelial, epithelial, and tumor cells (de Azevedo et al.,

2020). It is released from pre-formed storage pools when

stimulated by inflammation. In addition to promoting

inflammatory response, MIF displays various biological

activities such as pro-apoptotic (Zhao et al., 2020), pro-

oxidative-stress (Yang et al., 2020) and pro-angiogenic

functions (Xu et al., 2008). Moreover, MIF has been reported

to activate JNK and P38 in several disease, which play key roles

during hepatic I/R injury. However, the function of MIF in

hepatic I/R injury remains unknown.

The present study delineated that MIF plays an important

role in hepatic I/R injury by aggravating inflammation, apoptosis,

and oxidative stress in vitro and in vivo. Further molecular

experiments showed that MIF deficiency could inhibit

apoptosis signal-regulating kinase 1 (ASK1) activation and

downstream JNK and p38 signaling during hepatic I/R injury.

Our findings suggest MIF as a novel biomarker and therapeutic

target for the diagnosis and treatment of hepatic I/R injury.

Materials and methods

Animals

Male C57 BL/6 mice and MIF knock out (KO) mice (C57 BL/

6 background as previously described) (Zhu et al., 2020) aged

8–10 weeks (25 ± 2 g) were housed in a specific pathogen-free

(SPF) facility under a controlled environment with 12-h light/

dark photocycle (temperature, 23 ± 2°C). Food and water were

available ad libitum throughout the study period. Animals received

human care in adherence with the “Guide for the Care and Use of

LaboratoryAnimals”preparedbytheNationalAcademyofSciences

andpublishedbytheNational InstitutesofHealth(NIH;publication

86–23 revised in1985).All animal procedureswere approvedby the

Ethics Committee of The First Affiliated Hospital of Zhengzhou

University.Forstudies inMIFoverexpressioninliver,wetransduced

adeno-associatedvirus (AAV)8 systemcarryingGFPscramble (asa

negative control) or MIF (designed and synthesized by Hanbio,

Shanghai, China) intomice at a dose of 1 × 1012 vg (200 μl permice)

through tail-vein injection.

Murine model of I/R injury

Partial (70%) liver warm ischemia mouse model was

established as previously described (Chen et al., 2021).
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Briefly, mice were first anesthetized by pentobarbital sodium

(60 mg/kg; Sigma) and subjected to midline laparotomy. A

microvascular clip was used to clamp the left and middle

portal vein and hepatic artery branches to interrupt the blood

supply of the liver. After 1 h of ischemia, the clamp was

removed for reperfusion. After 6 h reperfusion, the animals

were sacrificed to collect liver and serum samples for further

analysis. The residual blood was discharged by portal vein

injection of normal saline. Part of the liver tissue was

stored in liquid nitrogen and then transferred to the

refrigerator at −80°C. Another part of liver tissue was

preserved in 10% formalin for pathological examination.

As a sham control group, mice underwent the same

surgical procedure but without vasculature clamping. To

inhibit MIF and ASK1 in mice, specific ASK1 inhibitor

NQDI-1 (Sigma; 10 mg/kg, dissolution by DMSO and

dilute with PBS to 1.25 mg/ml, 200 μl per mice) and MIF

inhibitor ISO-1 (MedChemExpress LLC; 3.5 mg/kg,

dissolution by DMSO and dilute with PBS to 0.44 mg/ml,

200 μl per mice) were intraperitoneally injected 2 h before the

ischemic surgery. The same volume of DMSO (diluted to

0.1% by PBS) was used as control (Xu et al., 2020; Liu et al.,

2021).

Serum aminotransferase activities

Serum concentrations of alanine aminotransferase (ALT),

aspartate aminotransferase (AST) and lactate dehydrogenase

(LDH) were detected using the ADVIA 2400 Chemistry

System (Siemens, Tarrytown, NY, United States) according to

the manufacturer’s protocols.

Liver hematoxylin and eosin and
immunohistochemical staining

H&E staining was used to assess the necrosis of the liver.

Paraffin-embedded sections of mouse liver tissues were

sectioned to 4 μm slides. After deparaffinization and

rehydration, the histomorphology analysis was carried out

using H&E staining. For IHC staining, liver samples were

dehydrated, paraffin embedded and sectioned to 4 μm slides.

After incubating with primary antibodies of CD68 (GB11067,

Servicebio, 1:50 dilution), Ly6g (GB11229, Servicebio, 1:

50 dilution), and BAX (GB11007-1, Servicebio, 1:50 dilution)

at 4°C overnight, the slides were washed and incubated with

appropriate secondary antibodies conjugated with HRP were

added for 1 h at room temperature. A 3,3′-diaminobenzidine

(DAB) (ZLI-9032, Zhongshan Biotech, Beijing, China) was

used to observed the sections followed by hematoxylin

counterstaining. Images were visualized using a light

microscope (Olympus, Tokyo, Japan).

TdT-mediated dUTP nick-end labeling
(TUNEL) staining

TUNEL staining was carried out to detect apoptosis in liver

tissues according to the manufacturer’s protocol (Roche,

11684817910) as described previously (Pan et al., 2021).

Enzyme-linked immunosorbent assay

The liver tissue sample was homogenized with homogenizer.

ELISA was performed to detect the oxidative stress related factors

malondialdehyde (MDA), superoxide dismutase (SOD),

Glutathione (GSH) (ab118970, Abcam, Cambridge,

United Kingdom) using commercial kits (MDA, ab118970,

Abcam, Cambridge, United Kingdom; SOD, CSB-E08556m,

CUSABIO, Wuhan, China; GSH, CSB-E13068m, CUSABIO,

Wuhan, China) following the manufacturer’s instructions.

RNA-seq analysis

Total RNA was isolated using mirVana miRNA Isolation Kit

(Ambion) followingthe manufacturer’s protocol. RNA integrity

was evaluated using the Agilent 2,100 Bioanalyzer (Agilent

Technologies, Santa Clara, CA, United States). The libraries

were constructed using TruSeq Stranded mRNA LTSample

Prep Kit (Illumina, San Diego, CA, United States) according

to the manufacturer’s instructions. Then these libraries were

sequenced on the Illumina sequencing platform (HiSeqTM

2,500 or Illumina HiSeq X Ten) and 125/150 bp paired-end

reads were generated. FPKM value of each gene was

calculated using cufflinks, and the read counts of each

genewere obtained by htseq-count. DEGs were identified using

the DESeq (2012) R package functions estimateSizeFactors and

nbinomTest.

Cell lines culture and treatment

The mouse AML12 hepatic cell line was purchased from the

Cell Bank of the Chinese Academy of Sciences. The cells were

cultured in Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% fetal bovine serum, and 1%

penicillin-streptomycin. For the hypoxia-reoxygenation (H/R)

model, cells were challenged with sugar-free, serum-free DMEM

under hypoxia conditions (1% O2, 5% CO2, and 94% N2) in a

modular incubator chamber (Biospherix, Lacona, NY,

United States). After hypoxia for 6 h, the hepatocytes were

returned to normal air conditions (95% air, 5% CO2) and

medium incubating 6 h for reoxygenation. The full-length

homo MIF cDNA was cloned into pHAGE-3×flag plasmids to

express Flag-tagged MIF, Flag-tagged recombinant proteins.
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Several siRNA sequences for MIF were designed, and the

knockdown sequences were constructed into the

pLKO.1 vector. The primers used in this study are listed in

Supplementary Table S3.

Reactive oxygen species measurement

ROS production in mouse liver tissues were detected by DHE

staining as previously described (Li et al., 2021).

Dihydroethidium (DHE) can freely enter cells through living

cells and be oxidized by ROS in cells to form oxyethidium;

Ethidium oxide can be incorporated into chromosomal DNA to

produce red fluorescence. In brief, fresh frozen liver sections

(8 μm) were immediately incubated with 5 μM dihydroethidium

(Invitrogen) at 37°C for 15 min. After the incubation, and then

visualized by using a fluorescence microscope (Olympus DX51).

Excitation and emission wavelength (DAPI ultraviolet excitation

wavelength 330–380nm, emission wavelength 420nm, blue light;

FITC excitation wavelength 465–495nm, emission wavelength

515–555 nm, green light; Cy3 excitation wavelength 510–560,

emission wavelength 590 nm, red light).

Quantitative real-time polymerase chain
reaction

The mRNA expression in liver tissues and cell samples were

detected using qRT-PCR as described previously (Chen et al.,

2021). TRIzol reagent (Invitrogen) was used to extract total RNA.

cDNA was reverse transcribed by using the HiScript® III RT

SuperMix for qPCR (+gDNA wiper) (Cat# R312, Vazme,

Nanjing, China) and qRT-PCR was performed with

ChamQTM SYBR qPCR Master Mix (Cat# Q311-02, Vazme,

Nanjing, China). The mRNA levels were normalized against ß-

actin expression. Primer sequences of the target genes are listed

in Supplementary Table S1.

Western blot

The protein levels in liver tissues and cell samples were

detected using Western blot analysis as previously reported

(Guo et al., 2020). Briefly, RIPA lysis buffer (65 mM Tris-HCl

pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5%

sodium deoxycholate and 0.1% SDS) with Protease and

Phosphatase Inhibitor Cocktail (04693132001; Roche) was

used to extract total proteins. Protein concentrations were

detected using the BCA Protein Assay Kit (23225; Thermo

Fisher Scientific) and were separated by SDS-PAGE,

transferred to a nitrocellulose PVDF membrane. After

incubation with primary and secondary antibodies, the blots

were performed with enhanced chemiluminescence (ECL)

reagents (170–5,061; Bio-Rad, Hercules, CA, United States)

and captured by the ChemiDoc XRS + System (Bio-Rad). All

the antibodies used in the western blot are listed in

Supplementary Table S2.

Statistical analysis

All data in the study was analyzed with SPSS (version 21.0,

IBM, Armonk, NY, United States) and expressed as the mean ±

SD. A two-tailed Student’s t test was used for comparisons

between two groups and one-way analysis of variance

(ANOVA) was used for comparisons between multiple

groups. p < 0.05 was considered statistically significant.

Results

MIF expression is significantly increased in
serum of mice subjected to hepatic I/R
injury

To analyze the correlation between MIF and liver I/R injury,

we assessed the expression of MIF after reperfusion in our mouse

and cell model. Using ELISA, we found that MIF levels in mice

serum and culture medium of AML12 hepatocytes was markedly

increased after I/R or H/R treatment (Figures 1A,B). We further

evaluated MIF protein expression in liver tissues after I/R injury

and AML12 hepatocytes challenged by H/R using western

blotting. Interestingly, we found that MIF protein expression

was significantly downregulated in vivo and in vitro (Figures

1C,D). We speculate that MIF is released into the serum or

medium after the hepatocytes are stimulated by I/R or H/R.

Taken together, these data suggest that MIF participates in the

regulation of hepatic I/R injury.

MIF exacerbates liver damage after
hepatic I/R injury

We next investigated whether MIF mediates hepatic I/R

injury using MIF KO mice and mice injected with AAV8 to

deliver MIF expression. MIF deletion or overexpression in the

liver was confirmed by western blot analyses (Figures 2A,B).

Notably, MIF deletion significantly reduced the elevated serum

levels of ALT and AST in mice subjected to liver I/R injury

compared with levels inWT control mice (Figure 2C). Compared

with the WT controls, considerably fewer necrosis was found in

the liver sections of MIF-KO mice after hepatic I/R injury as

assessed by hematoxylin and eosin staining (Figure 2D). We

further confirmed the role of MIF overexpression in liver I/R

injury. In contrast to MIF-KO mice, AAV-MIF mice exhibited

the opposite phenotype. Mice with MIF overexpression showed
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increased levels of AST and ALT in serum and more necrosis in

liver tissues compared with AAV-GFP control mice after hepatic

I/R injury (Figures 2E,F). These results suggest that MIF

deficiency protects against hepatic I/R injury.

MIF promotes inflammatory response
during hepatic I/R injury

During hepatic I/R injury, the inflammatory response plays a

pivotal role throughout the ischemia and reperfusion phases and

inhibition of inflammation can effectively alleviate liver I/R

injury (Zhang et al., 2019). As a proinflammatory cytokine,

we tested the role of MIF in the inflammatory response in

hepatic I/R injury. As shown in Figure 3A, MIF deficiency

significantly reduced gene expression of inflammatory factors

such as tumor necrosis factor a (TNFα), interleukin 6 (IL6),

interleukin 1b (IL1β), and monocyte chemoattractant protein-1

(MCP-1) in the liver of mice subjected to I/R injury compared

with the WT controls. Moreover, after liver I/R surgery,

immunohistochemistry staining revealed that the number of

inflammatory immune cells (CD68+ monocyte-macrophages

and Ly6g + neutrophils) in the liver of MIF-KO mice was

significantly decreased compared with those of their

counterparts (Figure 3B). In contrast, AAV-MIF mice showed

significantly higher expression of inflammatory cytokines and

more inflammatory-cell infiltration in the liver of mice

challenged by I/R (measured by qRT-PCR and IHC staining)

compared with AAV-GFP mice (Figures 3C,D). These

experiments suggest that MIF is an essential factor controlling

the inflammatory response during liver I/R injury.

MIF regulates apoptosis in hepatic I/R
injury

Cellular apoptosis is directly involved in liver damage during

hepatic I/R injury (Zheng et al., 2020). In our study, IHC and

TUNEL staining revealed that the number of apoptotic cells

significantly increased in WT mice after hepatic I/R injury, while

FIGURE 1
MIF expression is significantly increased in serum of mice subjected to hepatic I/R injury. (A) ELISA detection of MIF level in serum of mice at
6 and 12 h after hepatic IR surgery (n = 6 per group). (B) ELISA detection of MIF level in medium of hepatocytes subjected to H/R treatment (n = 3 per
group). (C) MIF protein expression in cultured hepatocytes challenged by H/R treatment. GAPDH served as the loading control. Representative of
three independent experiments. (D) MIF protein expression in the liver of mice at 6 and 12 h after hepatic IR surgery (n = 6 per group). GAPDH
served as the loading control. All data are presented as the mean ± SD. Levels of statistical significance are indicated as **p < 0.01. For statistical
analysis, one-way ANOVA with Bonferroni’s posthoc analysis or Tamhane’s T2 posthoc analysis and two-tailed Student’s t test were used.
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MIF deletion significantly suppressed hepatocyte apoptosis in

liver tissues (Figure 4A). Furthermore, the expression of

c-caspase 3 and the ratio between the pro-apoptotic protein

Bax and the anti-apoptotic protein Bcl-2 were also dramatically

reduced in the MIF-KO mice subjected to I/R injury (Figure 4B).

In contrast, MIF overexpression aggravated apoptosis during

hepatic I/R injury compared with the control mice, as

demonstrated by induction of Bax and TUNEL-positive

nuclei, a higher BAX/Bcl-2 ratio, and upregulation levels of

c-caspase 3 (Figures 4C,D). Collectively, these data suggest

that MIF deficiency suppresses liver apoptosis during hepatic

I/R injury.

FIGURE 2
MIF deficiency alleviates liver damage after hepatic I/R injury. (A)MIF protein expression in the liver of WT and MIF-KO mice. GAPDH served as
the loading control (n = 3 per group). (B)MIF protein expression in the liver of mice injected with AAV-GFP or AAV-MIF. GAPDH served as the loading
control (n = 3 per group). (C) Serum ALT/AST/LDH activities in WT and MIF-KO mice after hepatic IR surgery (n = 6/group). (D) Representative
histological HE-stained images and statistics showing necrotic areas in liver tissue from WT and MIF-KO mice after hepatic IR surgery (n = 6/
group). Scale bar, 100 μm. (E) Serum ALT/AST/LDH activities in the serum of AAV-GFP or AAV-MIF mice after hepatic IR injury (n = 6/group). (F)
Representative histological HE-stained images and statistics showing necrotic areas in the liver of AAV-GFP or AAV-MIF mice after hepatic IR injury
(n = 6/group). Scale bar, 100 μm. All data are presented as the mean ± SD. Levels of statistical significance are indicated as**p < 0.01 and n. s = not
significant. For statistical analysis, one-way ANOVA with Bonferroni’s post hoc analysis or Tamhane’s T2 post hoc analysis and two-tailed Student
t test were used.
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FIGURE 3
MIF promotes inflammatory response during hepatic I/R injury. (A) mRNA levels of proinflammatory factors (Tnfα, Il6, IL1β, and Mcp-1) in the
liver of WT andMIF-KOmice after hepatic I/R surgery (n = 4/group). (B) Representative CD68 and Ly6g IHC staining in the liver lobes of WT andMIF-
KOmice after hepatic I/R surgery (n= 4/group). Scale bar, 100 μm.Marked by black arrow. (C)mRNA levels of proinflammatory factors (Tnfα, Il6, IL1β,
andMcp-1) in the liver of AAV-GFP or AAV-MIF mice after hepatic I/R injury (n = 4/group). (D) Representative CD68 and Ly6g IHC staining in the
liver of AAV-GFP or AAV-MIF mice after hepatic I/R injury (n = 4/group). Scale bar, 100 μm. Marked by black arrow. All data are presented as the
mean ± SD. Levels of statistical significance are indicated as**p < 0.01 and n. s = not significant. For statistical analysis, one-way ANOVA with
Bonferroni’s post hoc analysis or Tamhane’s T2 post hoc analysis and two-tailed Student t test were used.
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FIGURE 4
MIF deletion suppresses apoptosis in hepatic I/R injury. (A) IHC staining of BAX and TUNEL staining in liver sections from WT and MIF-KO mice
after hepatic I/R surgery (n = 4/group). Scale bar, 100 μm of IHC staining and 50 μm of TUNEL staining respectively. Marked by black arrow. (B)
Western blot analysis of apoptosis-related molecules (BAX, BCL2 and C-Caspase-3) protein levels in the liver of WT and MIF-KO mice at 6 h after
hepatic I/R surgery. GAPDH served as a loading control (n= 3/group). (C) IHC staining of BAX and TUNEL staining in liver sections fromAAV-GFP
or AAV-MIF mice after hepatic I/R injury (n = 4/group). Scale bar, 100 μmof IHC staining and 50 μmof TUNEL staining respectively. Marked by black
arrow. (D)Western blot analysis of apoptosis-relatedmolecules (BAX, BCL2 and C-Caspase-3) protein levels in the liver of AAV-GFP or AAV-MIFmice
after hepatic I/R injury. GAPDH served as a loading control (n = 3/group). All data are shown as the mean ± SD. Levels of statistical significance are
indicated as **p < 0.01. For statistical analysis, one-way ANOVAwith Bonferroni’s post hoc analysis or Tamhane’s T2 post hoc analysis and two-tailed
Student t test were used.
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MIF aggravates oxidative stress in hepatic
I/R injury

During hepatic I/R injury, the accumulation of ROS

promotes several cellular processes that aggravate liver

damage, including metabolism disequilibrium, apoptosis, and

inflammation (Bi et al., 2019). Interestingly, we found that the

level of oxidative related factor MDA was significantly reduced,

whereas the anti-oxidative factors SOD and GSH were markedly

increased in the liver of MIF-KO mice subjected to hepatic I/R

surgery compared with those in WT control mice (Figure 5A).

Meanwhile, DHE staining showed that ROS production was

highly suppressed by MIF deficiency after I/R injury

(Figure 5B). However, AAV-mediated MIF overexpression

exacerbates oxidative stress in the livers of mice after hepatic

I/R injury compared with the AAV-GFP control mice, as

demonstrated by higher levels of MDA and ROS and lower

levels of SOD and GSH in liver (Figures 5C,D). These findings

indicate that MIF ablation inhibits oxidative stress in hepatic I/R

injury.

FIGURE 5
MIF ablation inhibits oxidative stress in hepatic I/R injury. (A) ELISA detection of MDA, SOD and GSH level in serum of WT and MIF-KOmice after
hepatic I/R surgery (n = 6 per group). (B) DHE staining in liver sections from WT and MIF-KO mice after hepatic I/R surgery (n = 4/group). Scale bar,
50 μm. (C) ELISA detection of MDA, SOD and GSH level in serum of AAV-GFP or AAV-MIF mice after hepatic I/R surgery (n = 6 per group). (D) DHE
staining in liver sections from AAV-GFP or AAV-MIF mice after hepatic I/R surgery (n = 4/group). Scale bar, 50 μm. All data are shown as the
mean ± SD. Levels of statistical significance are indicated as **p < 0.01. For statistical analysis, one-way ANOVAwith Bonferroni’s post hoc analysis or
Tamhane’s T2 post hoc analysis and two-tailed Student t test were used.
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MIF knock-down protects hepatocytes
from H/R injury

We further evaluated the function of MIF in

AML12 hepatocytes challenged by H/R stimulation. We used

MIF siRNA and MIF expression plasmids to establish MIF-

knockdown or MIF-overexpressing hepatocytes, respectively.

Compared with the control group, MIF knockdown markedly

inhibited hepatocyte inflammation, apoptosis and oxidative

stress after H/R challenge, as determined by RT-PCR

detecting inflammatory cytokines (TNFα, IL6, IL1β and

MCP-1) (Figure 6A), ELISA detecting oxidative stress factors

(MDA, SOD and GSH) (Supplementary Figure S6A), and

western blot detecting c-caspase3, BAX, and Bcl-2

(Figure 6B). However, hepatocytes transfected with Flag-MIF

exhibited exacerbated inflammation, apoptosis and oxidative

FIGURE 6
MIF knock-down protects hepatocytes from H/R injury. (A) The mRNA levels of proinflammatory factors (Tnfα, Il6, IL1β, andMcp-1) in cultured
MIF knockdown hepatocytes challenged by H/R treatment. Representative of three independent experiments. (B) Western blot analysis of the
protein expression levels of Caspase3, Bax, and Bcl2 in cultured MIF knockdown hepatocytes challenged by H/R treatment. GAPDH served as the
loading control. Representative of three independent experiments. (C) The mRNA levels of proinflammatory factors (Tnfα, Il6, IL1β, andMcp-1)
in cultured MIF overexpressed hepatocytes challenged by H/R treatment. Representative of three independent experiments. (D) Western blot
analysis of the protein expression levels of Caspase3, Bax, and Bcl2 in cultured MIF overexpressed hepatocytes challenged by H/R treatment. GAPDH
served as the loading control. Representative of three independent experiments. All data are shown as themean± SD. Levels of statistical significance
are indicated as **p < 0.01. For statistical analysis, one-way ANOVAwith Bonferroni’s post hoc analysis or Tamhane’s T2 post hoc analysis were used.
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FIGURE 7
MIF activates the ASK1-JNK/p38 signaling during hepatic I/R injury. (A) KEGG pathway enrichment analysis of the major biological pathways
contributing to MIF function. (B) GSEA-enriched analysis of MAPK pathways. (C) Heatmap showing expression of genes involved in MAPK pathways.
(D) Protein levels of the total and phosphorylated protein expression levels of ASK1, P38, and JNK in the liver of MIF-KO andWTmice after hepatic I/R
operation. GAPDH served as the loading control (n = 3 per group). (E) Protein levels of the total and phosphorylated protein expression levels of
ASK1, P38, and JNK in the liver of AAV-GFP and AAV-MIF mice after hepatic I/R operation mice. GAPDH served as the loading control (n = 3 per
group). (F) Protein levels of the total and phosphorylated protein expression levels of ASK1, P38, and JNK in GFP and siMIF hepatocytes that were
challenged by H/R insult. GAPDH served as the loading control. Representative of three independent experiments. (G) Protein levels of the total and
phosphorylated protein expression levels of ASK1, P38, and JNK in Flag and Flag-MIF hepatocytes that were challenged by H/R insult. GAPDH served
as the loading control. Representative of three independent experiments. All data are presented as themean± SD. Levels of statistical significance are
indicated as**p < 0.01. For statistical analysis, two-tailed Student t test were used.
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stress after H/R stimulation compared with those in Flag

Controls (Figures 6C,D and Supplementary Figure S6B).

These findings suggest that MIF knock protects against

H/R-induced injury in hepatocytes.

MIF activates the ASK1-JNK/p38 signaling
during hepatic I/R injury

To understand the underlying mechanisms responsible for

the positive effect of MIF on liver I/R injury, we performed RNA

sequencing (RNA-Seq) with I/R-challenged liver samples of WT

and MIF-KO mice. Principal component analysis (PCA) defined

the primary determinants of differences between liver samples of

WT and MIF-KO mice (PC1, 38.1%; PC2, 17.7%). All samples

were clearly separated into their respective groups

(Supplementary Figure S7). Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway enrichment analysis showed that the

MAPK signaling pathway was one of the most significantly down

regulated enriched pathways contributing to MIF-mediated

hepatic I/R injury (Figure 7A). Gene Set Enrichment Analysis

(GSEA) analysis indicated that MAPK pathway was down

regulated in MIF-KO mice during hepatic I/R injury

(Figure 7B). Heat map analysis showed that ASK1 (MAP3K5)

was also significantly down regulated in MIF-KO mice during

hepatic I/R injury (Figure 7C). We further confirmed the

influence of MIF on MAPK signaling by loss- and gain-of-

function of MIF in vivo and in vitro. In line with the results

from RNA-seq, MIF deficiency suppressed ASK1, JNK and

p38 phosphorylation post hepatic I/R injury and hepatocyte

challenged by H/R treatment (Figures 7D,F), while MIF

overexpression significantly promoted the ASK1, JNK and

p38 phosphorylation compared to control group (Figures

7E,G). Together, these results suggest that MIF activates the

ASK1-JNK/P38 signaling during hepatic I/R injury.

The protective effect of MIF deficiency in
hepatic I/R injury depends on the
suppression of ASK1

To ascertain the critical role of ASK1-JNK/P38 pathway in

MIF-mediated hepatic I/R injury, we used a specific

ASK1 inhibitor (NQDI-1) to perform an intraperitoneal

injection in AAV-MIF mice prior to I/R injury. Compared

with I/R group, NQDI-1 largely abolished the MIF

overexpression-induced enhancement of liver injury, as

demonstrated by reduced serum aminotransferase activity

(ALT, AST, LDH) and decreased liver necrosis, inflammation,

apoptosis, and oxidative stress in mice challenged by hepatic I/R

injury (Figures 8A,B). Thus, it can be deduced that the protective

effect of MIF deficiency in hepatic I/R injury depends on the

suppression of ASK1.

Pharmacological inhibition of MIF
attenuated I/R responsive liver injury

Finally, we used a specific inhibitor of MIF (ISO-1) to explore

its therapeutic effect on hepatic I/R injury. As shown in

Figure 9A, ISO-1 treated mice exhibited lower ALT and AST

activities than those of DMSO treated mice after liver I/R surgery.

Furthermore, histological analysis of the livers also demonstrated

reduced necrotic area in ISO-1 treated mice compared with that

of DMSO treated mice (Figure 9B). These results suggest that

pharmacological inhibition of MIF attenuated I/R responsive

liver injury and MIF could therefore serve as a potential

therapeutic strategy for treating hepatic injury.

Discussion

Hepatic I/R injury leads to irreversible liver damage, but the

mechanism has not been fully resolved. MIF is abundantly

expressed in various tissues and regulates multiple biological

processes (Osipyan et al., 2021). MIF has been reported to be a

key mediator in alcohol-induced liver injury by promoting

inflammation (Marin et al., 2017). Paradoxically, other study

reported that MIF improve myocardial infarction by

suppressing oxidative stress and apoptosis (Liu et al., 2020). We

speculate that this may be because MIF plays different roles in

different diseases and organs. To date, the role and molecular

mechanism of MIF in hepatic I/R injury remain unclear. In the

present study, we revealed that MIF act as novel biomarker and

therapeutic target for the diagnosis and treatment of hepatic I/R

injury. During liver I/R injury, MIF was released from the liver into

the serum. Functional experiments demonstrated that MIF

deficiency significantly diminished I/R- or H/R-induced

inflammation, apoptosis, and oxidative stress in both cultured

hepatocytes and mice. Moreover, we suggest that these beneficial

effects of MIF deletion on hepatic I/R injury are largely dependent

on the suppression of the ASK1-JNK/P38 pathway (Figure 9C).

MIF can not only promote the activation of T cells and

macrophages, but also promote the chemical attraction to immune

cells, promote the production of inflammatory cytokines and stress

molecules, and resist the immunosuppressive effect of glucocorticoids.

Therefore, MIF is involved in the pathogenesis of many autoimmune

and inflammatory diseases, including rheumatoid arthritis (RA), liver

injury, and pancreatitis. Moreover, it has been reported that MIF acts

in an autocrine and paracrine manner by binding to receptors CD74/

CD44, CXCR2, CXCR4 and CXCR7, thereby activating downstream

MAPK, AMPK and Akt signals to mediate pro-inflammatory

responses (Kong YZ, et al. Int J Mol Sci. 2022 April 28; 23 (9):

4908; Farr L, et al. Front Immunol. 2020 June 23; 11:1273.). In the

process of liver I/R injury, we speculate that MIF from macrophages

and hepatocytes aggravates liver injury by promoting the production

of inflammatory chemokines and promoting inflammatory response

by activating MAPK signaling pathway.
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FIGURE 8
The protective effect of MIF deficiency in hepatic I/R injury depends on the suppression of ASK1. (A) Serum ALT/AST/LDH activities in mice after
hepatic I/R surgery (n = 6/group). (B) Representative histological HE-stained images, Ly6g positive IHC stained images, TUNEL stained images, DHE
stained images and statistical analysis in liver tissue of mice after hepatic I/R surgery (n = 4–6/group). Scale bar, 100 μm. All data are presented as the
mean ± SD. Levels of statistical significance are indicated as**p < 0.01. For statistical analysis, one-way ANOVA with Bonferroni’s post hoc
analysis or Tamhane’s T2 post hoc analysis.
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Extensive research has shown that inhibition of the

inflammatory response may be an effective strategy to ameliorate

hepatic I/R injury (Yan et al., 2019). During hepatic I/R injury,

macrophages and neutrophils are recruited to the ischemic liver,

contributing to ROS production and hepatocellular apoptosis (Abu-

Amara et al., 2010). MIF can not only promote the activation of

T cells andmacrophages, but also promote the chemical attraction to

immune cells, promote the production of inflammatory cytokines

and stress molecules, and resist the immunosuppressive effect of

glucocorticoids. Moreover, it has been reported that MIF acts in an

autocrine and paracrine manner by binding to receptors CD74/

CD44, CXCR2, CXCR4 andCXCR7, thereby activating downstream

MAPK, AMPK and Akt signals to mediate pro-inflammatory

responses (Farr et al., 2020; Kong et al., 2022). As a pro-

inflammatory cytokine, the association between MIF and the

inflammatory response has been reported in different studies and

is the subject of some controversy. It seems that MIF might either

positively or negatively regulate the inflammatory response. In our

previous study using a mouse model of severe acute pancreatitis, we

found that deletion of MIF reduced inflammation (Zhu et al., 2020).

However, other research suggests that MIF serves as a defense

mechanism, decreasing hepatic inflammatory cells and pro-

inflammatory cytokines in nonalcoholic steatohepatitis (Heinrichs

et al., 2014). In the present study, we found thatMIF deteriorated the

inflammatory response during hepatic I/R injury in vivo and in vitro.

We speculate that MIF from macrophages and hepatocytes

aggravates liver injury by promoting the production of

inflammatory chemokines and promoting inflammatory response

by activating MAPK signaling pathway.

During hepatic I/R injury, anoxia followed by reperfusion

results in massive ROS production, inducing activation of

inflammatory cells and cell death (Li et al., 2015). MIF has

been shown to promote apoptosis and oxidative stress in many

diseases (Yang et al., 2020; Wang et al., 2021). Studies have

indicated that MIF deficiency improve hepatic function by

suppressing oxidative stress and inflammation in thioacetamide-

induced liver Injury in mice (Vukićević et al., 2021). Moreover,

MIF inhibition significantly decreases the production of nitric

oxide synthase (iNOS) as well as ROS in LPS-stimulated microglia

cells (Zhang et al., 2016). However, it has also been reported that

MIF deletion abolished the protective effects of ischemic

preconditioning in myocardial I/R injury through aggravating

myocyte apoptosis, ROS production, inflammatory-cell

infiltration (Ruze et al., 2019). In the present study, our in vivo

FIGURE 9
Pharmacological inhibition of MIF attenuated the I/R responsive liver injury. (A) Serum ALT/AST/LDH activities in mice after hepatic I/R surgery
(n = 6/group). (B) Representative histological HE-stained images and statistics showing necrotic areas in liver tissue of mice after hepatic I/R surgery
(n = 6/group). Scale bar, 100 μm. (C) Mechanism of MIF regulating liver I/R injury. All data are presented as the mean ± SD. Levels of statistical
significance are indicated as**p < 0.01. For statistical analysis, one-way ANOVA with Bonferroni’s post hoc analysis or Tamhane’s T2 post hoc
analysis.
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and in vitro results also showed thatMIF exacerbated the apoptosis

and oxidative stress in hepatic I/R injury.

MAPK signaling has been recognized as the major molecular

event contributing to hepatic I/R injury (Imarisio et al., 2017; Wang

et al., 2017). During the hepatic I/R process, damage-associated

molecular patterns (DAMPs) and ROS stimulation of hepatocytes

can activate JNK and p38 signals that result in cellular inflammation

and apoptosis (Yang et al., 2019; Zhou et al., 2021b). Importantly,

MIF has been reported to function in regulating MAPK signaling.

Previous studies have demonstrated that MIF promotes MAPK

signaling through activation or inhibition of JNK phosphorylation,

depending on the cell type and underlying stimulation context (Lue

et al., 2011). In addition,MIF inhibitor ISO-1was reported to protect

severe acute pancreatitis by suppressing phosphorylated P38 and

nuclear factor-κB (NF-κB) signaling (Wang et al., 2020). In the

present study, we found MAPK signaling was significantly activated

during hepatic I/R injury. Further in vivo and in vitro experiments

showed that MIF promoted the activation of JNK and P38 pathway.

However, how MIF fine-tunes the inhibition of MARK signaling

remains unknown. ASK1 acts as a key mediator of JNK/

P38 activation, mediating cellular death and inflammatory

responses in a cell- and stimulus-dependent manner (Ogier et al.,

2020; Obsilova et al., 2021). More importantly, we found that the

protective effect of MIF deficiency in hepatic I/R injury depends on

the suppression of ASK1.

Conclusion

In summary, the present study demonstrates that MIF

deficiency protects from liver I/R injury via suppression of the

inflammatory response, apoptosis, and oxidative stress.

Moreover, the protective effect of MIF deficiency in hepatic

I/R injury depends on the activation of ASK1-JNK/

P38 signaling. These findings provide experimental evidence

that may support MIF as a potential therapeutic target for

strategies against hepatic I/R injury.
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GRK2 with PI3K in T lymphocytes
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Hydroxychloroquine (HCQ) is derivative of the heterocyclic aromatic

compound quinoline, which has been used for the treatment of

autoimmune diseases. The central purpose of this study was to investigate

therapeutic effects and inflammatory immunological molecular mechanism of

HCQ in experimental autoimmune hepatitis (AIH). Treatment with HCQ

ameliorated hepatic pathologic damage, inflammatory infiltration, while

promoted regulatory T cell (Treg) and down-regulated CD8+T cell

differentiation in AIH mice induced by S-100 antigen. In vitro, HCQ also

suppressed pro-inflammatory cytokine (IFN-γ, TNF-α, and IL-12) secretion,

promoted anti-inflammatory cytokine (TGF-β1) secretion. HCQ mainly

impaired T cell lipid metabolism but not glycolysis to promote Treg
differentiation and function. Mechanistically, HCQ down-regulated

GRK2 membrane translocation in T cells, inhibited GRK2-PI3K interaction to

reduce the PI3K recruiting to the membrane, followed by suppressing the

phosphorylation of PI3K-AKT-mTOR signal. Pretreating T cells with paroxetine,

a GRK2 inhibitor, disturbed HCQ effect to T cells. HCQ also reversed the

activation of the PI3K-AKT axis by 740 Y-P (PI3K agonist). Meanwhile, HCQ

inhibited the PI3K-AKT-mTOR, JAK2-STAT3-SOCS3 and increased the AMPK

signals in the liver and T cells of AIHmice. In conclusion, HCQ exhibited specific

and potent therapeutic effects on AIH and attendant liver injury, which was

attributed to HCQ acted on GRK2 translocation, inhibited metabolism-related

PI3K-AKT and inflammation-related JAK2-STAT3 signal in T lymphocytes,

thereby modulating lipid metabolism of T cell function to regulate Treg
differentiation and function.

KEYWORDS

hydroxychloroquine, autoimmune hepatitis, regulatory T cells, glycolipid metabolism,
G protein-coupled receptor kinase 2, PI3K-AKT axis
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Introduction

Autoimmune hepatitis (AIH) is a severe inflammatory liver

disease, characterized by lymphocytic infiltration and immune

cells imbalance, which induce the destruction of liver

parenchyma and the elevated levels of transaminase (Yang

et al., 2018). The current standard therapy of AIH is

glucocorticoid alone or combinating with azathioprine, which

would usually produce severe adverse effects (Christen, 2019). It

is necessary to develop specific and safer therapeutic agents.

Hydroxychloroquine (HCQ) is derivative of the heterocyclic

aromatic compound quinoline, which has been used as

antimalarial agent for a long time. Currently, it is an excellent

candidate for the treatment of autoimmune diseases, such as

systemic lupus erythematosus (SLE) and rheumatoid arthritis

(RA) (Martinez et al., 2020). It was reported that the liver injury

of COVID-19 patients could be alleviated with the treatment of

HCQ (Sima et al., 2021). Other study found that HCQ probably

have inhibitory effects on immune cellular infiltration and

activation underlying joint inflammation (Ben-Zvi et al., 2012;

Rainsford et al., 2015).

Defective immunoregulation in AIH might result from Tregs

number and function reducing (Zhu et al., 2021). It was reported

that HCQ rebalances Th17/Treg-mediated immunity and

ameliorates SLE (An et al., 2017). Whether HCQ play a

therapeutic role by regulating Treg function in AIH has been

attracted. Cell glucolipid metabolism is one of the key factors

affecting Treg differentiation (Matias et al., 2021). PI3K-AKT-

mTOR pathway is reported to involve in immune cells

metabolism (Xiang et al., 2016). mTOR inhibition could

induce AMP-activated protein kinase (AMPK) activity and

lipid oxidation in Tregs, which promoted Treg differentiation

(Pompura and Dominguez-Villar, 2018).

G protein-coupled receptor kinases 2 (GRK2) is a key

participant to modulate phosphorylation-dependent G protein

coupled receptors (GPCRs) desensitization, endocytosis,

intracellular trafficking and re-sensitization as well as the

subsequent intracellular signaling cascades. Recent data

indicated that GRK2 could interact with non-GPCR substrates

such as PI3K, AKT, MEK and so on (Ribas et al., 2007), which

involved in inflammatory, cardiovascular disease, and tumor

treatment (Cheng et al., 2021). The composition of the

C-terminal domain of approximately 230 amino acids allows

GRK2 to combine with PI3K, AKT, PIP2, Gβγ and so on (Han

et al., 2016). In RA, inhibiting the expression of GRK2 in

membrane and increasing its expression in cytoplasm

improved the abnormal proliferation of fibroblast like synovial

cells. In addition, inhibition of GRK2 expression in rat spleen

T cells can regulate T cell function to alleviate RA (Wang et al.,

2017a; Wang et al., 2018). In the fibroblast-like synoviocytes of

RA patients, the interaction of GRK2 with PI3Kγ promoted PI3K

to recruit to the membrane, which contributed to the signal

transduction (Wang et al., 2020). Other study showed that

GRK2 also play a crucial role in function and differentiation

of Tregs due to the interaction of GRK2 with PI3K-AKT pathway

(Han et al., 2020).

Based on these observations, we hypothesize that HCQ

ameliorates AIH by suppressing the inflammatory T-cell

activity and promoting Treg differentiation. To explore this,

we detected the role of HCQ in AIH therapy and mechanism

in vivo and in vitro. The results suggested that HCQ attenuated

inflammation by regulating T cells lipid metabolism and Treg

differentiation, which was attributed to promoting the

interaction of GRK2 with PI3K in the cytoplasm of T

lymphocyte and inhibiting PI3K-AKT axis.

Materials and methods

Experimental autoimmune hepatitis
model and treatment

Six-week-old male C57BL/6 mice were provided by Laboratory

animal center of AnhuiMedical University. All animal experimental

procedures were approved by the Laboratory Animal Ethics

Committee of Anhui Medical University (No. LLSC20190534).

Mice were randomly divided into six groups (n = 6 per group)

including control, AIH model, AIH+HCQ 10mg/kg, AIH+HCQ

20 mg/kg, AIH+Prednisone (PRE) 8 mg/kg (positive control),

AIH+HCQ 20 mg/kg+ PRE 8 mg/kg (drug combination) and

control+HCQ 20 mg/kg (biosafety of HCQ). Hepatic syngeneic

liver antigen (S-100) preparation: under non-sterile culture

conditions, the livers of four female C57BL/6 mice were removed

and cut into pieces on the surface of ice, then grinded on glass slides.

After PBS washing, the protein in the liver cells was fully released

and supernatant fluid was collected by ultracentrifugation. The

experimental group was administered by intraperitoneal injection

S-100 after fully emulsified on 1st day and 7th day with 0.5 ml of

0.5–2.0 g/L and an equal volume of complete freund’s adjuvant

(CFA) (Beyotime, China). On the 14th day of modeling, the drug

was administered by gavage for 2 weeks until all mice were

sacrificed. The control mice were orally administered with

normal saline.

Histopathology and
immunohistochemistry staining

Liver tissues were fixed in 4% paraformaldehyde for more than

24 h. Then the fixed liver tissues were stained for hematoxylin and

eosin (H&E). Sections were incubated overnight at 4°C with

CD3 and F4/80 primary antibodies (Proteintech, China) and

incubated with biotin-labeled secondary antibody for 30 min after

washing with phosphate-buffered saline. Slices were stained with

chromogen diaminobenzidine and hematoxylin, dehydrated, and

then treated with xylene.
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ALT/AST/MDA/SOD assay

The levels of alanine aminotransferase (ALT), aspartate

aminotransferase (AST), malondialdehyde (MDA) and

superoxide dismutase (SOD) in the serum of mice were

assessed using Kit (#C009-1-1, #C010-1-1, #A003-1 and

#A001-1, Nanjing Jiancheng Bioengineering Institute, China)

according to manufacturer’s instructions.

Cell culture and drug treatment

Spleen T lymphocytes were collected from the spleen of

mice and activated with concanavalin A (ConA, 0.1 μM) and

incubated with HCQ using doses in our concentration

screening tests (100, 50, and 25 μM) for 24 h. Bone

marrow derived dendritic cells (BMDCs) were collected

from the tibia and femur of AIH mice. DCs were cultured

with cytokines GM-CSF (20 ng/ml) and IL-4 (10 ng/ml) (Liu

et al., 2015). All cells were cultured in RPMI 1640 medium

(#BC-M-017, Biochannel, China) with 10% fetal bovine

serum (FBS; Biological Industries, Israel) and maintained

at 37°C in an incubator with 5% CO2 (Liu et al., 2014; Fang

et al., 2020).

FCM analysis

Immune cells were analyzed by FCM. Briefly, the cells

underwent staining with fluorochrome-antibodies (Multi

Sciences Lianke Bio, China) targeting cell antigens at 4°C

for 60 min. Tissue abrasive fluid and T cell suspension were

stained with the FITC-CD4, PE-CD25, APC-Foxp3 to identify

Tregs and APC-CD3, FITC-CD4, PE-CD8 to identify CD4+ or

CD8+T cells. The expressions of Foxp3 were observed in

CD4+CD25+ cell gate, and the expressions of CD4 and

CD8 were observed in CD3+ cell gate. BMDCs were stained

with FITC-CD11c, APC-CD86 and PE-MHC-II (Liu et al.,

2015), the expressions of MHC-II and CD86 were calculated

in CD11c+ cell gate. The gate was chosen by the compare

between negative cells (without fluorescent dye) and single

fluorescent dye or mixed fluorescent dye cells. Furthermore,

mitochondrial membrane potential (MMP) of cells was

evaluated using JC-1 molecular probes and analyzed by

flow cytometry. In cells with a high MMP

(ΔΨm >80–100 mV), JC-1 forms aggregates that emit red-

orange fluorescence (wavelength, 590 nm), whereas in cells

with low mitochondrial potential (ΔΨm <80–100 mV), JC-1

forms monomers that emit green fluorescence (wavelength,

525–530 nm). The high MMP exerted high ratio of JC-1 Red/

JC-1 Green. T lymphocytes were stained with JC-1 and tested

in FITC and PE channels. The gate was chosen by the

clustering of cells.

Membrane and cytoplasm protein
extraction

Membrane and cytoplasm protein of T lymphocytes was

extracted by membrane and cytosol protein extraction kit

(#P0033, Beyotime, China). T lymphocytes were lysed with

membrane protein extraction reagent A and centrifuged at

700 g for 10 min at 4°C. The supernatant was centrifuged at

14,000 g for 30 min at 4°C. The supernatant was cytoplasm

protein and the precipitate was the membrane proteins,

which was resuspended in membrane protein extraction

reagent B.

Western blot analysis

The total proteins of liver tissues and spleen T lymphocytes

were extracted by RIPA (#P0013C, Beyotime, China) with

phosphatase inhibitor and PMSF (#P0012S, Beyotime, China).

Immunoblotting was performed as previously described (Xiang

et al., 2022). Primary antibodies were listed in Supplementary

Table S1. Secondary antibodies were as follows: HRP-conjugated

affinipure goat anti-rabbit IgG (H+L) (#SA00001-2, Proteintech,

China) and HRP-conjugated affinipure goat anti-rabbit IgG

(H+L) (#SA00001-1, Proteintech, China). The protein samples

were visualized using the ECL-chemiluminescent kit

(#WBKLS0100, Millipore, United States) and analysed by

ImageJ software.

Quantitative real-time-PCR

Specifically, total RNA was extracted from liver tissues and

spleen T lymphocytes by TRIzol reagent (#257401, Invitrogen,

United States). RNA was reverse transcribed in to cDNA by

reverse transcription system kit (#R222-01, Vazyme, China). The

mRNA levels were measured by qPCR using SYBR Green qPCR

Master Mix (#Q111-02/03, Vazyme, China) according to the

manufacturer protocol. The primers were listed in

Supplementary Table S2. Gene expression was normalized to

expression of β-actin.

Enzyme-linked immunosorbent assay,
free fatty acid secretion and glucose
uptake assay

Levels of transforming growth factor-β1 (TGF-β1),
interferon-γ (IFN-γ), interleukin-12 (IL-12), and tumor

necrosis factor-α (TNF-α) in cell culture supernatant and

serum were assessed with the ELISA assay (Proteintech,

China). Free fatty acid was examined with the free fatty acid

assay kit (#A042-1-1, Nanjing Jiancheng Bioengineering
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Institute, China), glucose uptake was examined by the glucose

oxidase-peroxidase method with test kit (#361510, Rongsheng,

China).

Cell counting Kit-8 assay

The proliferation of T cell was assessed using CCK-8 kit

(#GK10001, GLPBIO, China). After stimulation, the reagent

was added into the culture medium, and the mixture was

maintained in an incubator comprising 5% CO2 + 95% air at

37°C for 2°h. The absorbance at 450 nm was detected utilizing

a Microplate Reader.

Co-immunoprecipitation

To examine the association between GRK2 and PI3K or AKT

in spleen T lymphocytes under different conditions, total cell

lysates were immunoprecipitated using anti-GRK2 antibody and

analyzed by western blot with an anti-GRK2, anti-PI3K or anti-

AKT. Briefly, the preparation of lysate is as described above for

western blots, and then pre-cleared using IgG. The total protein

(1,000 µg of each lysate sample) was incubated with

GRK2 antibody (4 µl) on a rotating shaker at 4°C overnight,

the Protein A/G was added with agarose and then the small ball

(20 µl) was added to each tube and placed in the rotating shaker

at 4°C for 2 h. Then the tube was washed three times with

cracking buffer. Resin-bound immune complexes were boiled

for 5 min after protein loading buffer was added. Finally,

repeating steps as Western blot.

Statistical analyses

All data were statistically analyzed using GraphPad Prism

8.0. The data were normally distributed and expressed by the

mean ± standard deviation (SD). Multiple comparisons were

carried out by one-way (ANOVA). Comparisons between two

groups were performed using independent-sample t-tests. All

experiments were performed at least three times, p < 0.05 was

considered statistically significant.

FIGURE 1
HCQ protected hepatic architecture and inhibited the
infiltration of inflammatory cells in AIH mice. (A) Representative
images of H&E (arrows represent inflammatory infiltrations,

(Continued )

FIGURE 1
original magnification: ×200, scale bar of initial images:
50 μm; scale bar of enlarged images: 20 μm). (B) Representative
immunohistochemical images of CD3 or F4/80 staining (arrows
represent CD3 or F4/80 expression, original magnification:
×400, scale bar of initial images: 20 μm; scale bar of enlarged
images: 10 μm). Data expressed as mean ± SD (n = 5). #p < 0.05,
##p < 0.01, ###p < 0.001 relative to controls; *p < 0.05, **p < 0.01,
***p < 0.001 relative to S-100-induced AIH mice; ns, not
significant.
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Results

Hydroxychloroquine ameliorated hepatic
pathologic damage and inflammatory
infiltration of autoimmune hepatitis mice

In S-100-treated AIH mice, oral administration of 10 or

20 mg/kg HCQ, which referred to the report (Zheng et al.,

2021), for 2°weeks markedly diminished the extent of AIH

with the loss of liver architecture, congestion, lymphocytic

infiltration and large area necrosis (arrows represent

inflammatory infiltrations) (Figure 1A). We focused on

inflammatory cell related markers, such as mature

macrophages cell marker F4/80 and lymphocyte marker

CD3 to investigate the alleviating effect of HCQ on the

inflammatory infiltration of AIH. The results showed that

the expression of CD3 and F4/80 significantly increased in the

liver of AIH, which was slipped to basal levels by HCQ

treatment (Figure 1B). The liver index and spleen index

decreased in HCQ treatment compared with AIH group to

a certain extent (Figure 2A). Serum levels of ALT and AST

were decreased after HCQ treatment (Figure 2B). HCQ

memorably attenuated hepatic oxidative stress with lower

MDA and higher SOD compared with S-100 treatment

(Figure 2C). Furthermore, the decrease of anti-

inflammatory factor, TGF-β1 and the increase of

proinflammatory factor, IFN-γ, TNF-α and IL-12 in serum

caused by S-100 could be reversed by HCQ (Figure 2D). These

effects were better or comparable to those of PRE, which was

used in clinical settings against AIH. In addition, there was

synergistic effect in treating AIH by combination of HCQ and

PRE. Furthermore, HCQ treatment did not alter levels of ALT,

AST, or inflammatory factors in healthy mice (Figures 1, 2).

The results demonstrated that HCQ exerted liver-protective

and anti-inflammatory effects on S-100-induced AIH and

appeared to have no serious adverse effects.

Hydroxychloroquine regulated T cells
function and Treg differentiation in
autoimmune hepatitis

Numerous immune cells regulate the development of

hepatic inflammation (Koyama and Brenner, 2017). We

quantitatively determined the proportions of various

immune cells of multiple organs in AIH. The results

showed that, after S-100 administration, Tregs reduced in

the spleen and liver, CD8+T cells differentiated in the

spleen, and bone marrow derived dendritic cells (BMDCs)

matured. HCQ reversed the effect of S-100 (Figures 3A–C),

but had little effect on other subtypes of immune cells in the

liver and spleen of AIH mice (Date not shown). Here, we also

noted that HCQ increased the fork head box protein 3 (Foxp3)

mRNA expressions in the liver of AIH mice, which facilitated

Tregs immune tolerance. The serine protease granzyme B

(GzmB), markers of CD8+T cell-induced cytotoxicity, was

reduced by HCQ in the liver of AIH mice. HCQ showed a

potential immunosuppressive effect on DC-CD8+T cell

communication by upregulating the negative regulatory

molecules CTLA-4 and PD-1 in the liver. The effect of

HCQ to other costimulatory molecules were indistinctive

(Figure 3D).

In vitro, HCQ significantly suppressed spleen

T-lymphocyte proliferation in a dose dependent manner

(Figure 4A). It also decreased the pro-inflammatory

cytokines, and increased the anti-inflammatory cytokines

production in the supernatant of T cells (Figure 4B). These

effects were comparable to those of MTX, which is used to

inhibit T cells proliferation and function. Of note, in vitro,

HCQ strongly increased Tregs and slightly retarded

CD8+T cells differentiation (Figure 4C). HCQ represented

similar effects on Foxp3 and GzmB mRNA expressions

in vitro compared to in vivo experiment (Figure 4D). The

apparent modulation involving Tregs of HCQ might be

important to maintain immune homeostasis during

progression of AIH.

Impaired lipid metabolism in
hydroxychloroquine-modulated T
lymphocyte

Manipulating the metabolism of immune cells may alter

immune homeostasis (Fox et al., 2005). Induced Tregs

differentiate from conventional naïve CD4+T cells under a

variety of conditions that range from inflammatory

environments, in the presence of particular cytokines, mainly

TGF-β1, to suboptimal glycolysis and/or fatty acid oxidation

signals (Murphy et al., 1990). Previous reports indicated that

HCQ exerted substantial metabolic regulation effects including

lipid and insulin metabolism (Hu et al., 2017). Thus, HCQ

might ameliorate AIH partly by suppressing T cells metabolism,

which promoted Treg development. Our results showed that

HCQ inhibited NEFA secretion of T cells, but had little effect on

T cell glucose uptake (Figures 5A,B). In the presence of HCQ,

glucose transporter (GLUT)-1, the predominant glucose

transporter in T cells, were lower compared to that of

activated cells without treatment (Figure 5C). We found that

HCQ treatment resulted in a significant reduction in MMP of

T cells (Figure 5D). We also tested the marker genes of

glycolysis and lipid metabolism [lipid synthesis and fatty

acid oxidation (FAO)]. The result showed that there was no

Frontiers in Pharmacology frontiersin.org05

Jin et al. 10.3389/fphar.2022.972397

104

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.972397


FIGURE 2
HCQ ameliorated hepatic pathologic damage and inflammatory infiltration of AIH mice. (A) Liver index [liver wet weight (mg)/mouse body
weight (g) ×100%] and spleen index [spleenwet weight (10 mg)/mouse bodyweight (g) × 100%]. (B) Levels of ALT and AST in serum. (C) Levels ofMDA
and SOD in serum. (D) Serum inflammatory cytokine concentrations. Data expressed as mean ± SD (n = 5 or 6). #p < 0.05, ##p < 0.01, ###p <
0.001 relative to controls; *p < 0.05, **p < 0.01, ***p < 0.001 relative to S-100-induced AIH mice; ns, not significant.
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significant effect of HCQ to glycolysis in T cells, however, HCQ

substantially downregulated mRNAs encoding lipid utilization

components in T cells (Srebp2 and Acaca), upregulated the fatty

acid oxidation related genes expression (SirT1, SirT2, and

SirT3), which might promote Treg differentiation

(Figure 5C). Given that mitochondria were central to the

metabolism of lipid (Seenappa et al., 2016), we speculated

that suppression of fuel metabolism and promotion of FAO

might contribute importantly to the mechanism of Treg

development induced by HCQ.

FIGURE 3
HCQ regulated immune cells differentiation in S-100-induced AIH. (A) The percentage of Tregs in the liver and spleen (n = 3). (B) The percentage
of CD4+T cells and CD8+T cells in the liver (n = 3). (C) The MHC-II and CD86 expression on CD11c+ BMDCs (n = 3). (D) Expression of Foxp3, GzmB,
CTLA-4, PD-1, CD28mRNA in the liver (n = 5). Data expressed asmean ± SD. #p < 0.05, ##p < 0.01 relative to controls; *p < 0.05, **p < 0.01 relative to
S-100-induced AIH mice.
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FIGURE 4
HCQ regulated T cell function and differentiation in vitro. (A) Proliferation of T cells (n = 5). (B) Inflammatory cytokine concentrations in T cell
culture supernatant (n = 5). (C) The percentage of Tregs, CD4

+T cells, CD8+T cells in T lymphocytes (n = 3). (D) Expression of Foxp3, GzmB, CTLA-4,
PD-1, CD28 mRNA in T lymphocytes (n = 5). Data expressed as mean ± SD. #p < 0.05, ##p < 0.01 relative to controls; *p < 0.05, **p < 0.01, ***p <
0.001 relative to ConA group; ns, not significant.
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Hydroxychloroquine acted on G protein-
coupled receptor kinases 2 translocation
and reduced the membrane recruitment
of PI3K in spleen T lymphocytes

The network pharmacology studies showed that multi-

targets mechanism associated with HCQ treatment in SLE and

RA. The related 3,316 proteins’ network data showed that

ErbB, HIF-1, NF-κB, FoxO, chemokines, MAPK, JAK-STAT,

PI3K-AKT pathways participate in the multi-targets

mechanism of HCQ in RA (Lyu et al., 2020; Xie et al.,

2021). The efficacy of HCQ against SLE is mainly

associated with the targets of cyclin dependent kinase 2

(CDK2), estrogen receptor alpha (ESR1) and CDK1, which

regulate PI3K/AKT/GSK3β as well as IFN signaling pathway

(Xie et al., 2020). Another study showed that C-C chemokine

receptor type 4 (CCR4), a GPCR modulated by GRK2, might

an immunomodulatory target of HCQ (Beck et al., 2020). Our

studies detected the protein expression of GRK2/PI3K-AKT

signal in blood lymphocytes of RA patients and normal

people, the results showed that the protein expression of

GRK2, p-PI3K and p-AKT were increased in RA patients.

The above indicators were reversed after treating by HCQ. In

addition, the expression of GzmB was decreased, while the

expression of Foxp3 was increased after HCQ treatment in the

blood lymphocyte of RA patients (Data not shown). Based on

above results and given that the GRK2/PI3K-AKT pathway

contributes to the regulation of immune cell metabolism

(Yang et al., 2020), we speculated that inhibiting the over

activated PI3K-AKT pathway in immune cells might be

effective methods for the treatment of RA and other

autoimmune diseases such as AIH.

FIGURE 5
Lipidmetabolism in T cells was controlled by HCQ. (A) Appearance of NEFA (n= 5). (B)Glucose uptake (n= 5). (C)Marker genes of glycolysis and
lipid metabolism, mRNA levels in model controls were set to 1, the heat map represented the log2 value of the relative mRNA expression levels (see
color scale), 1, 2, and 3 represent three parallel experiments. (D)MMP of T cells (n = 3). Data expressed as mean ± SD. #p < 0.05, ##p < 0.01 relative to
controls; *p < 0.05 relative to ConA.
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FIGURE 6
HCQ acted on GRK2 translocation and reduced the membrane recruitment of PI3K in spleen T lymphocytes (A) Proliferation of T cells after
inhibiting GRK2 (n = 5). (B) Inflammatory cytokine concentrations in T cell culture supernatant after inhibiting GRK2 (n = 5). (C) The percentage of
Tregs, CD4

+T cells, CD8+T cells in T lymphocytes after inhibiting GRK2 (n = 3). (D) Appearance of NEFA after inhibiting GRK2 (n = 5). (E) The
combination of GRK2 and PI3K or AKT (n = 3). (F) Membrane and cytoplasm protein expression of GRK2 and PI3K (n = 3). Data expressed as
mean ± SD. #p < 0.05, ##p < 0.01 relative to controls; *p < 0.05, **p < 0.01 relative to ConA group; ns, not significant.
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We pre-treated ConA induced T cells with paroxetine

(GRK2 inhibitor), which retarded the proliferation,

proinflammatory factor (IFN-γ, TNF-ɑ, and IL-12) secretion,

and NEFA secretion, meanwhile, promoted Treg differentiation

and anti-inflammatory factor (TGF-β1) secretion. Adding HCQ

did not enhance the effect of paroxetine, which suggested that

the main target of HCQ might have been blocked (Figures

6A–D). Previous studies showed that the interaction of

GRK2 with PI3Kγ promoted PI3K to recruit to the

membrane to contribute to the signal transduction.

Therefore, we detected the combination of GRK2 and PI3K

by CO-IP and the membrane and cytoplasmic expression of

GRK2 and PI3K by WB respectively after HCQ treatment. The

results found that GRK2 and PI3K co-expression increased by

ConA stimulation, and HCQ down-regulated GRK2 and PI3K

interaction (Figure 6E). In addition, HCQ down-regulated

GRK2 and PI3K translocation, inhibited the expression of

GRK2 and PI3K in the cell membrane and increased their

expression in the cytoplasm of spleen T lymphocytes

(Figure 6F). Based on above results, we proposed that HCQ

acted on GRK2, inhibited the interaction of GRK2-PI3K and

their translocation, which reduced the recruitment of PI3K to

the membrane, inhibited downstream signal transduction to

disturb the function of activated T cells.

FIGURE 7
HCQ suppressed GRK2/PI3K-AKT-mTOR and JAK2-STAT3-SOCS3 pathways in the liver. (A) Total levels of GRK2 proteins in liver (n = 3). (B)
Transcript levels of GRK2 in the liver (n = 5). (C) Total and phosphorylated levels of PI3K, AKT, and mTOR in the liver (n = 3). (D) Transcript levels of
PI3K, AKT, andmTOR in the liver (n= 5). (E) Total and phosphorylated levels of JAK2, STAT3, and total levels of SOCS3 proteins in the liver (n= 3). Data
expressed as mean ± SD. #p < 0.05, ##p < 0.01 relative to controls; *p < 0.05, **p < 0.01 relative to S-100-induced AIH mice.
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Hydroxychloroquine decreased the
activation of metabolism-related PI3K-
AKT-mTOR and inflammation-related
JAK2-STAT3-SOCS3 pathways in the
T cells and liver tissue of AIH mice

The PI3K-AKT pathway contributes to the regulation of

immune cell metabolism (Yang et al., 2020), and JAK2-

STAT3 pathway is widely considered to be involved in

inflammation related diseases. In addition, it has been

reported that HCQ may be involved in the regulation of

these two pathways (Lyu et al., 2020; Li et al., 2022). Our

results showed that HCQ treatment inhibited the protein and

mRNA expression of GRK2 (Figures 7A,B) and reversed the

activated PI3K-AKT-mTOR pathway induced by S-100 in the

liver (Figure 7C). HCQ also suppressed phosphorylation of

JAK2, STAT3, and increased SOCS3, the negative regulatory

factor, in the liver of AIH mice (Figure 7D).

In T lymphocytes, HCQ suppressed phosphorylation of PI3K

(Tyr458), AKT (Ser473) and mTOR (Ser2448), without affecting

their mRNA and total protein expressions (Figures 8A,B).

Following the PI3K agonist (740 Y-P, 20 μg/ml, 12 h)-

mediated activation of PI3K, T cells exhibited proliferation,

with enhanced levels of Tregs, elevated secretion of IFN-γ,
TNF-α and IL-12, and lowered expression TGF-β1. HCQ, on

the other hand, eliminated the impact induced by 740Y-P

(Figures 8C–E). In addition, PI3K inhibitors (LY294002,

10 μM, 12 h) inhibited T cell proliferation and promote Treg

differentiation compared with ConA group, adding HCQ did not

enhance the effect of LY294002 (Figures 8F,G). GRK2 inhibitor

also appeared to inhibit pathway activation in the present of

740 Y-P. And the effect of GRK2 inhibitor was weak after

LY294002 treatment in T cells. The results suggested that

HCQ effect on PI3K-AKT signal might be mediated by GRK2

(Figures 8C–G).

AMPK is a highly conserved serine/threonine protein kinase,

which was the inhibition of mTOR in the lipid oxidation of Tregs

(Michalek et al., 2011). Our results showed that HCQ

significantly increased the expression of p-AMPK compared

with ConA pretreatment T lymphocyte, which indicated there

was the cross-talk of GRK2/PI3K-AKT and AMPK for HCQ

effect in AIH (Figure 9A). We also examined the protein

expressions of JAK2-STAT3-SOCS3 pathway in ConA-treated

spleen T lymphocytes. The results showed that HCQ suppressed

the phosphorylation of JAK2 (Tyr1007), STAT3 (Tyr705),

without affecting their total protein expressions, and increased

the expressions of SOCS3 (Figure 9B), which appears to indicate

the mechanism of anti-inflammatory effect of HCQ. HCQmight

have a potential inhibition to signals cross-talk and modulation

for immunologic homeostasis in AIH. The multi-targets

mechanism of HCQ in the treatment of AIH was shown in

Figure 10.

FIGURE 8
HCQmodulated T cell function and Treg differentiation via the
PI3K-AKT-mTOR pathway. (A) Total and phosphorylated levels of
PI3K, AKT, and mTOR proteins of T lymphocytes (n = 3). (B)
Transcript levels of PI3K, AKT, and mTOR in T lymphocytes
(n = 5). (C) Proliferation of T cells (n = 6). (D) The percentage of
Tregs, CD4

+T cells, CD8+T cells in T lymphocytes (n = 3). (E)
Inflammatory cytokine concentrations in T cell culture
supernatant (n = 5). T lymphocytes isolated from C57BL/6 J mice
were incubated with 740 Y-P or 740 Y-P+HCQ. (F) The
percentage of Tregs in T lymphocytes (n = 3). (G) Proliferation of
T cells (n = 6). T lymphocytes isolated from C57BL/6 J mice were
incubated with LY294002, LY294002+HCQ. Data expressed as
mean ± SD. #p < 0.05, ##p < 0.01 relative to controls; *p < 0.05,
**p < 0.01 relative to ConA group; ▲p < 0.05, ▲▲p < 0.01 relative to
740Y-P; ns, not significant.
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Discussion

AIH is an autoimmune liver disease, which progress to

cirrhosis and liver failure with untreating (Fan et al., 2019).

Although the pathogenesis of AIH is not fully understood, it is

generally recognized that immunoregulatory networks plays a

crucial role (Liberal et al., 2015; Zhu et al., 2021). In a healthy

population, circulating autoreactive T cells are suppressed by

peripheral tolerance mechanisms to limit autoimmune tissue

damage, among which Treg-exerted immune suppression plays a

key role. Patients with AIH display a reduced Treg frequency or

function compared to healthy subjects (Ferri et al., 2010;

Sakaguchi et al., 2010; Liberal et al., 2017; Zhu et al., 2021). In

addition, several cytokines are implicated in the pathogenesis of

ConA-induced hepatitis, of which TNF-α, IFN-γ, TGF-β are the

most important (Sass et al., 2002; Wang et al., 2017b; Zhang et al.,

2020). HCQ, as an antimalarial agent, has been used for the

treatment of immunological diseases: RA and SLE(3). Recently,

HCQ exhibited the probable protective effect in liver injury

among the COVID-19 patients (Sima, 2021). It was reported

that HCQ restored the Th17/Treg balance in MRL/lpr (mouse

model that develops SLE) mice, which resulted in a significant

decrease in the expression of IL-17 in Th17 cells and a

considerable increase in Foxp3 and TGF-β levels (An et al., 2017).
Based on that observation, we established a model of chronic

AIH induced by S-100 combined with CFA, which relatively

resembled human AIH. Meanwhile, in vitro, we tested the effect

of HCQ in ConA activated murine spleen T-lymphocyte. The

results showed that HCQ ameliorated hepatic pathologic damage

and inflammatory infiltration. Besides, HCQ promoted Treg

differentiation and the mRNA expression of Foxp3, and

retarded CD8+T cells differentiation both in vivo and in vitro.

The critical role of HCQ was the inhibition of the metabolism-

related GRK2/PI3K-AKT pathway and the inflammation-related

JAK2-STAT3 pathway in T cells. The sequence appears to be:①

HCQ acted on GRK2, inhibited the translocation of GRK2,

decreased the interaction between GRK2 and PI3K, and

reduced the recruitment of PI3K to the membrane ② the

blockade of the PI3K-AKT pathway by HCQ accompanied

with the inhibition of the inflammation-related JAK2-STAT3

pathway in T cells ③ the diminished lipid metabolism of T cells

impaired its function, followed by increasing Treg differentiation,

FIGURE 9
HCQ suppressed the activation of JAK2-STAT3-SOCS3 and promoted the phosphorylation of AMPK in T lymphocytes. (A) Total and
phosphorylated levels of JAK2, STAT3, and total levels of SOCS3 proteins of T lymphocytes (n = 3). (B) Total and phosphorylated levels of AMPK of T
lymphocytes (n = 3). Data expressed as mean ± SD. #p < 0.05, ##p < 0.01 relative to controls; *p < 0.05, **p < 0.01 relative to ConA group.
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disrupting CD8+T cell responses, upregulating co-inhibition

signal and anti-inflammatory cytokine TGF-β1 expression, and
decreasing proinflammatory cytokines released from T cells; and

④ consequently, HCQ inhibited inflammatory cell infiltration

and immune responses against liver tissue, and thus diminished

autoimmune liver injury (Figure 8C).

Activation of immune cells is associated with a dramatic

increase in metabolism. Glucose and lipid metabolism is related

to differentiation of Treg (Cluxton et al., 2019; Shan et al., 2020).

Besides, it has also been reported that glucose and lipid

metabolism is also related to other immune cells, such as

CD4+T, CD8+T, DC, natural killer T (NKT) cells (Palmer

et al., 2016; Giovanelli et al., 2019). Our results showed that

HCQ treatment decreased NEFA secretion while increased fatty

acid oxidation in T lymphocytes, but HCQ had little effect on

T cell glucose uptake and glycolysis. Suppressed lipid metabolism

predominantly rather than glycolysis of T cell may contribute to

immunosuppressive effects of HCQ in AIH. PI3K-AKT-mTOR

has been proved to be a classical pathway linking the activation of

the insulin receptor to regulate glucose metabolism, which was

also shown to be responsible for the accumulation of intracellular

lipids by regulating fatty acid synthesis (Chen et al., 2019; Sun

et al., 2022). In addition, the activation of PI3K-AKT-mTOR is

accompanied with the inhibition of differentiation and function

of Treg (Gao et al., 2020). mTOR is the downstream protein of

PI3K-AKT, inhibition of mTOR favors naive CD4+T-cell

conversion to iTregs, and mTOR knockout or treatment with

the mTOR-specific inhibitor, rapamycin, favors Treg

FIGURE 10
Graphical abstract: a schematic diagram depicted the effect and mechanism of HCQ in the treatment of AIH. HCQ targeted GRK2-PI3K
interaction and translocation to modulated lipid metabolism of T lymphocyte, which mediated T cells differentiation and function, and reversed
inflammation injury in the liver of AIH.
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development (Battaglia et al., 2005; Kopf et al., 2007; Delgoffe

et al., 2009; Pompura and Dominguez-Villar, 2018). AMPK and

mTOR reciprocally regulate each other, which favors FAO and

Treg development (Hardie et al., 2006; Hardie, 2011). Our results

showed that HCQ may inhibited NEFA secretion, fatty acid

synthesis gene expression and promoted FAO through PI3K-

AKT-mTOR and AMPK signals. In addition, JAK-STAT is an

important pathway mediating most actions of inflammatory

cytokines (Xin et al., 2020). HCQ might affect the modulation

loop involving interactions of these three signals to maintain

immune homeostasis during the progression of AIH. The multi-

targets of immune cells and signals affected by HCQ optimized

the treatment of HCQ in AIH.

Accumulating data indicate that GRK2 is overexpressed in

RA and cardiac dysfunction to play a critical role in

ameliorating inflammatory (Penela et al., 2008; Woodall

et al., 2016). Previous study proposed that inhibiting the

expression of GRK2 in the membrane and increasing its

expression in cytoplasm improved the abnormal

proliferation of fibroblast like synovial cells in RA(15). In

addition, inhibition of GRK2 expression in rat spleen T cells

can regulate T cell function to alleviate RA(16).

GRK2 specifically recognize and phosphorylate agonist-

activated GPCRs, and it also interact with non-GPCRs such

as PI3K, AKT (Ribas et al., 2007). The interaction of PI3Kγ
with GRK2 mediated PI3K recruitment to the membrane after

agonist stimulation. In addition, the inhibition of GRK2-Gβγ
complex membrane translocation in the fibroblast-like

synoviocytes might reduce the membrane expression and

activation of PI3K, which mediated the inhibition of AKT

activity (Wang et al., 2020). AKT had also been reported to

associate with GRK2 directly through the GRK2 C-terminus.

GRK2 might inhibit agonist-dependent AKT

phosphorylation, although the exact mechanisms were not

well established (Ribas et al., 2007). The inhibition of

GRK2 rescued AKT activity to promote Treg differentiation

in mice with diabetic cardiomyopathy (Han et al., 2020).

There was also reported that GRK2 knock down prevented

AKT activation in cardiac myocytes but the interaction

between GRK2 and AKT was not clear (Penela et al., 2010;

Pathania et al., 2019). In addition, increasing PI3K produced

polyphosphoinositides that interacted with protein kinases,

leading to activation of the kinase AKT (Saltiel, 2021). HCQ

has been reported to inhibit PI3K-AKT pathway in renal

interstitial fibrosis (Li et al., 2022). Therefore, we tested

whether HCQ inhibited the PI3K-AKT pathway by

regulating the interaction between GRK2 and PI3K or AKT

in T cells of AIH. Our results found that GRK2 and PI3K were

co expressed in T lymphocytes. HCQ down-regulated GRK2-

PI3K interaction to reduce the complex translocation, and

suppressed the phosphorylation of PI3K, AKT, and mTOR.

The direct interaction of GRK2 with AKT was undefined.

After blocking GRK2, the effect of HCQ was diminished.

In conclusion, HCQ exhibits specific and potent

therapeutic effects on AIH and attendant liver injury. The

critical role appears to be: HCQ acted on GRK2 translocation

mediated PI3K-AKT-mTOR signal inhibition in spleen T

lymphocyte, thereby modulating lipid metabolism in T

lymphocytes and promoting Treg activity. And HCQ might

block the cross-talk of JAK2-STAT3-SOCS3, PI3K-AKT-

mTOR and AMPK signals.
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The case for FAT10 as a novel
target in fatty liver diseases
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Human leukocyte antigen F locus adjacent transcript 10 (FAT10) is a ubiquitin-

like protein that targets proteins for degradation. TNFα and IFNγ upregulate

FAT10, which increases susceptibility to inflammation-driven diseases like

nonalcoholic fatty liver disease (NAFLD), non-alcoholic steatohepatitis

(NASH), and hepatocellular carcinoma (HCC). It is well established that

inflammation contributes to fatty liver disease, but how inflammation

contributes to upregulation and what genes are involved is still poorly

understood. New evidence shows that FAT10 plays a role in mitophagy,

autophagy, insulin signaling, insulin resistance, and inflammation which may

be directly associated with fatty liver disease development. This review will

summarize the current literature regarding FAT10 role in developing liver

diseases and potential therapeutic targets for nonalcoholic/alcoholic fatty

liver disease and hepatocellular carcinoma.

KEYWORDS

FAT10, fatty liver, non-alcoholic fatty liver, fibrosis, cancer

1 Introduction

1.1 The structure and function of F locus adjacent
transcript 10

Human leukocyte antigen F locus adjacent transcript 10 (FAT10) is a ubiquitin-

like protein that is encoded in the major histocompatibility complex (MHC).

FAT10 was first discovered in 1996 (Fan, et al., 1996) and located on chromosome

six in humans, chromosome 17 in mice, and chromosome 20 in rats (ncbi.nlm.nih.

gov). FAT10 is an 18-kDa protein with 165 amino acids, two tandem ubiquitin-like

domains, and belongs to the ubiquitin family of proteins (UBL) (uniport.org). The

binding domains are 85 amino acids in length, consist of four sheets and three helixes

each, and are connected by a flexible linker to form the FAT10 molecule (rscb.org).

The FAT10 amino acid sequence is conserved in most mammals except for the C and

N terminals (Aichem et al., 2018) The C and N terminals of FAT10 are highly variable

even among mammalian species, including Mus musculus, Rattus norvegicus, Myotis

myotis, Mustela erminea, Talpa occidentalis, Gorilla gorilla, Molossus molossus,

Mirounga leonina, Hylobates moloch, Nomascus leucogenys (Figure 1). The clustal

omega comparison shows that 60%–70% identity match even among mammalians

suggesting FAT10 is rapidly evolving despite being present only in mammals. These
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evolutionary changes of FAT10 attenuate binding properties

and functional characteristics of FAT10 proteins.

FAT10 acts as a modifier to target proteins for

degradation. FAT10 is expressed in specific tissues, such as

the lymph nodes, kidney, liver, pancreas, and gastrointestinal

tract, in response to proinflammatory stimuli. FAT10 is active

in several types of cells, including dendritic cells, T cells and

B cells (Fan, et al., 1996; Bates et al., 1997) due to cytokine

induction of cells (Mah et al., 2020). FAT10 has also been

associated with inflammation and the immune response, as

part of the MHC, where it plays a role in antigen presentation

(Ebstein et al., 2012). It is well known that the inflammatory

cytokines tumor necrosis factor α (TNF-α), a presumptive

tumor promoter, and interferon-γ (IFN-γ) upregulate FAT10
(S. Lukasiak et al., 2008). Furthermore, FAT10 has been shown

to interact with the tumor suppressor protein p53 in a

mutually inhibitory manner (Zhang et al., 2006; Choi et al.,

2014; Zhang and Fu, 2021). Hence, FAT10 has been found to

be highly upregulated in cancers of the liver, colon, uterus, and

ovaries (Lee et al., 2003; Lukasiak et al., 2008). FAT10 is an

important target for research and therapeutics for cancer and

inflammation implicating a potential role of FAT10 on

inflammation induced tumorigenesis.

FAT10 overexpression is associated with the regulation of

several inflammation driving pathways in cancer development,

such as the AKT pathway, the Wnt pathway, and the NF-κB (Liu

et al., 2014; Yuan et al., 2014; Luo et al., 2018; Zou et al., 2021). In

fact, the NF-κB pathway may link inflammation with the

development of cancer, making FAT10 important in the

mechanism of inflammation-induced tumorigenesis.

FAT10 also directly interacts with other downstream targets,

such as p53 and β-catenin (Li et al., 2011; Choi et al., 2014; Yuan

et al., 2014). Furthermore, FAT10 has been shown to negatively

influence DNA damage repair (Chen et al., 2018). The regulatory

role of FAT10 in these pathways makes it important in the

progression of cancer.

However, FAT10 is also known to have roles in the

development of other diseases, such as kidney disease (Ross

et al., 2006) inflammatory bowel disease (Kawamoto et al.,

2019) and diabetes (Baschal et al., 2011; Brozzi et al., 2016).

The role of FAT10 in the development of inflammation is critical

to its role in these diseases and may also contribute to its role in

the development of liver diseases. Additionally, FAT10 has been

shown to have a role in regulating autophagy and insulin

signaling, which may contribute to its role in the development

of inflammation and insulin resistance.

2 F locus adjacent transcript 10 and
liver inflammation

FAT10 expression is known to be increased related to

inflammation. FAT10 is presented in the primary insulin

dependent diabetes mellitus susceptibility locus (Iddm37)

near the major histocompatibility complex II (MHC II)

(Fan, et al., 1996) where single-nucleotide polymorphisms

in MHC II genes have been linked to an increased risk of drug-

induced liver damage (Willemin et al., 2013). The transcript

analysis in nonalcoholic fatty liver disease (NAFLD) patients

showed that upregulation of proinflammatory cytokines IL-

32 and FAT10 levels suggests a possible connection between

FAT10 and inflammation responses in liver diseases (Dali-

Youcef et al., 2019).

As a result of liver damage and lipid accumulation in the

liver, inflammatory cells release cytokines. The significant

increase of cytokines, triglycerides and cholesterol adds to the

oxidative stress developed in hepatocytes (Yang et al., 2008). The

increased mitochondrial damage and ROS production in the liver

are associated with fibrogenesis and inflammatory function

(Middleton and Vergis, 2021). Hepatic liver inflammation is

commonly induced by liver disease by triggering hepatic tissue

damage, progressing from NAFLD to severe fibrogenesis and

hepatocellular carcinoma (HCC) (Begriche et al., 2013; Buzzetti

et al., 2016).

FIGURE 1
Ribbon diagrams of the FAT10 model structure. N-and
C-terminal domains of FAT10 show the typical b-grasp fold. The
central α-helix (turquoise) is made with β-sheets (Aichem et al.,
2018). The diagrams were generated with the Pymol
program, using the Research Collaboratory for Structural
Bioinformatics (RCSB) Protein Data Bank entry. PDB ID 6GF2.
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2.1 Fat10ylation to major
histocompatibility complex class
presentation and increased inflammation

Protein homeostasis regulation is a developing topic of

research in cancer biology and inflammatory diseases

(Calamini and Morimoto, 2012; Cheng et al., 2018). The

MHC class I antigen presentation pathway plays a critical role

in alerting the immune system (Ebstein et al., 2012).

FAT10 serves as a signal for proteasome-dependent

degradation and impacts MHC class I presentation. As an

example, N-terminal fusion of the human cytomegalovirus

(HCMV)-derived pp65 antigen with FAT10 accelerates the

proteasomal degradation of pp65 and results in improved

presentation in HLA-A2 cells (Ebstein et al., 2012).

All nucleated cells have MHC class I molecules on their cell

surfaces, which contain peptide fragments originating from

intracellular proteins. In this pathway, covalently attached

ubiquitin (Ub) typically marks a substrate protein for

degradation by the 26 S proteasome. Furthermore, production

of CD8+ T cell antigenic peptides mainly depends on the

degradation of target proteins by the ubiquitin-proteasome

system (UPS) (Lecker et al., 2006). It has been shown that

ubiquitylation can facilitate MHC class I antigen presentation

(Townsend et al., 1988; Ebstein et al., 2012). In the case of FAT10,

substrate protein increases peptide supply for MHC class

I-restricted antigen presentation leading to distinctive MHC

class I antigen presentation causing changes in inflammation

and tumorigenesis (Ebstein et al., 2012). So, we suggest

FAT10 modification facilitates MHC class I antigen

presentation which may associate with liver inflammation.

A small ubiquitin-like modifier member or SUMO covalently

binds to a family of proteins with lysine residues in specific target

proteins in a process called SUMOylation. The post-translational

protein modification by SUMO is an essential cellular process,

involved in protein localization and activation (Seeler and

Dejean, 2017). Several isoforms of SUMO have been

identified, including SUMO1, SUMO2/3, and SUMO4 (Baczyk

et al., 2017; Aichem et al., 2019).

SUMOylation is closely related to the development of liver

diseases, including HCC, viral hepatitis, NAFLD, cirrhosis, and

primary biliary cirrhosis (PBC) (Zhang et al., 2021).

Alcohol inducible enzyme Cytochrome P450 (CYP2E1)

catalyzes reactive oxygen species produced by alcohol (Koop,

2006). The SUMOylation of the pre-oxidant CYP2E1 increases

the protein stability and function, resulting in fibrogenesis and

inflammation in alcoholic hepatitis patients (Lu and Cederbaum,

2008). The inhibition of SUMOylation in obese mice promotes

inflammation by activating the NF-κB pathway, causing liver

inflammation (Kim et al., 2015; Zeng et al., 2020). FAT10 binds

to SUMO E1-activating enzyme AOS1/UBA2 and competes with

SUMO for thioester formation, which reduces the SUMOylation

process (Aichem et al., 2019). Furthermore, reduced

SUMOylation substantially increases pro-inflammatory

immune responses and develops alcoholic steatohepatitis

(Decque et al., 2015). So, we suggest that downregulation of

SUMO protein activation by FAT10 can induce liver

inflammation.

FAT10 and Ubiquitin proteins have different binding

specificities which can also affect the rate of proteasomal

degradation (Hipp et al., 2005). The two domains of

FAT10 are structurally independent and joined by a flexible

linker, providing a structural basis for discovering that the two

FAT10 ubiquitin domains can dock to different reader domains

and thus link two FAT10 binding complexes at the proteasome.

For example, this happens with RPN10 and long isoform of

NEDD8-ultimate buster 1 (NUB1L) (Groettrup et al., 2008), (Liu

et al., 1999). NUB1L is an interferon-induced protein which can

bind with NEDD8 and FAT10 and increases FAT10 degradation

by around eightfold (Schmidtke et al., 2009). NUB1L has

stronger binding affinity toward FAT10 compared to

NEDD8 which eventually attenuates the neddylation

(covalently conjugating NEDD8 to specific protein), where the

neddylation is involved with pathology of NAFLD and NASH

(Sen et al., 2015; Yao et al., 2020).

2.2 F locus adjacent transcript 10mediated
Mallory Denk Body formation

Mallory Denk Body formation is another example of the

impact FAT10-mediated proteasomal degradation processes

have in alcoholic hepatitis (AH), alcoholic steatohepatitis

(ASH), NASH and HCC (Liu, et al., 2014, Jia et al., 2020).

Mallory Denk Bodies (MDBs) are aggresomes formed of

undigested ubiquitinated short-lived proteins that have

collected due to reducing the 26 S proteasome’s degradation

rate. Hepatocyte ballooning and lobular inflammation are

required to meet the criteria for MDB formation. 26 S

proteasome chymotrypsin activity, measured by the Western

blot method in FAT10 KO mice, showed a diminished rate of

liver proteolysis compared to wild-type mice, which is associated

with MDB formation and balloon degeneration (Oliva et al.,

2010). Additionally, betaine prevents FAT10 overexpression in

mice fed 3,5-Diethoxycarbonyl-1,4-dihydrocollidine (DCC),

preventing MDB formation (French et al., 2012). Consistent

with the above data, FAT10 expression increases by 4.5-fold

in AH livers compared to NASH and control livers with elevated

Mallory Denk Body formation (Jia et al., 2020).

According to Liu H. et al. (2014) an epigenetic mechanism

plays a role in MDB formation. SAMe and betaine are methyl

donors that prevent the demethylation of histones in the DDC-

induced MDB mouse model. The MDB formation is associated

with the downregulation of the ufm1 conjugation system

(Ufmylation) and FAT10-conjugation system (FAT10ylation)

pathways (Jia et al., 2020). As evidenced, MDB formation is
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associated with liver inflammation and FAT10 induces MDB

formation in AH, ASH, and NASH and HCC patients.

2.3 F locus adjacent transcript 10mediated
mitochondrial dysfunction induces liver
inflammation

The mitochondrion is double-membrane organelle with self-

replicating ability. It produces energy through the Krebs cycle,

oxidizing fatty acids, and numerous metabolites. For decades,

mitochondrial dysfunctions have negatively affected people’s

health (Khan et al., 2015). The morphology and replication of

mitochondria are mainly regulated by fusion and fission

processes (Ni et al., 2015; Zilocchi et al., 2018). Mitochondrial

defects are well recognized within human tissue and disease

models of alcoholic liver diseases, NAFLD and HCC. Common

mitochondrial defects can lead to mitochondrial reactive oxygen

species (mtROS) production (Gao et al., 2004) and impaired

oxidative phosphorylation, altering hepatocyte cell metabolism,

ROS signaling, cell apoptosis, and inflammatory signaling. The

mitochondria has several targets of FAT10ylation that affect

mitophagy as well as numerous signaling pathways (Figure 2)

which have led to changes in inflammation and development of

liver diseases (Ren et al., 2011). Increased lipogenesis and

elevated free fatty acid (FFA) uptake in hepatocytes are

characteristics of the pathogenesis of NAFLD (Petrosillo et al.,

2007). Lipotoxicity induces mitochondrial dysfunction, excessive

oxidative stress, ER stress, inflammation, and profibrogenic

response, predisposing the liver to high-risk conditions. The

patients with NASH showed signs of enlarged and swollen

hepatocellular mitochondria with a loss of cristae (Middleton

and Vergis, 2021), suggesting a close relationship between

mitochondrial dysfunction on liver diseases.

Mitofusion or aligning and binding of two mitochondria

together to form a larger mitochondrion plays a role in

embryonic development, coordination between mitochondria

(Chen et al., 2003) and exchange of genetic content between

mitochondria. Emerging evidence suggests that mitochondrial

fusion responds to chemical and other stresses (Meyer et al.,

2017). Upregulated mitochondrial fusion protects against

mitochondrial depolarization and promotes cell autophagy in

HCC cell lines. The most prominent proteins related to this

process are Mitofusion 1 (MFN-1) and Mitofusion 2 (MFN-2),

located outside the mitochondrial membrane (Youle and van der

Bliek, 2012). MFN-1 and MFN-2 proteins are closely related and

play a role in the last steps of mitofusion (Hales and Fuller, 1997).

When MFN-2 is responsible for outer membrane fusion,

Opa1 protein mediates the fusion of inner membranes (Song

et al., 2009; Ge et al., 2018). Mitofission, on the other hand,

segregates damaged and malfunctioning mitochondria allowing

for degradation via the mitophagy process (Middleton and

FIGURE 2
This figure shows FAT10’s interaction with cell organelles and with genes that FAT10 binds. Here we show FAT10 interactions with nucleus
(Ramos et al., 2021), (Li et al., 2011) mitochondria (Roverato et al., 2021), cytoplasm (Jia et al., 2020), endoplasm reticulum (Buchsbaum et al., 2012)
and cell membrane which may contribute to liver disease development. The figure created by Biorender.com (Accessed on 22nd of March 2021).
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Vergis, 2021). There is no evidence that FAT10 effects the

mitofission process.

According to Lehmann et al. (2016) eighty-seven ubiquitin-

protein system components, including ubiquitination machinery

(E1, E2, and E3 ligases), are localized and interact with

127 mitochondrial matrix proteins in the mitochondria in

yeast and humans. Half of these proteins are exclusively

located within the mitochondria’s inner matrix, suggesting a

strong connection between ubiquitin proteins with

mitochondrial regulations. Parkin-dependent fat10lyation of

Mitofusion2 was observed in Hek293 cells suggesting that

FAT10 proteins present in the outer mitochondrial membrane

(OMM) bind to OMM proteins (Roverato et al., 2021).

FAT10 mediates the degradation of MFN-2 in neuronal cells,

which affects the mitofusion process (Roverato et al., 2021)

MFN-2 KO and MFN-1 KO led to severe mitochondrial

fragmentation (Papanicolaou et al., 2012; Dong et al., 2016).

However, the role of FAT10 in mitochondrial fusion and fission

is still to be discovered.

Altered fission and fusion have been observed in tumor

cells due to membrane permeability and polarization changes.

MFN-1 and MFN-2 activity in the mitochondrial membrane

changes with tumor progression and target autophagy, and

decreased MFN-2 expression was observed in tumor cells

(Boland et al., 2013; Chávez et al., 2017). So, we suggest

that FAT10 overexpression may also be associated with

reduced MFN-2 levels since FAT10 overexpression can lead

to proteasomal degradation of MFN-2.

Mitophagy or selective degradation of mitochondria is

another mitochondrial process regulating mitochondrial

dynamics. Mitophagy is known for playing a role in paternal

mitochondrial degradation (Ma et al., 2020), neurogenerative

diseases (Roverato et al., 2021), erythropoiesis (van Vuren et al.,

2021) and tissue injuries (Ke, 2020). Impaired mitophagy has

been critically linked with the pathogenesis of inflammatory

diseases like fatty liver disease and HCC (Ke, 2020; Wu et al.,

2020). It was unknown how FAT10 interferes with themitophagy

process until very recently. This connection negatively affects

Parkin by changing the structure of the N terminus of the

protein, leading to autoFAT10lytion followed by degradation

of Parkin (Roverato et al., 2021).

The stress-responsive mitochondrial sirtuin SIRT4 plays a

role in themitochondrial function of NAFLD patients (Tarantino

et al., 2014). SIRT4 interacts with GTPase optic atrophy 1

(L-OPA1) to promote mitochondrial fusion, inhibiting

mitophagy and increasing ROS production (Lang et al., 2017).

Furthermore, TNF-α and IFN-γ induce FAT10 expression,

leading to reactive oxygen species (ROS) accumulation and

impaired mitophagy (Mah et al., 2020). In summary,

FAT10ylation of mitochondrial proteins leads to rapid

proteasomal degradation, which eventually alters

mitochondrial dynamics like mitofusion and mitophagy

leading to fatty liver disease development.

2.4 F locus adjacent transcript
10 association with insulin resistance

Decreased insulin sensitivity or insulin resistance is a hepatic

component of metabolic syndrome, leading to increased blood

glucose, triglyceride, and cholesterol levels. Studies have shown

that reduced insulin clearance is associated with increased lipid

accumulation in the liver (Seppälä-Lindroos et al., 2002;

Utzschneider and Kahn, 2006). Liver insulin resistance is

linked to steatosis (Bril et al., 2014), type 2 diabetes (Lukic

et al., 2014), NAFLD (Paschos and Paletas, 2009),

hepatocellular carcinoma, and cardiovascular disease (Bril

et al., 2014).

FAT10 KO mice show increased insulin sensitivity, elevated

lipolysis, and insulin-stimulated AKT phosphorylation

compared to control rats (Canaan et al., 2014). FAT10 KO

mice had upregulated gene and protein expression of fatty

acid oxidation in skeletal muscle, and increased lipolysis in

adipocytes (Canaan et al., 2014). According to Ge et al. (2018)

FAT10 may downregulate insulin receptor substrate 2 (IRS2),

decreasing insulin sensitivity in the liver. They hypothesize that

the overexpression of FAT10 inhibits the activity of insulin

receptor substrates 1 and 2, which leads to the

downregulation of PI3K1 expression and causes insulin

resistance in mice. The Attie Lab Diabetes database shows

relative mRNA expression of FAT10 in the liver of four

groups of BTBR mice (4-week-old normal group, 4-week-old

obese group, 10-week-old normal group, and 10-week-old obese

group, five mice in each group) where ob/ob mice showed

increased FAT10 expression compared to lean mice

(Kolishovski et al., 2019). BTBR ob/ob mice exhibit insulin

resistance and elevated triglyceride levels, suggesting that

FAT10 may be associated with metabolic disorders and

increased liver inflammation.

These data suggest that FAT10 may play a role in insulin

resistance, and the FAT10 pathwaymay be a practical therapeutic

approach to metabolic disorders. However, the relative

contribution of FAT10 to insulin resistance is not well

established.

3 F locus adjacent transcript 10 and
liver diseases

Alcoholic liver disease (ALD) and NAFLD have similar

pathological characteristics, from simple steatosis to liver

cirrhosis, making it difficult to differentiate between them.

During the development of fatty liver, increased lipid

accumulation and decreased mitochondrial oxidation, liver

injury ballooning, changes in lipid composition, and increased

ROS production are observed (Ipsen et al., 2018). The fatty

accumulation in the liver occurs to a greater degree in

NAFLD than in ALD (Toshikuni et al., 2014). On the

Frontiers in Pharmacology frontiersin.org05

Wimalarathne et al. 10.3389/fphar.2022.972320

121

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.972320


contrary, inflammation is more pronounced in ALD than in

NAFLD (Toshikuni et al., 2014). In addition, venous or

perivenular fibrosis, phlebosclerosis, and lymphocytic phlebitis

are more common in ALD than in NAFLD (Toshikuni et al.,

2014).

FAT10 is known to be associated with the development of

liver diseases. The progression of liver disease is described as a

“multiple-hit” process (Tilg and Moschen, 2010). After the first

hit of insulin resistance, subsequent hits include inflammation,

oxidative stress, apoptosis, and fibrogenesis. The development of

liver disease may be exacerbated by lifestyle factors, such as

alcohol consumption. With each hit, liver disease progresses

from fatty liver development to liver disease, steatohepatitis,

fibrosis, and hepatocellular carcinoma (HCC). In this section,

we will discuss the association of FAT10 with the progression of

liver disease. We will follow the progression of liver disease from

NAFLD and ALD, NASH and ASH, fibrosis, and finally HCC,

discussing how FAT10 is associated with each stage in the

development of the disease.

3.1 F locus adjacent transcript 10 and
alcoholic and nonalcoholic fatty liver
diseases

Alcoholic fatty liver pateints showed increased

FAT10 expression in the liver along with Mallory Denk body

formation (Section 2.3). Alcoholic mediated SUMOylation

enhances alcoholic liver disease development via upregulating

CYP2E1, suggesting FAT10 plays a critical role in alcoholic liver

disease development (Section 2.1).

As recently identified, FAT10 plays a role in energy and

nutrient sensing, bile acid metabolism, and insulin signaling by

modulating pathways like PI3K/AKT/mTOR (Canaan et al.,

2014), cAMP-dependent signaling, as well as NF-

κB–dependent gene expression (Leng et al., 2014). Some

studies have demonstrated that during the development of

NAFLD, autophagy is inhibited by the PI3K/AKT signaling

pathway via both short-term and long-term regulation

mechanisms (Mao et al., 2016). AKT is phosphorylated by

PI3K and becomes activated, and phospho-AKT can bind and

regulate many downstream effectors such as BCL-2 family

proteins which play a protective role against NAFLD

development (Matsuda et al., 2013). p53, a recognized tumor

suppressor protein, acts as a master regulator with pleiotropic

effects on metabolism, and is involved in cell apoptosis during

NAFLD by regulating the balance between BCL-2 and BAX

(Panasiuk et al., 2006). FAT10 has negative effects on p53;

downregulating p53 may have a negative downstream effect

on BCL-2, leading to increased liver cell death, which suggests

possible intervention of FAT10 on NAFLD development.

Another study suggests that FAT10 decreases autophagy

through modulating SIRT1 degradation, which increases

steatosis, hepatocellular injury, and inflammation in NAFLD.

Increased SIRT1 levels in the liver reduce NAFLD development

by increasing Nrf2 and HO-1 expression in primary hepatic

stellate cells, which are regulated by SIRT1-mediated pathway

(Wan et al., 2021). SIRT1 also deacetylates PGC-1α and increases

autophagy (Wan et al., 2021) both of which are possibly

downregulated by FAT10 overexpression with NAFLD

development.

Additionally, NAFLD activity scores (NAS) positively

correlate with FAT10 expression, suggesting that FAT10 may

contribute to hepatic steatosis and inflammation (Dali-Youcef

et al., 2019). Mordes et al. (2005), first mentioned that

LEW.1WR1 rats developed fatty liver infiltration. Further

research by the group identified increased FAT10 expression

in the pancreatic lymph nodes due to a missing short interspersed

nuclear element near the promoter region of the gene (Canaan

et al., 2014). Recent studies of the livers LEW.1WR1 rats have

shown increased glucose intolerance and significant upregulation

of FAT10 expression in the livers of the rats (Wilkerson-Vidal

et al., 2021). Despite these findings, little is understood about how

FAT10 specifically affects the lipid metabolism of the liver.

3.2 F locus adjacent transcript 10,
steatohepatitis, and fibrosis

ASH patients have higher FAT10 expression in the liver

compared to NASH patients, suggesting FAT10 has an

association with liver disease progressions (Jia et al., 2020).

Patients also showed increased FAT10 expression which

correlate with CXCL9 and CXCL10, supporting solid crosstalk

between FAT10 and these proinflammatory cytokines in NASH

pathophysiology (Dali-Youcef et al., 2019). Immune cell

recruitment is essential to develop NASH from simple steatosis.

The chemokine receptor 4 (CXCR4) and 7 (CXCR7) are

G-protein-coupled receptors, both significantly upregulated in

FAT10-overexpressed NASH liver tissues (Liu et al., 2014).

FAT10 was found to activate NF-κB, which in turn upregulates

CXCR4/7 in NeHepLxHT and HCT116 cells (Gao et al., 2014).

The CXCR4 promotes the recruitment of CD4+ T cells in NASH.

Furthermore NF-κB-CXCR4/7 pathway induces inflammation by

forming Mallory Denk Bodies (MDB) in NASH patients (Wang

et al., 2021). Another study with NASH patients shows increased

proinflammatory chemokines levels, namely CXCL9, CXCL10, IL-

32 in the blood (Dali-Youcef et al., 2019). These findings correlate

FAT10 expression plays a role in NASH development. NASH has

similar histological features to alcoholic hepatitis (ASH), such as

increased lipid accumulation, which may progress to fibrosis,

cirrhosis, and ultimately HCC.

In vitro experiments have confirmed that FAT10 expression

gradually increases in liver fibrosis, cirrhosis, and HCC,

suggesting that FAT10 may play a role in fibrosis

development (Zhang et al., 2021). Fibrosis is the result of

chronic inflammatory reactions, and FAT10 increases

inflammation by increasing TNF-α/IFN-γ and NF-κB and
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STAT3 pathways, all of which were up regulated in fibrosis

patients (Jia et al., 2020). Furthermore, NF-κB modulates liver

fibrogenesis by regulating hepatocyte injury, inflammatory

signals, and fibrogenic responses (Luedde and Schwabe, 2011).

Inhibition of NF-κB in Kupffer cells decreases liver fibrosis while

activation of NF-κB in hepatocytes and Kupffer cells leads to liver

fibrosis. Fibrosis occurs due to chronic liver injury, increased

liver inflammation and activated macrophages and

myofibroblasts secreting TGFβ and other agonists, which help

to release collagens in the liver (Lee and Friedman, 2011).

Hepatitis B and C virus infection, alcoholic steatohepatitis,

non-alcoholic hepatic steatohepatitis, nonalcoholic fatty liver

disease, and hemochromatosis can progress to liver fibrosis

with the formation of a fibrous scars in the liver (Phillips

et al., 2004; Bataller and Brenner, 2005).

Mitochondrial dysfunction is also observed with fibrosis, and

it is known that mitochondria dysfunction contributes to the

development and progression of fibrosis. Fibrosis development

connects with the innate immune response, and ongoing liver

injury leads to activation of inflammation-dependent and

independent mechanisms, including secretion of cytokines

(Pellicoro et al., 2014) and mitochondrial ROS production

from dying hepatocytes (Zhang and Fu, 2021). Mitochondria

do not fully function in fibrogenic tissues but actively participate

in fibrogenesis. Most importantly, NASH patients with advanced

stage fibrosis show increased levels of circulating mtDNA. The

mtDNA from hepatocytes release into the bloodstream

promoting inflammation through binding to endosomal

TLR9 of liver Kupffer cells (Garcia-Martinez et al., 2016).

These findings suggest that mitochondrial dysfunction plays a

role in fibrosis development in the liver.

Defective mitophagy, such as that resulting from

PINK1 deficiency, leads to the accumulation of dysfunctional

mitochondria (McLelland et al., 2018). An impairment of

mitophagy potentially participates in hepatic fibrosis (Gunton

et al., 2003; Mao et al., 2016). The changes in mitophagy increases

mitochondrial dysfunction leading to depletion of mtDNA in

NASH patients with fibrosis (Schröder et al., 2016). Despite these

findings, little is understood about how FAT10 is involved in

fibrosis development, but we believe that FAT10 may be a

potential therapeutic target in treating patients with NASH-

induced liver fibrosis.

3.3 F locus adjacent transcript 10 and
hepatocellular carcinoma

Hepatocellular carcinoma is one of the most common organ

tumors in the world. HCC is a severe complication of chronic

liver diseases, especially advanced liver fibrosis and/or cirrhosis.

In carcinoma patients and rodents with liver carcinoma,

FAT10 is overexpressed in liver (Lee and Friedman, 2011; Liu

et al., 2018). Changes of methylation of the promoter region in

the FAT10 gene or binding of key tumorigenic promoters

increase the FAT10 expression (Liu et al., 2018).

FAT10 has a strong connection with the inflammatory

signaling pathway which eventually leads to HCC

development (Liu H et al., 2014). According to (Ren et al.,

2011), TNF-α activates the NF-κB pathway, which causes

FAT10 gene expression in cells leading to tumorgenesis.

FIGURE 3
Model for FAT10 effect on liver diseases. The figure shows that FAT10 effects fatty liver diseases via altering insulin resistance, mitochondrial
function, and inflammation responses. Insulin resistance and mitochondrial dysfunction are closely related to inflammation suggesting potential
significance of FAT10 in fatty liver disease development.
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FAT10 also promotes HCC by binding to β-catenin and

preventing its degradation, which in turn prevents the

degradation of HOXB9. It should be noted that HOXB9 plays

a role in tumor metastasis and is regulated via the Wnt/β-
catenin/TCF4 pathway (Yuan et al., 2014). Notably, cDNA

microarray analysis showed that loss of FAT10 inhibits

HOXB9 expression in liver carcinoma cells, suggesting

FAT10 affects HCC tumor metastasis by regulating HOXB9

(Yuan et al., 2014).

FAT10 is also associated with tumorigenesis via its

interactions with DNA replication proteins and tumor

suppressor proteins. FAT10 has been shown to interact with

the damage repair protein proliferating cell nuclear antigen

(PCNA). FAT10 and PCNA expression is high in

hepatocellular carcinoma tissues; however, the

FAT10 expression is reduced in regenerated liver tissues,

while PCNA expression is elevated, thus suggesting that the

association between FAT10 and PCNA expression is only

exhibited in tumor tissues. FAT10 binds with PCNA, leading

to proteasomal degradation of PCNA in the nucleus and

cytoplasm (Chen et al., 2018), leading to increased tumor cell

invasion. FAT10 also interacts with mitotic arrest-deficient 2

(MAD2) and induces tumor malignancy. Abrogation of the

FAT10–MAD2 interaction reduces the tumor progression

(Theng et al., 2014).

Increased FAT10 inhibits the transcriptional activity of the

tumor suppressor p53, a protein that hastens FAT10 protein

breakdown. p53 double-negative regulation promotes tumor

development in the solid tumor model (Rivlin et al., 2011),

suggesting FAT10 has pro-oncogenic function in promoting

carcinoma (Aichem and Groettrup, 2016; Dai et al., 2016).

4 Conclusion

These data strongly suggest FAT10 can be used as a prognostic

marker for fatty liver diseases and that it is a potential therapeutic

target. FAT10 plays a role in prosurvival pathways by altering

apoptotic pathways. FAT10 is upregulated inNAFLD, ASH,NASH,

and HCC patients (Figure 3). FAT10 may exert its influence in a

tissue-specific and cell signaling-specific manner modulating via

anti-inflammatory mediators, mitochondrial functions,

SUMOylation, and MDB formation. The most prominent

pathways affected by FAT10 include inflammation, insulin

signaling, cell proliferation, mitochondrial protein degradation,

and proteasomal degradation.

Research into how FAT10 affects diabetes mellitus and

NAFLD could further demonstrate FAT10’s pleiotropic

effects in metabolic disorders, but our knowledge of

FAT10 and liver diseases is still limited. FAT10 is a

biomarker for certain cancers, but it may also serve as a

harbinger for the early detection of liver diseases.
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