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Objective: Obeticholic acid (OCA), a potent farnesoid X receptor (FXR) agonist, is a
promising drug for nonalcoholic fatty liver disease (NAFLD); however, it can cause liver
injury, especially at high doses. Here, we investigated the role of FXR in the high-dose
OCA-induced hepatoxicity in the condition of the NAFLD mouse model.

Methods: Wild-type (WT) mice and FXR−/− mice were administered with over-dose OCA
(0.40%) and high-dose OCA (0.16%), in a high-fat diet. RNA-seq on liver samples of mice
fed with high-dose OCA was performed to dig out the prominent biological events
contributing to hepatic fibrosis.

Results: Over-dose OCA induced liver injury and shortened survival in WT mice, but not
FXR−/− mice. High-dose OCA caused hepatic stellate cell activation and liver fibrosis in the
presence of FXR. Furthermore, high-dose OCA induced cholesterol accumulation in livers
via the upregulation of genes involved in cholesterol acquisition and downregulation of
genes regulating cholesterol degradation in liver, leading to the production of interleukin
-1β and an FXR-mediated inflammatory response.

Conclusion: The high-dose OCA induced FXR-dependent hepatic injury via cholesterol
accumulation and interleukin -1β pathway in the NAFLD mice.

Keywords: nonalcoholic fatty liver disease (NAFLD), obeticholic acid (OCA), farnesoid X receptor (FXR), hepatic
fibrosis, interleukin -1β

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease worldwide (Fan
et al., 2017; Younossi et al., 2018), and becoming a major cause of liver transplantation (Eslam and
George, 2020). However, there are no medical treatment available for NAFLD. Farnesoid X receptor
(FXR) is a novel therapeutic target for liver diseases. Activation of FXR suppresses hepatic de novo
fatty acid synthesis (Watanabe et al., 2004), negatively regulates inflammatory response (Wang et al.,
2008; Mencarelli et al., 2009; Armstrong and Guo, 2017; Hao et al., 2017), and protects against
cholestatic liver damage (Liu et al., 2003). Obeticholic acid (OCA), a potent and selective FXR agonist
(Pellicciari et al., 2002), is a Food and Drug Administration-approved therapy for primary biliary
cholangitis and is a promising drug for NAFLD (Chapman and Lynch, 2020). Nonetheless, it has
been reported that OCA resulted in side effects, including pro-atherogenic lipoprotein profile
changes (Neuschwander-Tetri et al., 2015), pruritus (Neuschwander-Tetri et al., 2015; Younossi
et al., 2019), liver injury especially in patients exposed to high-dose OCA(Chapman and Lynch,
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2020). Recently, the U.S. Food and Drug Administration
restricted the use of OCA in patients with primary biliary
cholangitis and advanced cirrhosis because it may cause liver
failure, which sometimes requires liver transplantation (Eaton
et al., 2020). Plasma OCA concentrations were markedly elevated
(13-fold) in patients with severe hepatic impairment compared
with healthy volunteers (Edwards et al., 2016). Thus, OCA caused
deterioration of hepatic decompensation in patients with
advanced cirrhosis might due to high concentration of OCA.
However, the mechanisms underlying high-dose OCA-induced
hepatoxicity and the role of FXR in the high-dose OCA-induced
hepatic injury are unclear. The purpose of this study was to
explore the mechanisms of high-dose OCA-induced hepatoxicity
in the context of FXR activity.

MATERIALS AND METHODS

Animal Experiments
All animal experiments were approved by the Laboratory Animal
Ethics Committee of Jinan University. Wild-type (WT) mice and
whole body FXR knock out (FXR−/-) mice were purchased from
Cyagen Biosciences (China). All mice were on a C57BL/6
background. Animals were maintained under specific
pathogen-free conditions and had free access to water and
food. Eight-week-old male mice were fed a high-fat diet (HFD;
60% kcal from fat) mixed with different doses of OCA (0.04%,
normal-dose; 0.16%, high-dose; 0.40%, over-dose; HFD + OCA
group) or without OCA (HFD group). Body weight and food
consumption were recorded weekly.

Serum Biochemical Analysis and Hepatic
Cholesterol Content Measurements
Serum total cholesterol, alanine aminotransferase (ALT), and
aspartate aminotransferase (AST), were determined using
enzymatic methods kits (Nanjing Jiancheng, China). To
measure liver total cholesterol content, 0.1 g of each liver was
lysed and measured by a cholesterol kit (Nanjing Jiancheng,
China) according to the manufacturer’s protocol.

Hepatic Hydroxyproline Content
Liver tissue (70 mg) was hydrolyzed in HCl (6N) as previously
described (Trebicka et al., 2007). Hepatic hydroxyproline levels
were determined using a hydroxyproline assay kit (Nanjing
Jiancheng, China) in accordance with the manufacturer’s
protocol.

Western Blots
An equal amount of denatured protein was separated by SDS-
PAGE gel and transferred to a PVDF membrane (Millipore,
United States). The membranes were blocked and incubated
with anti-IL-1β (abcam, ab9722), anti-NLRP3 (ABclonal,
A12694) or anti-GAPDH (Proteintech, 60,004-1-lg) overnight.
After an incubation with horseradish peroxidase-conjugated
antibodies, protein bands were visualized using
chemiluminescence kit (Millipore, United States) and LAS

Chemiluminescent Imaging System (LAS500, United States).
The bands were quantified by ImageJ.

RNA Sequencing (RNA-Seq) Analysis
Total RNA from liver was extracted for complementary DNA
(cDNA) library construction. Single-end libraries were sequenced
by BGISEQ-500, and Bowtie2 software (version 2.2.5) was used to
align clean reads to mouse genes and genomes. Gene expression
levels (fragments per kilo base of exon per million fragments
mapped) were quantified by RSEM (version 1.2.8). Read counts
were inputted to DESeq2 to calculate differential gene expression
and statistical significance. Differentially expressed genes (DEGs)
(HFD + OCA group vs HFD group) were identified as 1) a fold
change larger than 2, and 2) Q-value (adjusted p-value) less than
0.001. Pathways overrepresented by DEGs were annotated in the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database.
Pathways with a Q-value (corrected p-value) less than 0.05 was
considered significantly enriched. Gene Set Enrichment Analysis
(GSEA) software (version 4.1) was utilized to identify enriched
signaling pathways. Annotated gene sets of gene ontology (GO)
biological processes were used as enrichment inputs. The mouse
version of MSigDB gene sets were obtained fromWalter and Eliza
Hall Institute website (https://bioinf.wehi.edu.au/MSigDB/v7.1/).
Enriched pathways were identified as a p-value < 0.05 and a false
discovery rate (FDR) Q-value < 0.25.

Real-Time Quantitative PCR
Total RNA was extracted from liver using TRIzol (Thermo
Fisher, United States) and reverse transcribed using a reverse
transcriptase kit (TAKARA, China). The cDNA and SYBR
GREEN Premix EXtaq (TAKARA, China) were used for real-
time quantitative PCR in a CFX96 Real-Time PCR Detection
System. Primer sequences are listed in Supplementary
Table S1.

Statistical Analysis
Data are displayed as mean ± standard error. Comparisons
between two groups were evaluated by a two-tailed unpaired
Student’s t-test. p < 0.05 was considered statistically
significant.

RESULTS

Over-Dose OCA Caused Hepatic Injury and
Impaired Mice Survival in an
FXR-dependent Manner
To explore whether FXR is involved in OCA-induced
hepatoxicity, wild-type (WT) mice and FXR−/- mice were
administered with an over-dose OCA (0.40% incorporated
into an HFD) for 5 days. Mice were humanely euthanatized
when they were unable to ambulate. During the 5-days period,
over-dose OCA caused all of WT mice died, but none of FXR−/-

mice died (Figure 1A). Liver slices of WT mice showed
disordered and necrotic hepatocytes, as well as infiltrated
inflammatory cells (Figure 1B). Furthermore, compared to the
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FXR−/- mice, WT mice displayed a marked elevation in both
serum ALT and serum AST on an over-dose OCA (Figure 1C).

High-Dose OCA Induced Hepatic Stellate
Cell Activation and Liver Fibrosis in the
Presence of FXR
Over-dose OCA (0.4% OCA) is lethal, therefore, a non-lethal
but toxic dose was used for exploring the mechanisms leading
to hepatoxicity. WTmice and FXR−/- mice were fed with 0.04%
(normal dose) OCA for 14 weeks, after which the dose of OCA
was increased to 0.16% (high dose) for 8 weeks. During the 22-
week period, none of the mice died. However, the body weight
of WT mice dropped sharply after the dosage increase
(Figure 2A, left panel), while the decrease in body weight
of FXR−/- mice was mild (Figure 2A, right panel).
Furthermore, high-dose OCA led to increased serum AST
levels (Figure 2B, right panel) in WT mice, which are
indicative of liver injury. The high-dose OCA induced
hepatic fibrosis in WT mice but not in FXR−/- mice, as
shown by Masson’s staining liver slices (Figure 2C) and
increased hepatic hydroxyproline content (Figure 2D). The
mRNA expression of tissue inhibitor of matrix
metalloproteinase 1 (Timp1) and connective tissue growth
factor (Ctgf), markers of hepatic stellate cell activation, were
markedly upregulated in the livers of WT mice (Figure 2E, left
panel). FXR deficiency abolished the effect of high-dose OCA
on hepatic stellate cell activation (Supplementary Figure
S1A). Hence, FXR was essential for high-dose OCA-induced
hepatic stellate cell activation and liver fibrosis. Furthermore,

high-dose OCA decreased the hepatic TG content in WT mice
and FXR−/- mice (Supplementary Figures S2A,B).

High-Dose OCA Caused an FXR-Mediated
Inflammatory Response
To explore the mechanism underlying high-dose OCA-induced
hepatic fibrosis, RNA-seq was performed on the livers of WT
mice (WT group) and FXR−/- mice (FXR−/- group) fed high-dose
OCA, and WT mice fed normal-dose OCA (WT-N group). A
total of 5,509 DEGs were found in WT group, while 468 DEGs in
FXR−/- group and 918 DEGs inWT-N group (Figure 3A). KEGG
enrichment analysis of DEGs highlighted six enriched pathways
in WT group (compared to FXR−/- group) that were related to 1)
inflammasome activation and inflammatory responses (cytokine-
cytokine receptor interaction, NOD-like receptor signaling
pathway, c-type lectin receptor signaling pathway), and 2)
fibrogenic responses (osteoclast differentiation, MAPK
signaling pathway, and Ras signaling pathway) (Figure 3B).
The enrichment of these pathways was almost consistent in
the WT-N group and the FXR−/- group (Figure 3B).
Furthermore, high-dose OCA upregulated proinflammatory
mediators and fibrosis gene expression in livers of WT mice,
but not in FXR−/- mice (Figure 3C). However, normal-dose OCA
did not induce the expression of these genes in WT mice
(Figure 3C). The evidence demonstrated that OCA caused an
FXR-mediated inflammatory and fibrogenic response in a dose-
dependent manner. GSEA analysis of WT group indicated that
themost significantly enriched pathway was positive regulation of
IL-1β production (Figure 3D, left panel). Notably, the majority (6

FIGURE 1 |Over-dose OCA reduced survival and promoted hepatic injury in an FXR-dependent manner. Wild-type (WT) and FXR−/−mice were given a high dose of
OCA (0.40%OCA incorporated into a high-fat diet) for 5 days (n = 5). (A)Survival of WT and FXR−/−mice; Log-Rank p = 0.002; HR = 26.85, 95%CI (3.50, 205.70). (B)HE
staining of liver sections fromWTmice and FXR−/−mice. (C) Serum alanine aminotransferase (ALT) and serum aspartate aminotransferase (AST) of WTmice and FXR−/−

mice. ns, not significant; *, p＜0.05; **, p＜0.01; ***, p＜0.001.
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out of 10, 60%) of the most significant pathways in WT group
were involved in the IL-1β pathway (Figure 3D, right panel). The
mRNA and protein expression of IL-1βwere upregulated in livers
of WT group (Figures 4A,E,G), but not in FXR−/- group (Figures
4B,F,G). In addition, the expression of Nlrp3 and Tnfa also
upregulated in the presence of FXR (Figures 4A–D).

High-Dose OCADisrupted Liver Cholesterol
Metabolism
FXR plays a crucial role in cholesterol homeostasis (Chavez-Talavera
et al., 2017). We found that the high-dose OCA decreased serum
cholesterol and caused cholesterol accumulation in the livers of WT
mice (Figure 5A). The mRNA expression of 3-hydroxy-3-

FIGURE 2 | High-dose OCA caused hepatic fibrosis and hepatic stellate cell activation in the presence of FXR. Mice were administered with a high-fat diet
supplemented with 0.04%OCA for 14 weeks, after which mice received a high-fat diet containing a high dose of OCA (0.16%, red arrows) for 8 weeks (n = 3–6). (A) Left
panel, body weight of WTmice; right panel, body weight of FXR−/−mice. (B) Serum parameters of WTmice and FXR−/−mice. (C)Masson’s staining of liver sections from
WT mice and FXR−/− mice. (D) Hepatic hydroxyproline content. (E) Ctgf and Timp1 was determined by quantitative real-time PCR in WT mice and FXR−/− mice.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; FXR, farnesoid X receptor; OCA, obeticholic acid; WT, wild-type; ns, not significant; *, p＜0.05; **, p＜
0.01; ***, p＜0.001.
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methylglutaryl-CoA reductase (Hmgcr), the rate-limiting enzyme for
cholesterol synthesis, was upregulated by high-dose OCA in the
livers ofWTmice (Figures 5B,C). High-dose OCA also upregulated
the expression of Srb1, which is responsible for hepatic uptake high-
density lipoprotein (HDL) cholesterol from circulation. Moreover,
high-dose OCA markedly suppressed the expression of enzymes

involved in cholesterol conversion to bile acids, such as Cyp7a1,
Cyp8b1, and Cyp27a1 (Figures 5B,C) in the livers of WT mice.
Conversely, the expression of these genes in the livers of FXR−/- mice
had no such differences with high-dose OCA treatment (Figures
5B,D). The results revealed that in the presence of FXR, high-dose
OCA upregulated genes involved in cholesterol acquisition and

FIGURE 3 | High-dose OCA induced an FXR-mediated inflammatory response WT mice (WT group), and FXR−/- mice (FXR−/- group) fed with 0.16% OCA as
described in Figure 2; andWTmice treated with 0.04%OCA for 76 days (WT-N group). (A)Differentially expressed genes of mice. (B)Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis of differentially expressed genes, dashed horizontal line is plotted at 1.3 (Q-value = 0.05). (C) Proinflammatory mediator and fibrosis
gene expression in livers of mice. (D) Gene Set Enrichment Analysis was performed to analyze the pathways enrichment in WT group. Left panel, the most
significantly enriched gene sets. Right panel, representative 10 significantly enriched gene sets from GSEA analysis. ES, enrichment score; FDR, false discovery rate;
FXR, farnesoid X receptor; OCA, obeticholic acid; NES, normalized enrichment score; ns, not significant; *, p＜0.05; **, p＜0.01; ***, p＜0.001.
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FIGURE 4 |High-dose OCA upregulated IL-1β dependent of FXR. (A) Relative mRNA expression of Nlrp3, Il-1β, and Tnfαwas determined by quantitative real-time
PCR (qPCR) in wild type mice. (B) Relative mRNA expression was determined by qPCR in FXR−/− mice. (C) Protein expression of NLRP3 in WT group. (D) Protein
expression of NLRP3 in FXR−/− mice. (E) Protein expression of IL-1β in WT group. (F) Protein expression of IL-1β in FXR−/− mice. (G) Immunohistochemistry for IL-1β in
the liver of the mice. (Scale bars, 50 μm). OCA, obeticholic acid; ns, not significant; *, p＜0.05; **, p＜0.01; ***, p＜0.001.
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downregulated those involved in secretion of cholesterol in the livers.
Together, these changes contributed to the cholesterol accumulation
in livers. Cholesterol trigger NLRP3 activation, leading to the
production of IL-1β, which triggers an inflammatory response,
and promotes hepatic stellate cell proliferation (Ioannou, 2016).
Therefore, high-dose OCA may have resulted in hepatic fibrosis via
cholesterol accumulation and increased the production of IL-1β in
an FXR-mediated manner (Figure 5E).

DISCUSSION

This study revealed that high-dose OCA induced liver injury in
an FXR-dependent manner.

OCA was designed as a potent FXR agonist, it alleviates bile
acids-induced hepatotoxicity (Trivedi et al., 2016) and NAFLD via
FXR activation (Watanabe et al., 2004). However, FXR activation
elevated plasma total cholesterol and LDL-c cholesterol levels, and
decreased plasma HDL cholesterol levels in human
(Neuschwander-Tetri et al., 2015; Pencek et al., 2016; Chavez-
Talavera et al., 2017). Thus, FXR activation induces a higher
cardiovascular risk lipoprotein profile in human. Interestingly, it
is different in mice. FXR activation reduced circulating cholesterol
in mice by inhibiting intestinal cholesterol absorption, promoting
reverse cholesterol transport in macrophage (Xu et al., 2016), and
increasing the expression of hepatic low-density lipoprotein
receptor (Singh et al., 2018). In our study, high-dose OCA also
reduced serum cholesterol levels in mice.

FIGURE 5 | High-dose OCA disrupted liver cholesterol metabolism via FXR activation. Mice were administered with OCA as described in Figure 2. (A) Left panel,
serum cholesterol; right panel, liver total cholesterol. (B) Fold change (FC) of FXR-target genes and cholesterol metabolism genes, as determined by RNA-seq. (C)
Relative mRNA expression of genes involved in cholesterol metabolism in WT mice, as determined by real-time quantitative PCR (qPCR). (D) Relative mRNA expression
determined by qPCR in FXR−/− mice. (E) Molecular pathways of high-dose OCA-induced hepatic fibrosis (upregulated genes are shown in red; downregulated
genes are shown in blue). ns, not significant; *, p＜0.05; **, p＜0.01; ***, p＜0.001.
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Even though FXR activation inhibited hepatic cholesterol
conversed to bile acid and promoted HDL-c uptakes from
circulation (Chavez-Talavera et al., 2017), several studies
indicated that a therapeutic concentration of OCA decreased
hepatic cholesterol content (Cipriani et al., 2010; Dong et al.,
2017; Goto et al., 2018; Morrison et al., 2018). Conversely, in this
study, a supratherapeutic concentration of OCA induced hepatic
cholesterol accumulation dependent of FXR, which leading to
inflammatory response. Previous study shown that activation of
FXR suppressed the expression of Cyp7a1, Cyp8b1, and Cyp27a1,
and induced the expression of Srb1 (Li and Chiang, 2014).
Importantly, activation of FXR decreased hepatic cholesterol
synthesis by suppressing the expression of Hmgcr (Hubbert
et al., 2007), and promoted cholesterol secretion from
hepatocytes by inducing Abcg8 and Abcg5 expression (Li et al.,
2011). These changes caused by FXR activation were responsible
for hepatic cholesterol reduction. However, in the present study,
high-dose OCA increased the expression of Hmgcr without the
upregulation of Abcg8 or Abcg5. Therefore, high-dose OCA
disturbed the hepatic cholesterol homeostasis and induced
hepatic cholesterol accumulation.

Cholesterol activated NLRP3 inflammasomes in macrophages
contributing to atherogenesis was reported (Duewell et al., 2010;
Rajamaki et al., 2010). Accumulating evidence demonstrated that
hepatic free cholesterol is a molecular mediator of lipotoxicity
(Ioannou, 2016), which activated NLRP3 inflammasomes and
upregulated IL-1β, promoting liver inflammation (Mridha et al.,
2017). Additionally, blocking NLRP3 activation alleviated hepatic
inflammation induced by a methionine/choline-deficient diet and
atherogenic diet (Mridha et al., 2017). Hepatic cholesterol
accumulation also upregulated expression of TAZ, a
profibrotic transcriptional regulator, and leading to liver
fibrosis (Wang et al., 2020). Dysregulated cholesterol
metabolism results in cholesterol accumulation in the liver of
NAFLD patients (Puri et al., 2007; Caballero et al., 2009; Min
et al., 2012), which can lead to NLRP3 inflammasome activation
(Mridha et al., 2017), hepatic inflammation, and fibrosis
(Ioannou, 2016).

Toxicity studies of OCA indicated that the toxicity of OCA to
mice fed with a standard diet is primarily on the liver
(EUROPEAN MEDICINES AGENCY, 2016). In this study, we
explored the mechanism of high-dose OCA-induced
hepatotoxicity in the condition of the NAFLD mouse model.
The result showed that high-dose OCA resulted in hepatotoxicity
in the presence of FXR. The high-dose OCA upregulated the
expression of genes involved in the deposition of hepatic
cholesterol and decreased the expression of genes involved in
cholesterol secretion in livers. This led to an accumulation of
cholesterol in liver, which triggered an inflammatory response in
the liver, as demonstrated by the increased expression of IL-1β
only in the presence of FXR. IL-1β, a potent inflammatory
cytokine, promotes hepatic stellate cell proliferation (Reiter
et al., 2016) and is involved in the pathogenesis of hepatic
fibrosis, the latter of which can be induced by several factors,
such as toxins, ethanol, and NASH (Seki and Schwabe, 2015). We
demonstrated that FXR plays an important role in OCA-induced

liver fibrosis when OCA is administered at high dose or in
conditions of advanced cirrhosis, the latter of which resulted
in a sharp increase in OCA plasma concentrations (Edwards et al.,
2016).

There two limitations of this study. One is that the preclinical
toxicology study was performed in mice but not in rats. As we
know, the translational value of mice is limited in toxicological
studies. Another is that the effect of high-dose OCA on bile acid
metabolism was unknown for the measure of hepatic total bile
acids was not performed.

In summary, the current study revealed that FXR is essential
for high-dose OCA-induced hepatoxicity.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.
nlm.nih.gov/search/all/?term=PRJNA701084.

ETHICS STATEMENT

The animal study was reviewed and approved by the Laboratory
Animal Ethics Committee of Jinan University.

AUTHOR CONTRIBUTIONS

BN designed the experiments. BN, CL, and YY interpreted the
data; CL, BY, BN, LC, and ZZ performed the experiments. WY,
HZ, and WB helped with experiments. CL wrote the manuscript.
BN revised the manuscript. All authors approved the final
manuscript.

FUNDING

This work was supported by Scientific Research Foundation for
Returned Scholars of the Ministry of Education of China and the
National Natural Science Foundation of China (81471080)
for BN.

ACKNOWLEDGMENTS

We thank Georgia Lenihan-Geels (Edanz) for editing a draft of
this manuscript.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.880508/
full#supplementary-material

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8805088

Lin et al. OCA Induces Hepatoxicity Via FXR

https://www.ncbi.nlm.nih.gov/search/all/?term=PRJNA701084
https://www.ncbi.nlm.nih.gov/search/all/?term=PRJNA701084
https://www.frontiersin.org/articles/10.3389/fphar.2022.880508/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.880508/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Armstrong, L. E., and Guo, G. L. (2017). Role of FXR in Liver Inflammation during
Nonalcoholic Steatohepatitis. Curr. Pharmacol. Rep. 3, 92–100. doi:10.1007/
s40495-017-0085-2

Caballero, F., Fernández, A., De Lacy, A. M., Fernández-Checa, J. C., Caballería, J.,
and García-Ruiz, C. (2009). Enhanced Free Cholesterol, SREBP-2 and StAR
Expression in Human NASH. J. Hepatol. 50, 789–796. doi:10.1016/j.jhep.2008.
12.016

Chapman, R. W., and Lynch, K. D. (2020). Obeticholic Acid-A New Therapy in
PBC and NASH. Br. Med. Bull. 133, 95–104. doi:10.1093/bmb/ldaa006

Chávez-Talavera, O., Tailleux, A., Lefebvre, P., and Staels, B. (2017). Bile Acid
Control of Metabolism and Inflammation in Obesity, Type 2 Diabetes,
Dyslipidemia, and Nonalcoholic Fatty Liver Disease. Gastroenterology 152,
1679–e3. doi:10.1053/j.gastro.2017.01.055

Cipriani, S., Mencarelli, A., Palladino, G., and Fiorucci, S. (2010). FXR Activation
Reverses Insulin Resistance and Lipid Abnormalities and Protects against Liver
Steatosis in Zucker (Fa/fa) Obese Rats. J. Lipid Res. 51, 771–784. doi:10.1194/jlr.
M001602

Dong, B., Young, M., Liu, X., Singh, A. B., and Liu, J. (2017). Regulation of Lipid
Metabolism by Obeticholic Acid in Hyperlipidemic Hamsters. J. Lipid Res. 58,
350–363. doi:10.1194/jlr.M070888

Duewell, P., Kono, H., Rayner, K. J., Sirois, C. M., Vladimer, G., Bauernfeind, F. G.,
et al. (2010). NLRP3 Inflammasomes Are Required for Atherogenesis and
Activated by Cholesterol Crystals. Nature 464, 1357–1361. doi:10.1038/
nature08938

Eaton, J. E., Vuppalanchi, R., Reddy, R., Sathapathy, S., Ali, B., and Kamath, P. S.
(2020). Liver Injury in Patients with Cholestatic Liver Disease Treated with
Obeticholic Acid. Hepatology 71, 1511–1514. doi:10.1002/hep.31017

Edwards, J. E., LaCerte, C., Peyret, T., Gosselin, N. H., Marier, J. F., Hofmann, A. F.,
et al. (2016). Modeling and Experimental Studies of Obeticholic Acid Exposure
and the Impact of Cirrhosis Stage. Clin. Transl. Sci. 9, 328–336. doi:10.1111/cts.
12421

Eslam, M., and George, J. (2020). Genetic Contributions to NAFLD: Leveraging
Shared Genetics to Uncover Systems Biology. Nat. Rev. Gastroenterol. Hepatol.
17, 40–52. doi:10.1038/s41575-019-0212-0

EUROPEAN MEDICINES AGENCY (2016). Ocaliva Assessment Report. https://
www.ema.europa.eu/en/documents/assessment-report/ocaliva-epar-public-
assessment-report_en.pdf (Accessed March 15, 2021).

Fan, J. G., Kim, S. U., and Wong, V. W. (2017). New Trends on Obesity and
NAFLD in Asia. J. Hepatol. 67, 862–873. doi:10.1016/j.jhep.2017.06.003

Goto, T., Itoh, M., Suganami, T., Kanai, S., Shirakawa, I., Sakai, T., et al. (2018).
Obeticholic Acid Protects against Hepatocyte Death and Liver Fibrosis in a
Murine Model of Nonalcoholic Steatohepatitis. Sci. Rep. 8, 8157. doi:10.1038/
s41598-018-26383-8

Hao, H., Cao, L., Jiang, C., Che, Y., Zhang, S., Takahashi, S., et al. (2017). Farnesoid
X Receptor Regulation of the NLRP3 Inflammasome Underlies Cholestasis-
Associated Sepsis. Cell Metab. 25, 856–e5. doi:10.1016/j.cmet.2017.03.007

Hubbert, M. L., Zhang, Y., Lee, F. Y., and Edwards, P. A. (2007). Regulation of
Hepatic Insig-2 by the Farnesoid X Receptor. Mol. Endocrinol. 21, 1359–1369.
doi:10.1210/me.2007-0089

Ioannou, G. N. (2016). The Role of Cholesterol in the Pathogenesis of NASH.
Trends Endocrinol. Metab. 27, 84–95. doi:10.1016/j.tem.2015.11.008

Li, T., and Chiang, J. Y. (2014). Bile Acid Signaling in Metabolic Disease and Drug
Therapy. Pharmacol. Rev. 66, 948–983. doi:10.1124/pr.113.008201

Li, T., Matozel, M., Boehme, S., Kong, B., Nilsson, L. M., Guo, G., et al. (2011).
Overexpression of Cholesterol 7α-Hydroxylase Promotes Hepatic Bile Acid
Synthesis and Secretion and Maintains Cholesterol Homeostasis. Hepatology
53, 996–1006. doi:10.1002/hep.24107

Liu, Y., Binz, J., Numerick, M. J., Dennis, S., Luo, G., Desai, B., et al. (2003).
Hepatoprotection by the Farnesoid X Receptor Agonist GW4064 in Rat Models
of Intra- and Extrahepatic Cholestasis. J. Clin. Invest. 112, 1678–1687. doi:10.
1172/JCI18945

Mencarelli, A., Renga, B., Migliorati, M., Cipriani, S., Distrutti, E., Santucci, L., et al.
(2009). The Bile Acid Sensor Farnesoid X Receptor Is a Modulator of Liver
Immunity in a Rodent Model of Acute Hepatitis. J. Immunol. 183, 6657–6666.
doi:10.4049/jimmunol.0901347

Min, H. K., Kapoor, A., Fuchs, M., Mirshahi, F., Zhou, H., Maher, J., et al. (2012).
Increased Hepatic Synthesis and Dysregulation of Cholesterol Metabolism Is
Associated with the Severity of Nonalcoholic Fatty Liver Disease. Cell Metab.
15, 665–674. doi:10.1016/j.cmet.2012.04.004

Morrison, M. C., Verschuren, L., Salic, K., Verheij, J., Menke, A., Wielinga, P. Y.,
et al. (2018). Obeticholic Acid Modulates Serum Metabolites and Gene
Signatures Characteristic of Human NASH and Attenuates Inflammation
and Fibrosis Progression in Ldlr-/-.Leiden Mice. Hepatol. Commun. 2,
1513–1532. doi:10.1002/hep4.1270

Mridha, A. R., Wree, A., Robertson, A. A. B., Yeh, M. M., Johnson, C. D., Van
Rooyen, D. M., et al. (2017). NLRP3 Inflammasome Blockade Reduces Liver
Inflammation and Fibrosis in Experimental NASH in Mice. J. Hepatol. 66,
1037–1046. doi:10.1016/j.jhep.2017.01.022

Neuschwander-Tetri, B. A., Loomba, R., Sanyal, A. J., Lavine, J. E., Van Natta, M.
L., Abdelmalek, M. F., et al. (2015). Farnesoid X Nuclear Receptor Ligand
Obeticholic Acid for Non-cirrhotic, Non-alcoholic Steatohepatitis (FLINT): a
Multicentre, Randomised, Placebo-Controlled Trial. Lancet 385, 956–965.
doi:10.1016/s0140-6736(14)61933-4

Pellicciari, R., Fiorucci, S., Camaioni, E., Clerici, C., Costantino, G., Maloney, P. R.,
et al. (2002). 6alpha-ethyl-chenodeoxycholic Acid (6-ECDCA), a Potent and
Selective FXR Agonist Endowed with Anticholestatic Activity. J. Med. Chem. 45,
3569–3572. doi:10.1021/jm025529g

Pencek, R., Marmon, T., Roth, J. D., Liberman, A., Hooshmand-Rad, R., and
Young, M. A. (2016). Effects of Obeticholic Acid on Lipoprotein Metabolism in
Healthy Volunteers. Diabetes Obes. Metab. 18, 936–940. doi:10.1111/dom.
12681

Puri, P., Baillie, R. A., Wiest, M. M., Mirshahi, F., Choudhury, J., Cheung, O., et al.
(2007). A Lipidomic Analysis of Nonalcoholic Fatty Liver Disease. Hepatology
46, 1081–1090. doi:10.1002/hep.21763

Rajamäki, K., Lappalainen, J., Oörni, K., Välimäki, E., Matikainen, S., Kovanen, P.
T., et al. (2010). Cholesterol Crystals Activate the NLRP3 Inflammasome in
Human Macrophages: a Novel Link between Cholesterol Metabolism and
Inflammation. PLoS One 5, e11765. doi:10.1371/journal.pone.0011765

Reiter, F. P., Wimmer, R., Wottke, L., Artmann, R., Nagel, J. M., Carranza, M. O.,
et al. (2016). Role of Interleukin-1 and its Antagonism of Hepatic Stellate Cell
Proliferation and Liver Fibrosis in the Abcb4(-/-) Mouse Model. World
J. Hepatol. 8, 401–410. doi:10.4254/wjh.v8.i8.401

Seki, E., and Schwabe, R. F. (2015). Hepatic Inflammation and Fibrosis:
Functional Links and Key Pathways. Hepatology 61, 1066–1079. doi:10.
1002/hep.27332

Singh, A. B., Dong, B., Kraemer, F. B., Xu, Y., Zhang, Y., and Liu, J. (2018).
Farnesoid X Receptor Activation by Obeticholic Acid Elevates Liver Low-
Density Lipoprotein Receptor Expression by mRNA Stabilization and Reduces
Plasma Low-Density Lipoprotein Cholesterol in Mice. Arterioscler. Thromb.
Vasc. Biol. 38, 2448–2459. doi:10.1161/atvbaha.118.311122

Trebicka, J., Hennenberg, M., Laleman, W., Shelest, N., Biecker, E., Schepke, M.,
et al. (2007). Atorvastatin Lowers Portal Pressure in Cirrhotic Rats by Inhibition
of RhoA/Rho-Kinase and Activation of Endothelial Nitric Oxide Synthase.
Hepatology 46, 242–253. doi:10.1002/hep.21673

Trivedi, P. J., Hirschfield, G. M., and Gershwin, M. E. (2016). Obeticholic Acid for
the Treatment of Primary Biliary Cirrhosis. Expert Rev. Clin. Pharmacol. 9,
13–26. doi:10.1586/17512433.2015.1092381

Wang, X., Cai, B., Yang, X., Sonubi, O. O., Zheng, Z., Ramakrishnan, R., et al.
(2020). Cholesterol Stabilizes TAZ in Hepatocytes to Promote Experimental
Non-alcoholic Steatohepatitis. Cell Metab. 31, 969–e7. doi:10.1016/j.cmet.2020.
03.010

Wang, Y. D., Chen, W. D., Wang, M., Yu, D., Forman, B. M., and Huang, W.
(2008). Farnesoid X Receptor Antagonizes Nuclear Factor kappaB in
Hepatic Inflammatory Response. Hepatology 48, 1632–1643. doi:10.
1002/hep.22519

Watanabe, M., Houten, S. M., Wang, L., Moschetta, A., Mangelsdorf, D. J.,
Heyman, R. A., et al. (2004). Bile Acids Lower Triglyceride Levels via a
Pathway Involving FXR, SHP, and SREBP-1c. J. Clin. Invest. 113,
1408–1418. doi:10.1172/JCI21025

Xu, Y., Li, F., Zalzala, M., Xu, J., Gonzalez, F. J., Adorini, L., et al. (2016). Farnesoid
X Receptor Activation Increases Reverse Cholesterol Transport by Modulating
Bile Acid Composition and Cholesterol Absorption in Mice. Hepatology 64,
1072–1085. doi:10.1002/hep.28712

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8805089

Lin et al. OCA Induces Hepatoxicity Via FXR

https://doi.org/10.1007/s40495-017-0085-2
https://doi.org/10.1007/s40495-017-0085-2
https://doi.org/10.1016/j.jhep.2008.12.016
https://doi.org/10.1016/j.jhep.2008.12.016
https://doi.org/10.1093/bmb/ldaa006
https://doi.org/10.1053/j.gastro.2017.01.055
https://doi.org/10.1194/jlr.M001602
https://doi.org/10.1194/jlr.M001602
https://doi.org/10.1194/jlr.M070888
https://doi.org/10.1038/nature08938
https://doi.org/10.1038/nature08938
https://doi.org/10.1002/hep.31017
https://doi.org/10.1111/cts.12421
https://doi.org/10.1111/cts.12421
https://doi.org/10.1038/s41575-019-0212-0
https://www.ema.europa.eu/en/documents/assessment-report/ocaliva-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/assessment-report/ocaliva-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/assessment-report/ocaliva-epar-public-assessment-report_en.pdf
https://doi.org/10.1016/j.jhep.2017.06.003
https://doi.org/10.1038/s41598-018-26383-8
https://doi.org/10.1038/s41598-018-26383-8
https://doi.org/10.1016/j.cmet.2017.03.007
https://doi.org/10.1210/me.2007-0089
https://doi.org/10.1016/j.tem.2015.11.008
https://doi.org/10.1124/pr.113.008201
https://doi.org/10.1002/hep.24107
https://doi.org/10.1172/JCI18945
https://doi.org/10.1172/JCI18945
https://doi.org/10.4049/jimmunol.0901347
https://doi.org/10.1016/j.cmet.2012.04.004
https://doi.org/10.1002/hep4.1270
https://doi.org/10.1016/j.jhep.2017.01.022
https://doi.org/10.1016/s0140-6736(14)61933-4
https://doi.org/10.1021/jm025529g
https://doi.org/10.1111/dom.12681
https://doi.org/10.1111/dom.12681
https://doi.org/10.1002/hep.21763
https://doi.org/10.1371/journal.pone.0011765
https://doi.org/10.4254/wjh.v8.i8.401
https://doi.org/10.1002/hep.27332
https://doi.org/10.1002/hep.27332
https://doi.org/10.1161/atvbaha.118.311122
https://doi.org/10.1002/hep.21673
https://doi.org/10.1586/17512433.2015.1092381
https://doi.org/10.1016/j.cmet.2020.03.010
https://doi.org/10.1016/j.cmet.2020.03.010
https://doi.org/10.1002/hep.22519
https://doi.org/10.1002/hep.22519
https://doi.org/10.1172/JCI21025
https://doi.org/10.1002/hep.28712
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Younossi, Z., Anstee, Q. M., Marietti, M., Hardy, T., Henry, L., Eslam, M., et al.
(2018). Global Burden of NAFLD and NASH: Trends, Predictions, Risk Factors
and Prevention. Nat. Rev. Gastroenterol. Hepatol. 15, 11–20. doi:10.1038/
nrgastro.2017.109

Younossi, Z. M., Ratziu, V., Loomba, R., Rinella, M., Anstee, Q. M., Goodman, Z.,
et al. (2019). Obeticholic Acid for the Treatment of Non-alcoholic
Steatohepatitis: Interim Analysis from a Multicentre, Randomised, Placebo-
Controlled Phase 3 Trial. Lancet 394, 2184–2196. doi:10.1016/S0140-6736(19)
33041-7

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

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

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

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 88050810

Lin et al. OCA Induces Hepatoxicity Via FXR

https://doi.org/10.1038/nrgastro.2017.109
https://doi.org/10.1038/nrgastro.2017.109
https://doi.org/10.1016/S0140-6736(19)33041-7
https://doi.org/10.1016/S0140-6736(19)33041-7
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Obeticholic Acid Induces Hepatoxicity Via FXR in the NAFLD Mice
	Introduction
	Materials and Methods
	Animal Experiments
	Serum Biochemical Analysis and Hepatic Cholesterol Content Measurements
	Hepatic Hydroxyproline Content
	Western Blots
	RNA Sequencing (RNA-Seq) Analysis
	Real-Time Quantitative PCR
	Statistical Analysis

	Results
	Over-Dose OCA Caused Hepatic Injury and Impaired Mice Survival in an FXR-dependent Manner
	High-Dose OCA Induced Hepatic Stellate Cell Activation and Liver Fibrosis in the Presence of FXR
	High-Dose OCA Caused an FXR-Mediated Inflammatory Response
	High-Dose OCA Disrupted Liver Cholesterol Metabolism

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


