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Abstract
Nonalcoholic steatohepatitis (NASH) is a rapidly developing pathology around 
the world, with limited treatment options available. Some farnesoid X receptor 
(FXR) agonists have been applied in clinical trials for NASH, but side effects 
such as pruritus and low- density lipoprotein elevation have been reported. 
Intestinal FXR is recognized as a promising therapeutic target for metabolic 
diseases. Glycine- β- muricholic acid (Gly- MCA) is an intestine- specific FXR 
antagonist previously shown to have favorable metabolic effects on obesity 
and insulin resistance. Herein, we identify a role for Gly- MCA in the pathogen-
esis of NASH, and explore the underlying molecular mechanism. Gly- MCA 
improved lipid accumulation, inflammatory response, and collagen deposition 
in two different NASH models. Mechanistically, Gly- MCA decreased intestine- 
derived ceramides by suppressing ceramide synthesis– related genes via 
decreasing intestinal FXR signaling, leading to lower liver endoplasmic re-
ticulum (ER) stress and proinflammatory cytokine production. The role of bile 
acid metabolism and adiposity was excluded in the suppression of NASH by 
Gly- MCA, and a correlation was found between intestine- derived ceramides 
and NASH severity. This study revealed that Gly- MCA, an intestine- specific 
FXR antagonist, has beneficial effects on NASH by reducing ceramide levels 
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most 
prevalent cause of chronic liver diseases, closely as-
sociated with obesity, type 2 diabetes, hypertension, 
and dyslipidemia.[1] NAFLD can be divided histologi-
cally into nonalcoholic fatty liver (NAFL) and nonalco-
holic steatohepatitis (NASH).[2] NAFL is a benign form 
of NAFLD with excess fat in the liver and no hepatocel-
lular damage,[3] whereas NASH is a progressive form 
of this disease, characterized with ballooning, lobular 
inflammation, and deposition of collagen fibers in ad-
dition to steatosis.[4] NASH can eventually progress to 
cirrhosis and hepatocellular carcinoma. The multiple- 
hit hypothesis provides a more accurate and widely 
accepted explanation of NASH. Initial hits lead to the 
development of simple steatosis, following hepatocyte 
inflammation and apoptosis, resulting in mitochon-
drial dysfunction, oxidative stress, lipid peroxidation, 
and Kupffer cell activation.[5] NASH is a heavy burden 
on the public health system, and options for pharma-
cologic therapy targeting NASH remain extremely 
limited.[5,6]

Farnesoid X receptor (FXR), a bile acid- activated 
nuclear receptor, regulates many biological processes, 
including bile acid homeostasis, and lipid and glucose 
metabolism.[7] Recently, extensive studies have sug-
gested that a lack of intestinal FXR protects mice from 
obesity, insulin resistance, and NAFLD, thus confirm-
ing the involvement of intestinal FXR in the patho-
genesis of metabolic diseases.[8– 10] Therefore, it is 
imperative that we elucidate the effects of intestinal 
FXR on the development of NASH, enabling the de-
velopment of new pharmacological treatments for this 
disorder.

It was reported that tauro- beta- muricholeic acid 
(T- β- MCA) antagonizes intestinal FXR signaling, 
correlated with its improved metabolic function.[11,12] 
Nevertheless, T- β- MCA does not act as a long- acting 
inhibitor of intestine- specific FXR in vivo, in that it 
is rapidly hydrolyzed by bacterial bile salt hydro-
lase (BSH). Glycine- β- muricholic acid (Gly- MCA), a 
derivative of T- β- MCA, was identified by molecular 
modeling as a FXR antagonist that is resistant to hy-
drolysis by BSH.[8] Gly- MCA improved glucose and 
lipid metabolism, and thus alleviated obesity- related 
metabolic disorders.[13] Nevertheless, the thera-
peutic effects of Gly- MCA on NASH remain largely 
undetermined.

In the present study, Gly- MCA was found to amelio-
rate NASH manifested in reduced hepatic lipid accumu-
lation, inflammation, and fibrogenesis, exerting its action 
on the intestinal FXR- ceramide axis rather than bile 
acid metabolism in the ileum. Taken together, Gly- MCA 
or another gut- specific FXR antagonist could, to be a 
promising agent for preventing or treating NASH due to 
its low hepatotoxicity and significant therapeutic effects.

METHODS

Reagents and materials

Gly- MCA was synthesized by a previously described 
method.[8] Bile acid standards were obtained from 
Steraloids, Inc. or Sigma- Aldrich. Ceramide standards 
(C16:0, C17:0, C18:0, C20:0, C22:0, C24:0, and C24:1) 
were purchased from Avanti Polar Lipids. Low- fat diet 
(LFD; D12450B), Amylin liver NASH model diet (AMLN 
diet; D09100301), methionine- choline- sufficient diet 
(MCS; A02082003B), and methionine and choline- 
deficient diet (MCD; A02082002B) were purchased 
from Research Diet.

Animal studies

Control (Fxrfl/fl) mice and intestine- specific Fxr- null 
(FxrΔIE) were on a C57BL/6N genetic background 
(backcrossed over 10 generations).[14] Male C57BL/6N 
mice aged 6 weeks were purchased from Charles River 
Laboratories or HuaFukang BioScience Company. 
Animal procedures were approved by the National 
Cancer Institute Animal Care and Use Committee and 
the Animal Ethics Committee of Shanghai Institute 
of Materia Medica. For all mice, the circadian rhythm 
was 12 h, and access to water and food was ad libi-
tum. Oral administration of Gly- MCA was based on 
the addition of Gly- MCA (10 mg kg−1 day−1) to bacon- 
flavored dough pills. For the therapy of NASH, Gly- MCA 
(10 mg kg−1 day−1) was administered to 8- week- old male 
C57BL/6N mice for 8 weeks, after feeding either a LFD or 
AMLN diet for 0 to 12 weeks. To determine whether Gly- 
MCA was intestinally FXR- dependent, 6– 8- week- old 
male Fxrfl/fl and FxrΔIE mice fed an AMLN diet for 
12 weeks were orally administered vehicle or Gly- MCA 
(10 mg kg−1 day−1) for 8 weeks. The 8- week- old mice 
were fed an MCS or MCD diet for 4 weeks and were 

circulating to liver via lowering intestinal FXR signaling, and ceramide produc-
tion, followed by decreased liver ER stress and NASH progression. Intestinal 
FXR is a promising drug target and Gly- MCA a novel agent for the prevention 
and treatment of NASH.
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simultaneously or immediately administered vehicle pills 
or Gly- MCA pills (10 mg kg−1 day−1) to rule out the effect 
of adiposity. The 6– 8- week- old male Fxrfl/fl and FxrΔIE 
mice fed an MCD diet were orally administered vehicle 
or Gly- MCA (10 mg kg−1 day−1) pills simultaneously for 
4 weeks to determine the role of intestinal FXR in MCD 
diet– induced NASH. Mice on AMLN diet received vehi-
cle or C16:0 ceramide at a dose of 10 mg kg−1 day−1 via 
intraperitoneal injection every other day for 3 weeks in 
the ceramide supplementation study.

Clinical chemistry measurements

As directed by the manufacturer (Nanjing Jiancheng 
Bioengineering Institute or Bioassay Systems), levels 
of serum alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), and hepatic lipids (triglycer-
ides [TG] and free cholesterol) were measured.

Liver histology analysis

Frozen sections were stained for Oil Red O, and 
paraffin- embedded sections were stained for hematox-
ylin and eosin (H&E), Masson, and Sirius Red accord-
ing to standard protocols. The slides were observed 
under a light microscope. Livers of each mouse were 
examined from at least three different discontinuous 
sections.

Quantitative real- time polymerase 
chain reaction

Total RNA was isolated and converted to comple-
mentary DNA using TRIzol Reagent (Invitrogen), fol-
lowed with PrimeScript reverse transcriptase (Takara 
Bio). Quantitative real- time polymerase chain reac-
tions (PCRs) were running with SYBR Premix Ex Taq 
(Takara Bio) and a real- time PCR detection system 
CFX384. Table S1 presents quantitative real- time PCR 
primer sequences.

Ceramide and bile acid analysis

In serum lipidomics, the serum samples were extracted 
with chloroform– methanol solution containing C17:0 
ceramide. After separation, drying, and redissolution, 
the samples were injected for analysis. In ileal and he-
patic lipidomics, tissue samples were homogenized 
with methanol– H2O solution and then extracted using 
chloroform containing C17:0- ceramide. Samples could 
be injected for analysis after homogenate, shock, incu-
bation, separation, drying, and redissolution. All sam-
ples were separated by an Acquity UPLC CSH C18 

column (Waters Corp.) and analyzed using LC- ESI- MS 
instrumentation (Waters Corp.). Mobile phases A and 
B were respectively made up of acetonitrile– water so-
lution and isopropanol/acetonitrile solution, both con-
taining 10 mM ammonium acetate and 0.1% formic 
acid. Bile acids were separated by an Acquity BEH C18 
column (Waters Corp.) and detected using LC- ESI- MS 
instrumentation (Waters Corp.). Mobile phases A and 
B were 0.1% formic acid in water and acetonitrile, re-
spectively. Dosages and proportions of all solvent and 
experimental details were performed as described.[8]

Statistical analysis

All data were presented as mean ± SEM. The Student's 
t test was used for analysis of two groups, and one- 
way analysis of variance followed by Tukey's post hoc 
correction was used for analysis of multiple groups. 
Outliers were excluded from statistical analysis by out-
lier analysis using the ROUT method (Prism 8.0 soft-
ware, GraphPad Software); p < 0.05 was considered to 
be significant.

RESULTS

Therapeutic effect of Gly- MCA on NAFLD

To determine whether Gly- MCA has a therapeutic ef-
fect on NAFL and the more progressive form NASH, 
mice fed a LFD or the AMLN diet for 0 to 12 weeks 
were then orally administered Gly- MCA for 8 weeks. 
Gly- MCA treatment substantially decreased body 
weight gain (Figure S1A), liver weights, and liver- to- 
body weight ratios (Figure 1A,B) compared with that of 
vehicle- treated mice. TG and free cholesterol contents 
decreased to 70.9%– 85.0% and 67.9%– 77.6%, re-
spectively, in mice treated with Gly- MCA (Figure 1C,D). 
Gly- MCA treatment also dramatically decreased the 
levels of liver injury markers, ALT, and AST, com-
pared with vehicle, even after long- term LFD feeding 
(Figure 1E,F). Consistently, liver histological analysis of 
Gly- MCA- treated mice revealed a notable reduction in 
hepatic steatosis with less inflammation, fibrosis, and 
hepatocyte necrosis (Figure 1G,H).

To further confirm the ameliorative effect of Gly- MCA 
on NASH, the extents of hepatic lipid metabolism, in-
flammation, and fibrosis gene expression were ex-
amined. Gly- MCA treatment significantly reduced the 
expression of fatty acid transport and anabolism- related 
messenger RNAs (mRNAs), such as sterol- regulatory 
element binding protein 1c (Srebp1c), cell death- 
inducing DNA fragmentation factor, alpha subunit- like 
effector A (Cidea), ELOVL family member 6 (Elovl6), 
stearoyl- Coenzyme A desaturase 1 (Scd1), and CD36 
molecule (Cd36), and TG synthesis– related genes, 
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F I G U R E  1  Glycine- β- muricholic acid (Gly- MCA) ameliorates the development of nonalcoholic fatty liver disease (NAFLD) and inhibits 
farnesoid X receptor (FXR) signaling. Mice fed a low- fat diet (LFD) or an Amylin liver NASH model (AMLN) diet for the indicated weeks 
were then orally administered Gly- MCA for an additional 8 weeks (n = 7– 8 mice per group). (A) Liver weights. (B) Liver to body weight ratio. 
(C) Liver triglycerides. (D) Liver free cholesterol. (E,F) Serum alanine aminotransferase (ALT) (E) and aspartate aminotransferase (AST) 
(F) levels. (G) Representative hematoxylin and eosin (H&E), Oil Red O, and sirius red staining of liver sections. Scale bars, 100 μm. (H) 
NAFLD activity score (NAS) (n = 3– 6 mice per group). (I) FXR target gene messenger RNA (mRNA) levels in ileum. Data are presented as 
mean ± SEM and analyzed by one- way analysis of variance (ANOVA) with Tukey's correction. *p < 0.05, **p < 0.01, and ***p < 0.001 compared 
with LFD- fed mice. #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with vehicle- treated mice.  
Abbreviations: Asbt, apical sodium– dependent bile acid transporter; Fgf15, fibroblast growth 15; Fxr, farnesoid X receptor; Ibabp, intestinal 
bile acid- binding protein; Shp, small heterodimer partner
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F I G U R E  2  Gly- MCA decreases AMLN diet– induced hepatic steatosis, inflammation, and fibrosis. Mice fed a LFD or an AMLN diet 
for the indicated weeks were then orally administered Gly- MCA for an additional 8 weeks (n = 7– 8 mice per group). (A) Hepatic mRNA 
levels of lipogenesis- related genes. (B) Hepatic mRNA levels of inflammatory cytokine and chemokine genes. (C) Hepatic mRNA levels 
of fibrogenesis- related genes. Data are presented as mean ± SEM and analyzed by one- way ANOVA with Tukey's correction. *p < 0.05, 
**p < 0.01, and ***p < 0.001 compared with LFD- fed mice. #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with vehicle- treated mice. 
Abbreviations: Asma, alpha- smooth muscle actin; Caspase1, cysteine- asparic acid protease 1; Ccl2, chemokine (C- C motif) ligand 2; Ccl3, 
chemokine (C- C motif) ligand 3; Cd36, CD36 molecule; Cdiea, cell death- inducing DNA fragmentation factor, alpha subunit- like effector 
A; Col1a1, collagen, type Ⅰ, alpha 1; Col3a1, collagen, type Ⅲ, alpha 1; Col4a1, collagen, type Ⅳ, alpha 1; Col4a2, collagen, type Ⅳ, alpha 
2; Col5a2, collagen, type Ⅴ, alpha 2; Col12a1, collagen, type Ⅻ, alpha 1; Dgat1, diacylglycerol O- acyltransferase 1; Dgat2, diacylglycerol 
O- acyltransferase 2; Elovl6, ELOVL family member 6; Fasn, fatty acid synthase; Il1b, interleukin 1 beta; Il6, interleukin 6; Nlrp3, NLR family, 
pyrin domain containing 3; Pail, plasminogen activator inhibitor type- 1; Scd1, stearoyl- Coenzyme A desaturase 1; Srebp1c, sterol- regulatory 
element binding protein 1c; Tgfb, transforming growth factor beta; Tnfa, tumor necrosis factor alpha
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such as diacylglycerol O- acyltransferase 1 (Dgat1), 
and diacylglycerol O- acyltransferase 2 (Dgat2). Fatty 
acid synthase (Fasn) remained unchanged and even 
was increased by Gly- MCA at 20 weeks (Figure 2A). 
Furthermore, the AMLN diet feeding for 8, 12, and 
20 weeks resulted in more frequent inflammatory cell in-
filtration and immune complex deposition (Figure 1G,H). 
Gly- MCA significantly lowered the expression of in-
flammatory cytokines and chemokines, manifested by 
reduced mRNA levels of tumor necrosis factor alpha 
(Tnfa), plasminogen activator inhibitor type- 1 (Pai1), 
chemokine (C- C motif) ligand 2 (Ccl2), chemokine 
(C- C motif) ligand 3 (Ccl3), interleukin 1b (Il1b), NLR 
family, pyrin domain containing 3 (Nlrp3), and cysteine- 
asparic acid protease 1 (caspase1) (Figure 2B). Mice 
fed an AMLN diet exhibited hallmark features of NASH 
with fibrosis (Figure 1G,H), whereas Gly- MCA treat-
ment reduced hepatic expression of mRNAs encoded 
by fibrogenesis- related genes, such as transforming 
growth factor beta (Tgfb), alpha- smooth muscle actin 
(Asma), collagen, type Ⅰ, alpha 1 (Col1a1), collagen, 
type Ⅲ, alpha 1 (Col3a1), collagen, type Ⅳ, alpha 1 
(Col4a1), collagen, type Ⅳ, alpha 2 (Col4a2), collagen, 
type Ⅴ, alpha 2 (Col5a2), and collagen, type Ⅻ, alpha 
1 (Col12a1) (Figure 2C). These data demonstrate that 
Gly- MCA does not cause marked hepatotoxicity, but 
does decrease hepatic lipotoxicity, inflammation, and 
fibrosis induced by the AMLN diet.

Gly- MCA regulates FXR signaling and 
decreases ceramide levels

Gly- MCA, an oral inhibitor of intestinal FXR derived 
from metabolites of the gut microbiota, was previously 
found to decrease high- fat diet (HFD)- induced obe-
sity.[8] To verify whether Gly- MCA acts by inhibiting 
intestinal FXR signaling in the NASH model, we ex-
amined FXR target gene expression in the ileum and 
liver. Gly- MCA treatment repressed FXR signaling in 
the ileum, as revealed by a decrease in small heter-
odimer partner (Shp), fibroblast growth 15 (Fgf15), and 
intestinal bile acid- binding protein (Ibabp) mRNA levels, 
but not apical sodium– dependent bile acid transporter 
(Asbt) mRNA levels, suggestive that bile acid uptake 
was unaffected (Figure 1I). A previous study demon-
strated that Gly- MCA only accumulated in the intestine 
and was almost undetected in the liver after oral admin-
istration,[8] so that it did not affect liver FXR signaling, 
which is considered beneficial to maintain hepatic lipid 
homeostasis. For this reason, under NASH, the hepatic 
FXR signaling pathway was found even activated after 
the treatment of Gly- MCA, as evidenced by the in-
creased mRNAs expression of Fxr, Shp, sodium tauro-
cholate cotransporting polypeptide (Ntcp) and bile salt 
export pump (Bsep), but not cytochrome P450, family 
7, subfamily a, polypeptide 1 (Cyp7a1) mRNA levels 

(Figure S2A– E), presumably at a rate independent of 
Gly- MCA itself, largely due to NASH remission.

Previous studies demonstrated that ceramides could 
facilitate the development of NASH by fueling the cellu-
lar damage caused by inflammatory cytokines, aggra-
vating insulin resistance, and promoting mitochondrial 
dysfunction and oxidative stress.[15] Activation of intes-
tine FXR promotes the mRNA expression of ceramide 
synthesis genes, such as sphingomyelin phosphodies-
terase 3 (Smpd3), ceramide synthase 4 (Cers4), and 
serine palmitoyl transferase, long chain base subunit 
2 (Sptlc2).[9,16] To further explore the mechanism un-
derlying improved liver function phenotype by Gly- 
MCA, lipidomic analysis of ileum and liver metabolites 
was used, revealing that Gly- MCA lowered ceramide 
levels in both ileum and liver compared with vehicles 
(Figure 3A,B). Consistently, the mRNA expression lev-
els of ileal ceramide synthesis- related genes, such as 
serine palmitoyl transferase, long chain base subunit 
1 (Sptlc1), Sptlc2, ceramide synthase 2 (Cer2), Cer4, 
ceramide synthase 6 (Cer6), delta (4)- desaturase, 
sphingolipid 1 (Degs1), delta (4)- desaturase, sphin-
golipid 2 (Degs2), sphingomyelin phosphodiester-
ase 1 (Smpd1), sphingomyelin phosphodiesterase 2 
(Smpd2), Smpd3, and sphingomyelin phosphodies-
terase 4 (Smpd4) were measured with Sptlc2, Cers4, 
and Smpd3 mRNAs being reduced by Gly- MCA 
(Figure 3C). These results indicate that intestinal FXR 
inhibition decreases intestine- derived ceramides, con-
tributing to the Gly- MCA- improved NAFLD.

Gly- MCA reverses mice from AMLN 
diet– induced NASH via the inhibition of 
intestinal FXR- ceramide axis

To gain a better understanding of the role of intestinal 
FXR in the Gly- MCA- improved NASH, control mice 
(Fxrfl/fl) and intestine- specific Fxr- null (FxrΔIE) mice were 
treated with either oral vehicle or Gly- MCA for 8 weeks, 
after 12 weeks of the AMLN diet. Gly- MCA suppressed 
the AMLN diet– induced increase in body weights, liver 
weights, and liver- to- body weight ratios in Fxrfl/fl mice, 
but not in FxrΔIE mice (Figure S1B, Figure 4A,B). The 
hepatic TG and free cholesterol contents in Fxrfl/fl mice 
with Gly- MCA treatment were substantially lower than 
in vehicle- treated Fxrfl/fl mice, but remained similar in 
FxrΔIE mice (Figure 4C,D). Histological staining of the 
liver also showed that Gly- MCA decreased lipid dep-
osition, inflammatory cell infiltration, and fibrosis in 
Fxrfl/fl mice, with no further improvement in FxrΔIE mice 
(Figure 4E,F). Gly- MCA- treated Fxrfl/fl displayed lower 
ALT and AST compared with vehicle- treated Fxrfl/fl, 
whereas FxrΔIE mice were unresponsive to Gly- MCA 
treatment (Figure 4G,H). These results suggest that the 
ameliorative effects of Gly- MCA on NASH are depend-
ent on intestinal FXR.
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To further characterize the function of Gly- MCA 
in intestinal FXR on NASH, the mRNA levels of lipid 
metabolism– related (Srebp1c, Cidea, Fasn, Elovl6, 
Scd1, Cd36, Dgat1, and Dgat2), inflammation- related 

(Tnfa, Pai1, Ccl2, Ccl3, Il6, Il1b, Nlrp3, caspase1, 
PYD and CARD domain containing [Pycard], and 
pannexin 1 [Panx1]), and fibrogenesis- related (Tgfb, 
Αsma, Col1a1, Col3a1, Col4a1, Col4a2, Col5a2, and 

F I G U R E  3  Gly- MCA decreases ileal and hepatic ceramides. Mice fed a LFD or an AMLN diet for the indicated weeks were then orally 
administered Gly- MCA for an additional 8 weeks (n = 7– 8 mice per group). (A,B) Ileum (A) and liver (B) ceramide levels. (C) Ileal mRNA levels of 
ceramide synthesis- related genes. Data are presented as mean ± SEM and analyzed by one- way ANOVA with Tukey's correction. Horizon bars in 
the box plots indicate mean median; boxes indicate the interquartile range (IQR) between the 25th and 75th percentiles, and whiskers represent 
the lowest or highest values within 1.5 times IQR from the 25th or 75th quartiles. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with vehicle- 
treated mice in (A) and (B) compared with LFD- fed mice in (C). #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with vehicle- treated mice in (C).  
Abbreviations: Cers2, ceramide synthase 2; Cers4, ceramide synthase 4; Cers6, ceramide synthase 6; Degs1, delta (4)- desaturase, 
sphingolipid 1; Degs2, delta (4)- desaturase, sphingolipid 2; Smpd1, sphingomyelin phosphodiesterase 1; Smpd2, sphingomyelin 
phosphodiesterase 2; Smpd3, sphingomyelin phosphodiesterase 3; Smpd4, sphingomyelin phosphodiesterase 4; Sptlc1, serine palmitoyl 
transferase, long chain base subunit 1; Sptlc2, serine palmitoyl transferase, long chain base subunit 2
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Col12a1) genes were measured in the liver. Gly- 
MCA significantly inhibited the expression of these 
genes in Fxrfl/fl mice, except for Fasn, but had no 
further suppression in FxrΔIE mice (Figure 5A– C). 
Gly- MCA showed robust inhibition of intestinal FXR 
signaling in Fxrfl/fl mice in contrast to FxrΔIE mice 

(Figure 5D). Lipidomics and quantitative PCR analy-
sis of ileal ceramides and mRNA levels of ceramide 
synthesis– related genes were performed, reveal-
ing that especially the most abundant C16:0 cera-
mide, and Sptlc2, Smpd3, and Smpd4 mRNA levels, 
were decreased in Gly- MCA- treated Fxrfl/fl mice 

F I G U R E  4  Gly- MCA improves AMLN diet– induced nonalcoholic steatohepatitis (NASH) via the inhibition of intestinal FXR. Fxrfl/fl 
and Fxr∆IE mice fed an AMLN diet for 12 weeks were then treated with vehicle or Gly- MCA for 8 weeks (n = 7 mice per group). (A) Liver 
weights. (B) Liver to body weight ratio. (C) Liver triglycerides. (D) Liver free cholesterol. (E) Representative H&E and sirius red staining of 
liver sections. Scale bars, 100 μm. (F) NAS score (n = 5 mice per group). (G,H) Serum ALT (G) and AST (H) levels. Data are presented as 
mean ± SEM and analyzed by one- way ANOVA with Tukey's correction. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with vehicle- treated 
Fxrfl/fl mice
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F I G U R E  5  Gly- MCA ameliorates AMLN diet– induced hepatic steatosis, inflammation, and fibrosis via the inhibition of intestinal FXR- 
ceramide axis. Fxrfl/fl and Fxr∆IE mice fed an AMLN diet for 12 weeks were then treated with vehicle or Gly- MCA for 8 weeks (n = 7 mice per 
group). (A– C) Lipid metabolism– related (A), inflammation- related (B), and fibrogenesis- related (C) gene expression in liver. (D) Ileal mRNA 
levels of FXR target genes. (E) Ileal ceramide levels. (F) Ceramide synthesis– related gene mRNA levels in ileum. (G) Hepatic ceramide 
levels. Data are analyzed by one- way ANOVA with Tukey's correction. Horizontal bars in the box plots indicate mean median; boxes indicate 
IQR between the 25th and 75th percentiles, and whiskers represent the lowest or highest values within 1.5 times IQR from the 25th or 75th 
quartiles. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with vehicle treated- Fxrfl/fl mice.  
Abbreviations: Panx1, pannexin 1; Pycard, PYD and CARD domain containing
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F I G U R E  6  Gly- MCA prevents MCD diet– induced NASH and inhibits FXR signaling. Mice fed an methionine- choline- sufficient diet 
(MCS) or methionine and choline- deficient diet (MCD) for 4 weeks were concurrently treated with vehicle or Gly- MCA (n = 5– 8 mice per 
group). (A) Liver triglycerides. (B) Liver free cholesterol. (C) Serum ALT levels. (D) H&E, Oil Red O, and Masson staining of liver sections. 
Scale bar, 100 μm. (E) NAS score. (F– H) Quantitative polymerase chain reaction (PCR) analysis of liver lipid metabolism– related (F), 
inflammation- related (G), and fibrogenesis- related (H) gene expression. (I) Quantitative PCR analysis of ileal FXR target gene mRNA 
expression. Data are presented as the mean ± SEM and analyzed by one- way ANOVA with Tukey's correction. Horizon bars in the box plots 
indicate mean median; boxes indicate IQR between the 25th and 75th percentiles, and whiskers represent the lowest or highest values 
within 1.5 times IQR from the 25th or 75th quartiles. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with vehicle- treated mice for the MCS 
diet. #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with vehicle- treated mice for MCD diet.  
Abbreviation: Acaa1a, acetyl- Coenzyme A acyltransferase 1A
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compared with vehicle- treated Fxrfl/fl mice, but not 
in FxrΔIE mice (Figure 5E,F). Correspondingly, the 
hepatic ceramides were also reduced by Gly- MCA 
in Fxrfl/fl mice (Figure 5G). Therefore, Gly- MCA al-
leviates AMLN diet- induced NASH via the intestinal 
FXR- ceramide axis.

Gly- MCA prevents NASH development 
independent of adiposity

To further define whether metabolic benefits of Gly- 
MCA on NASH are attributable to weight loss, mice fed 
an MCD diet or MCS diet were concurrently treated 
with Gly- MCA for 4 weeks. MCD diet is used widely 
for establishing NASH in mice. Methionine deficiency 
leads to weight loss, oxidative stress, inflammation, 
and fibrosis, whereas choline deficiency results pri-
marily in hepatic steatosis.[17] MCD diet feeding led to 
the reduced body weight compared with MCS, while 
Gly- MCA treatment slightly decreased body weight 
loss (Figure S1C). MCD diet induced an increase in the 
hepatic lipid contents (TG and free cholesterol), which 
were suppressed by Gly- MCA (Figure 6A,B). Serum 
ALT levels induced by the MCD diet were also de-
creased by Gly- MCA (Figure 6C). Histological staining 
of the liver revealed that Gly- MCA lowered lipid accu-
mulation, infiltration of inflammatory cells, and fibrosis 
induced by the MCD diet, resulting in lower NAFLD 
activity scores (NAS) (Figure 6D,E). Consistently, 
Gly- MCA decreased the expression of mRNAs re-
lated to lipid metabolism (Srebp1c, Fasn, acetyl- 
Coenzyme A acyltransferase 1A [Acaa1a], Elovl6, 
Dgat1, Dgat2, Scd1, and Cd36), inflammation (Tnfa, 
Il1b, Pai1, Pycard, and Ccl2), and fibrosis (Tgfb and 
Αsma) in the livers of MCD- fed mice (Figure 6F– H).  
Furthermore, Gly- MCA inhibited FXR target gene Shp, 
Fgf15, and Ibabp mRNA levels in ileum, but not in liver 
(Figure 6I, Figure S2F).

To further determine whether Gly- MCA prevents 
MCD diet– induced NASH via the inhibition of intesti-
nal FXR, Fxrfl/fl and FxrΔIE mice fed an MCD diet were 
concurrently treated with Gly- MCA for 4 weeks. Gly- 
MCA treatment significantly decreased the hepatic 
lipid contents (TG and free cholesterol) in FXRfl/fl mice, 
but not in FXRΔIE mice (Figure S3A,B). The serum ALT 
and AST levels in Gly- MCA- treated Fxrfl/fl mice were 
substantially lower compared with vehicle- treated 
Fxrfl/fl mice, whereas hepatic injury was not further 
alleviated in FxrΔIE mice (Figure S3C,D). Histological 
staining of the liver showed that not only Gly- MCA- 
treated mice, but FxrΔIE mice had substantially de-
creased hepatic lipid droplets, inflammatory cells, and 
fibrosis (Figure S3E,F). Thus, intestinal FXR plays 
a key and critical role in the actions of Gly- MCA on 
MCD- induced NASH, independent of systemic meta-
bolic improvements.

Intestine- derived ceramides are sufficient 
to induce NASH

There is emerging recognition that ceramide levels are 
significantly and positively correlated with metabolic 
diseases in humans and mice.[18,19] Lipidomics analy-
sis revealed that the MCD diet caused an increase 
of ceramide and bile acid levels in ileum, blood, and 
liver, whereas Gly- MCA decreased ceramide levels 
with no effects on bile acid metabolism (Figure 7A,B, 
Figure S4A– C). These data, together with the results 
from the AMLN model (Figure 3), prove that Gly- MCA 
prevents mice from NASH by modulating FXR signal-
ing in intestine and reducing the intestine- derived cera-
mides that circulate to liver.

To more definitively establish a direct link between 
intestinal ceramide metabolism and NASH, C16:0 ce-
ramide was administered by intraperitoneal injection, 
which was primarily absorbed into the portal vein mim-
icking intestine- derived ceramides, to mice fed an AMLN 
diet for 3 weeks. Ceramide supplementation resulted in a 
trend of increased liver weights and liver- to- body weight 
ratios, and significantly elevated TG and free cholesterol 
levels in the liver (Figure 7C– F). Ceramide up- regulated 
hepatic mRNA expression of lipid metabolism- related 
(Srebp1c and Cd36), inflammation- related (Tnfa, Pai1, 
Ccl2, and Il1b), and fibrogenesis- related (Αsma and 
Col4a1) genes. Meanwhile, ceramide elevated mRNA 
expression of the endoplasmic reticulum (ER) stress- 
related genes, such as C/EBP- homologous protein 
(Chop) and transcription factor 4 (Atf4) (Figure 7G). 
The hepatic ER stress response per se exerts pro- 
inflammatory functions,[20] which could explain why ce-
ramide more profoundly induced inflammation. These 
data elucidate a causal role for intestine- derived cera-
mides in the development of NASH.

Gly- MCA ameliorates MCD  
diet– induced NASH

To investigate the therapeutic effect of Gly- MCA on 
established NASH, mice were fed an MCD diet for 
4 weeks and then treated with Gly- MCA for another 
4 weeks. Gly- MCA improved hepatic lipid dysregulation, 
as evidenced by the significantly reduced TG and free 
cholesterol levels (Figure 8A,B), and volume of fat drop-
lets in the liver (Figure 8E). H&E and Masson staining 
also respectively showed lesser inflammatory aggrega-
tion and collagen volume fraction in the livers of mice 
treated with Gly- MCA. NAS also supported these find-
ings (Figure 8E,F). Similarly, MCD diet– induced injury 
was effectively alleviated by Gly- MCA in liver, as shown 
by lower levels of ALT and AST in the serum compared 
with vehicle (Figure 8C,D). These results suggest that 
Gly- MCA has a therapeutic effect on MCD diet– induced 
NASH independent of adiposity.
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DISCUSSION

FXR is a nuclear receptor superfamily member that 
expressed in the intestinal epithelial cells and hepato-
cytes.[21] Targeting intestinal FXR constitutes a prom-
ising therapeutic approach to obesity and its metabolic 
complications.[22] A previous study reported that 

tempol reduced the number of Lactobacillus species 
and their BSH activity in HFD- fed mice, thus giving 
rise to an increase in the endogenous FXR antago-
nist T- β- MCA.[9,11] BSH mediates the metabolic trans-
formation of T- β- MCA to β- muricholeic acid (β- MCA), 
which is related to HFD- induced obesity, insulin re-
sistance, and fatty liver.[11] Importantly, the feasibility 

F I G U R E  7  Gly- MCA prevents NASH by regulating ceramide metabolism. (A,B) Mice fed an MCS or MCD diet for 4 weeks were 
concurrently treated with vehicle or Gly- MCA (n = 5– 8 mice per group). (A) Heat map showing the serum ceramide levels. (B) Heat map 
showing the ileal ceramide levels. (C– G) Mice fed an AMLN diet for 3 weeks were intraperitoneally injected with vehicle or ceramide every 
other day (n = 5 mice per group). (C) Liver weights. (D) Liver to body weight ratio. (E) Liver triglycerides. (F) Liver free cholesterol. (G) 
Quantitative PCR analysis of liver lipid metabolism- related, inflammation- related, fibrogenesis- related, and endoplasmic reticulum (ER) stress– 
related gene expression. (A) and (B) are normalized by z- score. (C)– (F) are presented as the mean ± SEM. Horizon bars in the box plots 
indicate mean median; boxes indicate IQR between the 25th and 75th percentiles, and whiskers represent the lowest or highest values within 
1.5 times IQR from the 25th or 75th quartiles; all data are analyzed by two- tailed Student's t test. *p < 0.05 compared with vehicle- treated mice.  
Abbreviations: Acaca, acetyl- Coenzyme A carboxylase alpha; Atf4, activating transcription factor 4; Atf6, activating transcription factor 6; 
Bip, binding immunoglobulin; Chop, C/EBP- homologous protein; Xbp, X- box binding protein
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F I G U R E  8  Gly- MCA ameliorates MCD diet– induced NASH. Mice fed an MCD diet for 4 weeks were then treated with Gly- MCA 
for 4 weeks (n = 6– 7 mice per group). (A) Liver triglyceride contents. (B) Liver free cholesterol contents. (C,D) Serum ALT (C) and AST 
(D) levels. (E) H&E, Oil Red O, and Masson staining of liver sections. Scale bar, 100 μm. (F) NAS score (n = 6– 7 mice per group). (G) 
Illustration summary. Gly- MCA inhibits intestinal FXR, thus down- regulating the expression of ceramide synthesis– related genes including 
Smpd3 and Sptlc2, resulting in a decrease in ceramide levels circulating to the liver. This reduces hepatic ER stress and ameliorates 
NASH development, as indicated by reduced hepatic lipid accumulation, fibrosis, and especially inflammation. Data are presented as the 
mean ± SEM and analyzed by two- tailed Student's t test. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with vehicle- treated mice
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of T- β- MCA application in humans is limited, given 
that it and its metabolites are absent in humans. 
Consequently, an efficient intestine- restricted FXR 
antagonist is in urgent need of development. Gly- 
MCA has a regulatory and therapeutic potential for 
metabolic disorders, which is demonstrated by its im-
provements on obesity and insulin resistance caused 
by lipid accumulation.[8,13] However, the key molecular 
mechanisms mediating Gly- MCA treatment for NASH 
are still elusive. Herein, the effects of Gly- MCA on 
NASH was attributable to specific inhibition of the in-
testinal FXR- ceramide axis. Gly- MCA administration 
lowered ceramide synthesis in intestine by decreas-
ing expression of the Sptlc2 and Cers4 genes in the 
de novo pathway, and the Smpd3 and Smpd4 genes 
in the sphingomyelinase pathway, thus reducing cer-
amide levels and ER stress in liver, followed by the 
alleviation of NASH- associated lipid accumulation, 
inflammation, and fibrosis in liver (Figure 8G).

Systemic activation of FXR has been shown to alle-
viate hepatic lipid accumulation, inflammation, and fi-
brosis.[23] Furthermore, activation of intestinal FXR was 
reported to improve insulin sensitivity and hepatic glu-
cose metabolism.[24] However, other studies showed that 
specific knockout or selective inhibition of intestinal FXR 
improved NAFLD and obesity- related metabolic dysfunc-
tion.[8,9] Thus, intestinal FXR might exert bidirectional reg-
ulation of metabolic diseases. The current study revealed 
that Gly- MCA reversed and prevented NASH by decreas-
ing hepatic lipid accumulation, inflammation, and fibrosis 
by suppressing intestinal FXR signaling.

Ceramides are key signaling molecules that modu-
late metabolic and inflammatory pathways,[25] including 
inducing oxidative stress, inhibiting insulin signaling, 
and reducing glucose uptake,[26,27] which are all poten-
tial triggers for NASH. Studies have shown that NAFLD 
is associated with increased expression of ceramide 
synthesis– related genes included in the de novo syn-
thesis pathway, sphingomyelin hydrolysis pathway, and 
salvage pathway.[28] Pro- inflammatory cytokines like IL- 1 
and IL- 6 increase ceramide synthesis, and ceramides 
conversely contribute to inflammation by reacting with 
TNF- α, thus forming a positive feedback regulation.[15,29] 
A growing body of research has proven that ceramide 
synthesis genes are decreased in the ileum epithelial 
cells by inhibiting intestinal FXR signaling.[10,30] Thus, the 
FXR- ceramide axis plays a crucial role in terms of reg-
ulating lipid metabolism and absorption.[31] Similarly, the 
present data suggest that ileal and serum ceramide lev-
els in NASH are increased with the accumulation of TG 
in the liver, whereas intestine- derived ceramides promot 
the development of NASH. Instead, Gly- MCA reduced 
ileal and serum ceramide levels by inhibiting intestinal 
FXR signaling. Thus, Gly- MCA improved NASH by regu-
lating the FXR- ceramide axis in the ileum.

ER is responsible for important metabolic pro-
cesses in hepatocytes, including protein synthesis, 

transmembrane protein folding, and calcium homeo-
stasis.[32] At the initial stage of NAFLD, lipid accumu-
lation in the liver can cause ER stress, indicating that 
the pathology of NAFLD is correlated with hepatic ER 
dysfunction.[33] Several studies have shown that ER 
stress facilitates hepatic steatosis by activating the fatty 
acid and cholesterol synthesis– related ER transcription 
factors, SREBP- 1c and SREBP- 2,[34] which can cause 
a series of pathological changes to advance NAFL to 
NASH.[35,36] In NASH, persistent lipid deposition in he-
patocytes stimulates excessive production of inflamma-
tory factors by macrophages in which ER stress plays 
a significant role to promote metabolic inflammation in 
the liver.[37] Unfolded protein response (UPR), one of 
adaptive stress responses to control and alleviate ER 
stress, activates nuclear factor- kappa B, leading to up- 
regulation of inflammatory factor expression, including 
IL- 6 and TNF- α, which increases the systemic release 
of inflammatory factors, promoting the progress of in-
flammation.[38,39] The UPR signaling pathway plays a 
vital role in the secretion of extracellular matrix proteins, 
which can lead to fibrosis after excessive accumula-
tion.[40,41] Other studies have shown that ER stress in 
hepatic stellate cells promotes hepatic fibrosis by pro-
tein kinase RNA- activated- like ER kinase phosphory-
lation[42] and the TGFβ1- SMAD signaling pathway.[43] 
Moreover, evidence suggests that ceramides disrupt 
Ca2+ homeostasis and activate ER- mediated path-
ways of apoptosis and inflammation, which causes the 
pathobiology of NASH.[44] In the present study, ATF- 4 
and its downstream CHOP, important transcriptional 
regulators of ER stress– mediated apoptosis,[45] were 
significantly upregulated by ceramides. Consistently, 
ceramide treatment resulted in enhanced hepatic lipid 
metabolism, inflammation, and fibrosis, with the most 
pronounced effects on inflammation in association with 
ceramide- induced ER stress (i.e., Gly- MCA inhibits in-
testinal FXR, which in turn reduces ceramide synthesis 
and ER stress, and thus alleviates NASH).

Recent studies have demonstrated a pivotal role of 
the “gut- liver” axis in NASH.[46] A key finding is that the 
total amount of primary bile acids increased in patients 
with NAFL or NASH.[47] Moreover, FXR controls the 
synthesis of bile acids and enterohepatic circulation by 
modulating the expression of genes encoding enzymes 
and proteins involved in bile acid synthesis and trans-
port.[48,49] Although some bile acid transport– related 
genes were expressed differently in vehicle and Gly- 
MCA- treated NASH mice, similar bile acid pools still 
remaine. In the ileum, the inhibitory effect of Gly- MCA 
on FXR signaling suppressed the transport of bile acids 
across the enterocyte to the basolateral membrane by 
decreasing expression of IBABP, with no effects on bile 
acid reabsorption mediated by ASBT into the entero-
cytes.[50] In the liver, the ameliorative effect of Gly- MCA 
on NASH led to a reduction in hepatic lipotoxicity, re-
sulting in hepatic FXR activation. Thus, improvement 
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of NASH by Gly- MCA was not due to altered bile acid 
enterohepatic circulation.

Previous studies have shown that Gly- MCA reverses 
and prevents obesity, focusing on elucidating its benefi-
cial improvement of glucose and lipid metabolism.[8,13] In 
the current study, both the preventive and therapeutic ef-
fects of Gly- MCA on NASH were explored, and the ame-
liorating effects of Gly- MCA were independent of weight 
loss, as reflected in the reduction of lipotoxicity, inflam-
mation, and fibrosis in liver. Furthermore, Gly- MCA im-
proved NASH through the intestinal FXR- ceramide axis, 
whereas bile acid synthesis and transport were not af-
fected, thus ruling out a direct role of bile acids in the ac-
tions of Gly- MCA on NASH. However, the present study 
has some limitations. Consistent with previous studies, 
Gly- MCA inhibited ceramide synthesis by repressing 
intestinal FXR signaling, accompanied by low expres-
sion of the ceramide synthesis- associated genes, such 
as Sptlc2, Cers4, Smpd3, and Smpd4. Nevertheless, 
the detailed mechanism of how FXR regulates intesti-
nal ceramide synthesis is still unknown, hypothesizing 
that intestinal FXR achieves transcriptional regulation by 
binding to the promoters or enhancers of these genes. 
More critically, Gly- MCA treatment of the FxrΔIE mouse 
NASH model requires further inverse validation with ce-
ramide or FXR agonists. Finally, other mechanisms con-
tributing to the favorable metabolic effects of Gly- MCA 
need to be explored, in addition to inhibiting the intestinal 
FXR- ceramide axis.

CONCLUSIONS

Collectively, these data reveal that Gly- MCA is a promis-
ing candidate in treating diet- induced NASH and asso-
ciated phenotypes through effects on lipid metabolism 
by inhibiting the intestinal FXR signaling. Notably, the 
metabolic ameliorating effects of Gly- MCA on NASH 
are through the regulation of ceramide synthesis- 
related genes in intestine. Taken together, Gly- MCA 
has beneficial effects on NASH by suppressing intesti-
nal FXR signaling and reducing ceramide- induced ER 
stress in liver, thus opening an avenue for the treatment 
of NASH.
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