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Combinatorial therapy 
with BAR502 and UDCA resets FXR 
and GPBAR1 signaling and reverses 
liver histopathology in a model 
of NASH
Silvia Marchianò 1,6, Michele Biagioli 1,6, Elva Morretta 2, Cristina Di Giorgio 1, 
Rosalinda Roselli 3, Martina Bordoni 1, Rachele Bellini 1, Ginevra Urbani 1, Carmen Massa 1, 
Maria Chiara Monti 2, Angela Zampella 3, Eleonora Distrutti 4 & Stefano Fiorucci 1,5*

Non-alcoholic steatosis (NAFLD) and steatohepatitis (NASH) are two highly prevalent human 
disorders for which therapy remains suboptimal. Bile acids are signaling molecules acting on two 
main receptors the Farnesoid-x-receptor (FXR) and G protein coupled receptor GPB AR1. Clinical 
trials have shown that FXR agonism might result in side effects along with lack of efficacy in restoring 
liver histopathology. For these reasons a multi-targets therapy combined FXR agonists with agent 
targeting additional molecular mechanisms might have improved efficacy over selective FXR agonists. 
In the present study we have compared the effects of BAR502, a dual FXR/GPBAR1 ligand) alone or in 
combination with ursodeoxycholic acid (UDCA) in a model of NAFLD/NASH induced by feeding mice 
with a Western diet for 10 weeks. The results demonstrated that while BAR502 and UDCA partially 
protected against liver damage caused by Western diet, the combination of the two, reversed the 
pro-atherogenic lipid profile and completely reversed the histopathology damage, attenuating 
liver steatosis, ballooning, inflammation and fibrosis. Additionally, while both agents increased 
insulin sensitivity and bile acid signaling, the combination of the two, modulated up top 85 genes in 
comparison of mice feed a Western diet, strongly reducing expression of inflammatory markers such 
as chemokines and cytokines. Additionally, the combination of the two agents redirected the bile acid 
metabolism toward bile acid species that are GPBAR1 agonist while reduced liver bile acid content 
and increased fecal excretion. Together, these data, highlight the potential role for a combinatorial 
therapy based on BAR502 and UDCA in treating of NAFLD.

Abbreviations
NAFLD  Non-alcoholic fatty liver disease
NASH  Non-alcoholic steatohepatitis
FXR  Farnesoid X receptor
GPBAR1  G protein bile acid receptor 1
OCA  Obeticholic acid
CVD  Cardiovascular disease
CYP7A1  Cholesterol 7α-hydroxylase
CYP2C70  Cytochrome P450 family 2 subfamily c polypeptide 70
CDCA  Chenodeoxycholic acid
CA  Cholic acid
DCA  Deoxycholic acid
LCA  Lithocholic acid
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HYO-DCA  Hyo-deoxycholic acid
MCA  Muricholic acid
eWAT   Epididymal white adipose tissue
BAT  Brow adipose tissue
PPARα  Peroxisome-proliferator activated receptor alpha
PPARγ  Peroxisome-proliferator activated receptor gamma

Non-alcoholic fatty liver disease (NAFLD), is a fast growing clinical problems worldwide, due to excessive hepatic 
lipid accumulation that is not related to alcohol  intake1,2. NAFLD encompasses a spectrum of conditions, ranging 
from simple steatosis, a relatively benign condition, to NASH, which can progress to liver fibrosis, cirrhosis or 
hepatocellular  carcinoma3–5. NASH is a multisystem disease, affecting several extra-hepatic organs and regula-
tory pathways, and is already the most common causes of chronic liver disease in adults and obese children in 
several  countries6,7. Despite NAFLD/NASH is attracting a global research interest, therapy remains  suboptimal8,9.

In the past decade, it has been demonstrated that bile acid signaling has important physio-pathologic and 
therapeutic implications in NAFLD/NASH. Bile acids are a large family of molecules with a steroidal structure, 
synthesized in liver from cholesterol, exerting a non-dispensable role in the absorption of dietary lipids, cho-
lesterol and fat-soluble  vitamins10,11. Beside this function, however, bile acids are signaling molecules exerting 
an essential role in regulating their own synthesis, uptake and secretion as well as control of the synthesis and 
excretion of cholesterol, lipid and glucose  metabolism9,12. In animals, such as rodents, fecal excretion of bile 
acids represents a major pathway for cholesterol disposal. Despite this pathway is significantly less developed 
in humans, animal models are widely used to profile metabolic pathways as well as therapeutic approaches to 
NAFLD and  NASH13. Conversion of cholesterol into bile acids takes place in the liver, and is tightly regulated, 
both in humans and mice, by various transcription factors, such as the Farnesoid-x-receptor (FXR), a master 
gene that directly or indirectly modulates the expression of the two rate limiting enzymes involved in bile acid 
synthesis in the liver, the cyp7a1 and  cyp8b114. These two genes, govern essential steps in the conversion of 
cholesterol, in the two primary bile acids, chenodeoxycholic acid (CDCA) and cholic acid (CA). Both the two 
primary bile acids in humans, act as FXR  agonists12. Thus activation of FXR in hepatocytes represses the activ-
ity of CYP7A1 and  CYP8B115, reducing the synthesis of endogenous bile acids, a mechanisms that limit the 
accumulation of bile acids in the liver, but also hampers the ability of humans to promote disposal of cholesterol 
through this pathway. In addition, activation of FXR regulates the synthesis of BSEP and promotes the excretion 
of bile acids from hepatocytes into the bile, while reduces their uptake from the systemic circulation, by inhibit-
ing the expression/synthesis of  NTCP16. Some of these activities are mediated by the transcription of the small 
heterodimer partner (SHP), an atypical nuclear receptor that lacks the DNA binding domain and function as a 
co-repressor for several genes, including CYP7A1 and CYP8B1 and  NTCP16,17. In addition, FXR activation in 
the intestinal epithelial cells, promotes the release of the fibroblast growth factor (FGF) 19 (FGF15 is the mouse 
ortholog)18, an ileal peptide hormone that inhibits the bile acid synthesis after binding to a FGF receptor(FGFR)4/
βklotho complex in the hepatocytes membrane, promoting the repression of  CYP7A119, establishing a tightly 
regulated mechanism that modulate bile acid synthesis. In contrast to primary bile acids, secondary bile acids 
(lithocholic- and deoxycholic-acid, LCA and DCA), formed in intestine from the 7α-dehydroxylation of CA and 
CDCA, preferentially bind and activate a cell membrane receptor, the G-protein bile acid receptor (GPBAR1 
also known as TGR5), that is poorly expressed by hepatocytes, but is well represented in muscle cells and adi-
pose  tissues20,21. Activation of  GPABR122 in the abdominal adipose tissues promotes the transition from white 
adipose tissues (WAT) toward a beige/brown (BAT)  phenotype23 and increase energy expenditure. In addition, 
GPBAR1 promotes the release of glucagon like peptide (GLP)-1 from ileal L  cells12,20. Because the regulatory 
effects bile acids exert on lipid and glucose homeostasis in various tissues, several steroidal and non-steroidal 
ligands of FXR/GPBAR1 have been developed for the treatment of  NASH12. However, while some of the agents 
have been advanced though clinical studies, several side effects have been observed, the most common of which 
are pruritus that typically occurs with obeticholic  acid24 in dose/dependent manner, along with the worsening of 
lipid lipoprotein profile toward a more proatherogenic lipid  profile25,26. Obeticholic acid has also been associated 
to a cluster of hepatic decompensation in cirrhotic  patients27. In addition to these side effects, all FXR ligands 
have been only partially effective in reducing liver steatosis and ballooning scores or  fibrosis28–31, suggesting that 
combination therapies might be required to improve efficacy and reduce side effects.

BAR502, is a dual FXR and GPBAR1  agonist32–34, that is currently advanced to clinical stage, that was shown 
effective in reducing steatosis and fibrosis in rodents model of NAFLD and NASH. As mentioned above, how-
ever, this agent did not completely reverse liver damage and exerts no effects of lipid protein profile in mice feed 
a high fat, high cholesterol diet. Because in clinical settings an amelioration of lipid profile represents a major 
therapeutic goal, we have decided to investigate whether a combination of BAR502 withy ursodeoxycholic acid 
(UDCA), could improve efficacy of the dual FXR/GPBAR1 ligand. UDCA is a CDCA derivative in humans and 
is a choleretic and anti-inflammatory agent, clinically approved for the treatment of primary biliary cholangi-
tis (PBC)35. The effect of UDCA in NAFLD patients, however, is controversial. Thus, while some studies have 
reported improvements in liver function tests, and steatosis  scores36,37, others have failed to show improvements 
compared with the placebo  treatment38,39. However, UDCA has been used in association to obeticholic acid in 
PBC patients, and is a highly safe and relative un-expensive  agent40.

In the present study we have investigated the effects of BAR502 and UDCA alone or in combination in model 
of NAFLD/NASH induced by feeding mice a HFD and fructose. Our results demonstrated that a combinatorial 
approach results a robust remodeling of plasma lipid profile along with a complete reversion of liver damage.
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Results
A combination therapy with BAR502 and UDCA protects against body weight gain, altera-
tions in glucose levels and metabolic changes caused by Western diet. To gain insights on the 
therapeutic potential of BAR502 and UDCA, we have first assessed whether the two agents were effective in 
reversing liver steatosis induced by 8-weeks feeding mice with a high caloric diet enriched in cholesterol and 
fructose in drinking water (the so-called Western diet). All mice were feed this diet for one week and then ran-
domized to receive one of the following treatments, no treatment, BAR502 30 mg/kg, UDCA 30 mg/kg or the 
combination of the two agents for 8 weeks. All mice have a similar body weight at the beginning of the study, 
but mice feed a Western diet gained approx. 35% more weight than mice feed a standard chow diet (Fig. 1A).

Body weight gain was significantly attenuated treating mice with the combination of BAR502 and UDCA, 
while the two agents separately showed no effects.

On the 8th week of the study a glucose tolerance test was carried out to investigate the glucose levels in the 
various experimental groups and as shown in Fig. 1B, we found that mice feed a Western diet were hyperglycemic 
at baseline and showed a severe alteration in glucose levels as demonstrated by the value of the area under the 
curve of OGTT (Fig. 1B, inset) in comparison to mice feed a standard diet. As shown in Fig. 1B, however, 
treating mice with UDCA alone or in combination with BAR502 reversed this pattern. To further characterize 
whether feeding a Western diet promotes the development of a NAFLD-like biochemistry profile, we have then 
measured serum liver enzymes and lipid profiles. As shown in Fig. 1C–H, while feeding a Western diet resulted 
in hepatocytes injury, as shown by changes in AST and ALT plasma levels, and development of a pro-atherogenic 
lipid profile, i.e. increased levels of cholesterol, triglycerides and HDL and LDL; this pattern was fully reversed by 
the combination of UDCA and BAR502, BAR502 also reduced the LDL levels, without reducing HDL, a common 
side effect observed with selective FXR  agonists41.

A combination therapy with BAR502 and UDCA reverses histology features of liver steatosis, 
ballooning and fibrosis in mice feed a Western diet. We have then investigated the liver histopa-
thology changes caused by feeding mice the Western diet. For these purposes H&E-stained liver sections were 
assessed at 10 × magnification and severity of liver steatosis scored for steatosis, inflammation and hepatocytes 
ballooning as described  previously25,33,34. The results of these histopathology analyses demonstrated that while 
mice fed a chow diet had a normal liver histology with normal lobular architecture without signs of inflamma-
tion or accumulation of lipid droplets in hepatocytes (Fig.  2A,B), major morphological changes were docu-
mented in mice fed a Western diet, that developed hepatic steatosis accompanied by severe hepatocyte’s balloon-
ing (Fig. 2C,D).

Figure 1.  Gpbar1+/+ male mice were fed an HFD-F or normal chow diet for 8 weeks. Mice were randomized 
to receive the HFD-F alone or the HFD-F in combination with UDCA 30 mg/kg or BAR502 30 mg/kg or 
BAR502 + UDCA, by gavage for 7 weeks. (A) Changes in body weight (g) in mice were assessed weekly. (B) 
Glucose plasma levels in response to oral glucose tolerance test and area under the curve (AUC) values of 
glucose plasma levels expressed in arbitrary units. (C–H) Serum levels of AST, ALT, Cholesterol, Triglycerides, 
HDL and LDL. Biochemistry values were measured at the end of the study. The data are mean ± SE of 7–10 mice 
(*p < 0.05).
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As shown in Fig. 2C,D, these pathological changes were partially mitigated by UDCA and BAR502, but were 
almost completely abrogated by the co-treatment with BAR502 and UDCA. Of relevance, the combination 
therapy effectively attenuated development of hepatocyte’s ballooning and liver fibrosis (Fig. 2E), that was also 
reversed by BAR502 but not by UDCA alone, as observed in several clinical  trials42.

To identify molecular mechanisms supporting the beneficial effects exerted by the various treatments, we have 
carried out a RNAseq analysis of the liver transcriptomes in the five experimental groups (Fig. 3A).

As expected, feeding mice a Western diet resulted in an extensive remodelling of liver transcriptome with 
up to 2825 genes whose expression was up- or down-regulated (677 and 2148 respectively) in comparison to 
mice feed a regular chow diet (± 1.5 folds change) (Fig. 3B). This pattern was only partially modulated by the 
pharmacological treatments. However, while treating mice with BAR502 and UDCA modulated the expression 

Figure 2.  (A) H&E staining and Sirius Red staining of liver tissues obtained at the end of the study. Original 
magnification, × 10. (B) Liver weight. NASH severity was scored by assessing, (C) the liver steatosis score, (D) 
ballooning and (E) fibrosis score in at least 5 different fields per liver in a blinded manner.

Figure 3.  RNA-seq of BAR502, UDCA and BAR502 + UDCA treated mice. BAR502, 30 mg/kg/day, UDCA 
and their combination were administered by gavage in C57BL/6J male mice starting on day 10 of high fat diet 
(HFD) and fructose for an additional 7 weeks. (A) Quantitative β analysis of PCoA that showed the dissimilarity 
between the experimental group, (B) Scatter plot of genes modulated by HFD-F vs NT experimental group and 
(C) Venn diagram of differentially expressed genes showing the overlapping regions (identified as ABC, AC, AB, 
and BC sets) between the three experimental groups of mice (Fold Change < − 2 or > 2, p value < 0.05).
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of 274 and 473 genes (± 1.5 fold changes), the combination of the two agents modulated the expression of 612 
genes, 422 of which were not modulated neither of BAR502 nor by UDCA alone (Fig. 3C). Using a more stringent 
protocol, i.e. only genes whose expression was modulated at least two folds, we found that co-treating mice with 
BAR520 and UDCA modulated the expression of 121 genes, 89 of which were modulated only by the combination 
of BAR502 and UDCA (Supplementary Table S1). Further analysis of these pathways revealed that only 7 genes 
were modulated by the three treatments (Table 1), while 23 genes were shared by BAR502-UDCA and BAR502 
alone, and only two by BAR502-UDCA and UDCA alone (Supplementary Tables S2 and S3).

Among genes that were downregulated by the three treatments, Cdf (also known as adipsin) (Fig. 4A) was 
the most downregulated gene (up to 49 folds by BAR502 alone or in combination with UDCA).

Circulating levels of  adipsin43,44 are inversely correlated with NASH regression in humans, and therefore, its 
downregulation fit with the robust improvement of liver histopathology observed in the present study. The Cell 
death-inducing DFF45-like effector (Cide) A and C gene (Fig. 4B,C) are known for their role in lipid droplets 
formation and triglycerides storage in hepatocytes, and we have previously shown that these genes are potently 
induced in the liver of mice feed a Western diet, while their expression is downregulated by  BAR50233,34,45. In the 
present study we have confirmed this finding, validating Cide a and c as a potential target for BAR502. ElovL 5 
(very long fatty acid elongase) elongates linoleic acid and α-linolenic acid to form arachidonic acid and eicosap-
entaenoic acid, respectively. Interestingly, we have found that both BAR502 alone or in combination with UDCA, 

Table 1.  Genes modulated by the three analyzed treatments (downregulated genes in bold, upregulated genes 
in italics).

ID
HFD-F + UDCA  
+ BAR502 Avg (log2)

HFD-F + UDCA 
Avg (log2)

HFD-F  
+ BAR502 Avg 
(log2)

HFD-F 
Avg 
(log2)

Fold Change HFD-F  
+ UDCA 
 + BAR502 vs HFD-F P-val

Fold Change 
HFD-F + UDCA 
vs HFD-F P-val

Fold Change 
HFD-F + BAR502 
vs HFD-F P-val

Cfd 1.21 3.75 1.15 6.77 − 47.02 6.83E−07 − 8.08 0.023 − 49.01 1.66E−06

Cidea 0.12 1.16 0.13 2.96 − 7.18 4.81E−07 − 3.49 0.0001 − 7.12 9.80E−07

Fgf11 1.61 1.77 1.4 3.61 − 4 9.38E−07 − 3.59 1.04E−06 − 4.62 6.40E−08

Elovl3 8.74 9.01 9.08 10.19 − 2.74 0.0009 − 2.28 0.0088 − 2.17 0.0042

Dbp 7.5 6.88 7.04 5.37 4.37 0.001 2.86 0.0095 3.18 0.0092

Per3 5.19 4.2 4.63 2.95 4.71 0.0002 2.37 0.0369 3.2 0.0143

Usp2 6.14 4.85 4.77 3.63 5.69 3.54E−08 2.33 0.0002 2.21 0.0001

Figure 4.  Expression levels of genes involved in lipid metabolism, extracted from RNA-seq analysis: (A) Cfd, 
(B) Cidea, (C) Cidec, (D) Elovl5, (E) Lpl, (F) Plin4, (G) Srebf1, (H) Mogat, (I) Pepck, (J) G6pdx (K) Gck, (L) 
Pdk4.
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reduced the expression of this elongase (Fig. 4D). Since, members of Elovl family contributes to obesity-induced 
insulin resistance, inhibition of Elovl5 might be beneficial in this  model46.

Additional lipid-related genes, including lipoprotein lipase (Lpl), Perlipin (Plin)4, and Monoacylglycerol 
O-Acyltransferase (Mogat)1 that were modulated in this study are shown in Fig. 4E–L.

As shown in Fig. 5, exposure of mice to Western diet resulted in a dysfunction of liver FXR signalling. Indeed, 
while Fxr gene expression did not change in the liver of mice fed a western diet (Fig. 5A), expression of various 
FXR-regulated genes was modulated by the diet, including Bsep (downregulated), Cyp7α1 and Cyp8β1 (both 
upregulated) (Fig. 5B,I,K).

Along with the increase in the expression of Cyp2c70 (a gene in volved in the formation of MCAs) (Fig. 5M), 
these data suggest that exposure of mice to Western diet increases bile acid synthesis, including MCAs but 
partially impairs their excretion, which will increase the bile acids content in the liver (see Fig. 8). Treating mice 
with UDCA exerted no modulation on this patten (Fig. 5). In contrast treating mice with BAR502 alone or in 
combination partially modulated these changes: (1) BAR502 alone or in combination with UDCA increased the 
expression of Bsep and Shp (Fig. 5C,D), two FXR-regulated genes, but failed to reverse the expression of Cyp7α1 
(Fig. 5I), a gene was expression is negatively regulated by FXR in a SHP-dependent and SHP-independent19 
 manner25,47. Together these data suggest: (a) the protective role of Cyp7α1 in cholesterol disposal in mice, and, 
(b) that negative regulation of Cyp7α1 by FXR is removed in the presence of a high cholesterol  intake12. UDCA e 
BAR502 alone or in combination, reduced the expression of Cyp2c70 (Fig. 5M), suggesting a potential inhibition 
of MCAs  synthesis48. In addition, we found that feeding mice a Western diet increased the expression of Pparα 
and γ (Fig. 5G,H).

Effects of Bar502 and UDCA on adipose tissue and intestine. Because the WAT is not only the 
major storage tissue for fat but it also acts as an endocrine organ, we have then examined whether BAR502 and 
UDCA modulate fat depots in the model. Eating a high fat diet for 8 weeks increased the weight of both epWAT 
and BAT (Fig. 6A,B) as well as deposition of lipid droplets in the adipocytes resulting in adipocytes enlargement 
along with a decrease in their relative number (Fig. 6C–E).

Treating mice with BAR502 or UDCA alone or in combination, reversed some of these changes, and the 
combination of BAR5012 and UDCA significantly reduced fat deposition, as demonstrated by the reduced 
epWAt and BAT weights, along with reversal of adipocytes enlargement and number reduction (Fig. 6A–E). 
These phenotypic changes associated with changes in the expression of lipidogenic genes including Srebp1c 
whose expression was reduced in mice feed BAR502 and UDCA (Fig. 6F). Treating mice with BAR502 alone or 
in combination with UDCA modulated the expression of Ucp1, Ucp2 and Pgc1α22,34 (Fig. 6G-I). Additionally, 
the combination of Bar502 and UDCA, significantly reduced the expression of markers of inflammation such as 
Tnfα and Cd11 (Fig. 6J,K). Of relevance, UDCA increased the expression of adiponectin (Fig. 6L).

Figure 5.  Hepatic expression of receptors and genes involved in bile acid synthesis. The expression levels of 
genes are extracted from RNA-seq analysis.
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As shown in Fig. 7, feeding a WD also modulated the expression of several intestinal genes. The main changes 
were represented by an induction, thought it was not significant of Glp1 (Fig. 7A) and a robust increase of Fabp6 
(also known as Ibabp)19 and a reduction of Fgf15 and Shp (Fig. 7B–D).

These changes were consistent with enhanced lipid and bile acid absorption (Fabp6), but also demonstrate 
that robust alteration of FXR signalling. Indeed, while reduction of Shp and Fgf15 signals a reduction of intestinal 
FXR, the induction of Fabp6, whose expression is positively regulated by  SHP49, indicates that, as takes place in 
the liver, a high caloric intake supersede on physiological signals at multiple levels. Treating mice with UDCA and 
BAR502 alone or in combination, only partially restored these signals (Fig. 7B–D). Thus while the combination of 
the two agents increased the expression of Glp1 in the terminal ileum (a GPBAR1 regulated gene), BAR502 alone 
or in combination failed to increase the expression of intestinal Fgf15, despite a robust induction of intestinal 
Shp. This finding is consistent with the fact that liver expression of Cyp7a1 (a Fgf15 regulated gene)19 was not 
downregulated in mice feed with the combination of the two agents (Figs. 5 and 7).

Bile acids composition. Because an increased expression of Cyp7a1 and Cyp8b1 described in Fig. 4, would 
results in enhanced bile acid synthesis, we have then examined the composition of bile acid pool in the model 
and found that feeding a Western diet associated with a very robust expansion of the bile acid pool in the liver 

Figure 6.  (A) Epididymal fat (eWAT) and (B) brown adipose tissue (BAT) weight, (C) H&E staining of eWAT 
tissues obtained at the end of the study. Original magnification × 40. (D) Adipocytes size and (E) number 
obtained from analysis of H&E staining performed with ImageJ. (F–L) Changes of mRNA expression of eWAT 
genes. The RT-PCR values were normalized against Gapdh. The data shown are the mean ± SE of 7–10 mice per 
group (*p < 0.05).

Figure 7.  Relative mRNA expression of (A) pro-glucagon precursor, (B) FGF-15, (C) Shp and (D) FABP6 in 
small intestine samples. Data are normalized to Gapdh mRNA. Each result is the mean ± SEM of 7–11 mice per 
group. *p ≤ 0.05.
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along with an increased fecal excretion of bile acids and cholesterol, while the plasma and gallbladder concentra-
tions were reduced (Fig. 8A–E).

Treating mice with UDCA, BAR502 alone or in combination exerted multiple effects. Thus, while UDCA 
significantly increased serum, gallbladder and fecal bile acid concentrations in comparison to mice feed a Western 
diet alone (Fig. 8A–D,F), BAR502 reduced the liver bile acid concentrations while increased gallbladder and 
fecal excretion (Fig. 8). Interestingly the administration of BAR502 in combination with UDCA, reproduced 
some of the effects of BAR502 alone, since the combination therapy reduced liver bile acids concentrations and 
promoted their gallbladder accumulation but maintained the fecal excretion observed in mice feed a Western diet 
alone. These changes, together suggest that: (1) UDCA enhances serum bile acids and increases their excretion 
but has no impact on liver bile acids; (2) BAR502 alone, reduces bile acids in the liver because promotes their 

Figure 8.  Bile acids concentration in: (A) Serum, (B) Liver, (C) Gallbladder and (D) Feces. (E) Cholesterol 
content in the stool. Each result is the mean ± SEM of 7–11 mice per group. *p ≤ 0.05. (F) Representative image 
of the bile acids content in cholesterol excretion in each experimental group.

Figure 9.  (A) Composition of liver bile acid pools. (B) Fxr agonist and antagonist bile acids content in liver. (C) 
Concentration of Gpbar1 agonist bile acids. Each result is the mean ± SEM of 7–11 mice per group. *p ≤ 0.05.
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excretion in the gallbladder and feces, and 3) the combination of BAR502 and UDCA markedly reduce liver bile 
acid contents and promotes their excretion.

Qualitative analysis of bile acid composition, is shown in Figs. 9, 10, 11, 12.
The analysis of the various bile acid species demonstrates that exposure to high fat diet dramatically expands 

the content of MCAs in the liver (Fig. 9), while did the opposite in the serum (Fig. 10).

Figure 10.  (A) Composition of Serum bile acid pools. (B) Fxr agonist and antagonist bile acids content in 
serum. (C) Concentration of Gpbar1 agonist bile acids. Each result is the mean ± SEM of 7–11 mice per group. 
*p ≤ 0.05.

Figure 11.  (A) Composition of fecal bile acid pools. (B) Fxr agonist and antagonist bile acids content in feces. 
(C) Concentration of Gpbar1 agonist bile acids. Each result is the mean ± SEM of 7–11 mice per group. *p ≤ 0.05.
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Since MCAs are FXR antagonists, it appears that exposure of mice to Western diet shifts the bile acid pool 
toward bile acid species, the TMCA, that are FXR antagonists deteriorating the FXR signaling in the liver (Fig. 9). 
A similar shift is observed in the feces (Fig. 11).

Together these data indicate that in mice feed a diet enriched in fat and cholesterol, FXR signaling is resettled 
to allow a conversion of cholesterol into bile acids which are then excreted with the feces (Fig. 8E). Treating 
mice with UDCA, dramatically increased serum bile acids concentrations (Fig. 8A). Importantly, while UDCA 
increased the concentrations of FXR agonists in the serum, it also increased the levels of those bile acids (UDCA, 
T-UDCA, DCA, LCA and HDCA) that are preferential agonists to GPBAR1 in serum, liver, gallbladder and 
intestine (Figs. 9, 10, 11, 12), suggesting a role for this receptor as a potential mediator of the effects exerted 
by UDCA. In contrast, BAR502 markedly enhanced the fecal excretion of those bile acid species that are FXR 
antagonists, including MCAs (Fig. 11), suggesting that this agent further inhibit FXR signaling in the intestine, 
while promotes GPBAR1 signaling in the enterohepatic circulation. The combination of the two agents, resulted 
in a significant increase of GPBAR1 agonists in the gallbladder (Fig. 12).

Discussion
Liver metabolic diseases, encompassing to main clinical entities NAFLD and NASH, is a growing clinical problem 
contributing to the increasing burden of liver cancer  worldwide50. While a large number of therapeutic approaches 
are currently under investigation for the treatment of NASH, the disease remains an un meet clinical  needs9. 
NASH is a complex disease with multiple clinical subsets that might require targeted therapeutic  approaches51. 
While development of single drug treatments has been the main strategy in the last decade, the fact that a 
large proportion of these approaches have failed to meet pre-specified  endpoints52 strongly support the notion 
that treating NASH requires the development of combinatorial approaches. Building on this concept, we have 
now provided evidence that a combination of BAR502 and UDCA results in a profound remodeling of body’s 
lipid metabolism, restores insulin sensitivity and reverses histology features of steatohepatitis and hepatocytes 
ballooning and adipocytes inflammation.

BAR502, is dual GPBAR1/FXR ligand that is currently undergoing phase 1  evaluation33,34 (ClinicalTrials.
gov Identifier: NCT05203367). Chemically, BAR502 is a non bile acid steroidal ligand for FXR, that is similarly 
to obeticholic acid (OCA), a FXR ligand clinically approved for the treatment of primary biliary cholangitis 
(PBC), is generated from the addition of an ethyl group in the position 6 to a steroid core, CDCA in the case 
of  OCA24,32. Further on, in contrast to OCA, COOH group in the side chain of BAR502 is substituted by a OH 
group, a chemical substitution that prevents the its conjugation with glycine or taurine by  hepatocytes24,32. Thus, 
in contrast to OCA that circulates as glycine and taurine salt and undergoes multiple cycles in the entero-hepatic 
circulation and accumulate in body, BAR502 is excreted with the urine and does not undergoes an entero-hepatic 
 circulation26,53. In addition, BAR502 is dual FXR and GPBAR1  agonist24,32. In terms of FXR agonism, the EC50 
of BAR502 in transactivation assays is ≈ 1 µM, that is higher than 300 nM we originally reported for 6-ECDCA 
(the original name of OCA) in  200224, while the Ec50 for GPBAR1 is ≈ 900  nM24,32, making BAR502 almost 
equally potent toward the two receptors.

Figure 12.  (A) Composition of gallbladder bile acid pools. (B) Fxr agonist and antagonist bile acids content 
in gallbladder. (C) Concentration of Gpbar1 agonist bile acids. Each result is the mean ± SEM of 7–11 mice per 
group. *p ≤ 0.05.
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Several FXR agonists are currently developed for the treatment of  NASH29,54. Cilofexor, tropifexor, nidufexor, 
MET 409, TERN101 and EYP001 have completed Phase II trials, while OCA has completed a phase III trial in 
patients with biopsy proven  NASH54. While the results of these trials have shown various degree of efficacy in 
improving histopathology features (i.e. steatohepatitis, ballooning and fibrosis) of NASH and biochemical efficacy 
in reducing AST/ALT levels, none of these agents has been able to completely reverse NASH features, while side 
effects have emerged. OCA, the first in class of these agents, has shown efficacy in reducing liver inflammation 
and fibrosis in some Phase II and III trials but its use associates with a variety of side effects, the most common 
of which is pruritus (that is dose dependent and occurs in up to 50% in response to a dose of 25 mg/day) along 
with the worsening of a pro-atherogenic lipoprotein  profile28,55. OCA has also been associated with severe liver 
decompensation, liver transplantation and death when administered in doses higher than 5 mg/week to cirrhotic 
 PBC27,53. These effects seems to be class-dependent56, prompting the development of alternative approaches to 
NASH, that, however, have shown a certain lack of efficacy in various  studies57,58.

Based on this background, we have designed a study to target multiple molecular  pathways54, in addition to 
FXR, including GPBAR1, a receptor for secondary bile  acids59. GPBAR1 is highly expressed in small intestine, 
adipose tissues, muscles and inflammatory cells, but not by  hepatocytes12, and its activation in these tissues 
promotes the release of GLP-120, ameliorates insulin sensitivity, increase energy expenditure by adipose tissues 
and promotes their transition from white to beige of brown  phenotype22,60. Here, we have shown that BAR502 
when administered alone at the dose of 30 mg/kg to mice feed a Western diet activates both FXR and GPBAR1 
in target tissues and partially reverses biochemical and histopathology features caused by feeding a Western 
diet both in the liver and adipose tissue. However, these beneficial effects were partial, since BAR502 did not 
fully reversed steatohepatitis and hepatocytes ballooning, despite the fact that it reduced liver fibrosis and 
ameliorates the plasma lipid profile (LDL levels). These data are consistent with our previous results and confirm 
the therapeutic potential of  BAR50233, but also advocate the possibility that combining BAR502 with other agents 
might improve its therapeutic potential.

UDCA is clinically approved bile  acid61. UDCA has been shown effective in slowing disease progression in 
PBC patients, thus reducing the need for liver transplantation and increasing survival rate and quality of  life62. In 
contrast, several clinical trials have reported that UDCA is only partially effective in reversing histopathology and 
biochemical features of  NASH38,39,63,64. Furthermore, while using doses higher than 15 mg/kg (recommended for 
PBC) seems to expand the clinical efficacy of  UDCA39,64 the lack of a formal trial prevents its use in the treatment 
of NASH. We have recently shown that UDCA is a weak GPBAR1  ligand61 and clinical studies have confirmed 
that UDCA increases GLP1 release form the  intestine63 and there is evidence that UDCA ameliorates insulin 
sensitivity in NAFLD patients. We have confirmed these findings and demonstrated that UDCA exerts some 
beneficial effects in our model of NASH, but it failed to improve liver  histopathology63 and did not reduced the 
neither hepatocytes ballooning or liver fibrosis.

The main result of the presents study has been the demonstration that a combination of BAR502 and UDCA 
achieve a substantial improvement in clinical efficacy in comparison to the two agents administered alone. Thus, 
not only the combination of the two agents reduced body weight gain by ≈ 10% but also effectively reversed 
biochemical and histopathology features of NASH. Thus, the combination of the two agents improved insulin 
sensitivity as assessed by OGTT, reduced AST/ALT and cholesterol, triglycerides, LDL and HDL plasma levels. 
Similarly, the combination of BAR502/UDCA significantly improved liver steatosis, inflammation, hepatocytes 
ballooning and fibrosis in the model. Lipid-enriched diets are extensively used to induce liver steatosis in murine 
models of  NAFLD13. Nevertheless, mice are known for their resistance to develop the typical pro-atherogenic 
lipid profile observed in humans in response to chronic exposure to a high caloric intake and are protected 
against the development of vascular lesions that occurs in humans in these clinical  setting65. Mice are a HDL-
prone species, a pattern that associates with relatively low levels of VLDL and  LDL65, a lipoprotein profile that 
in humans confers a lower risk to develop of cardiovascular  disease25,66. The fact that a combination of BAR502 
and UDCA improves the lipid profiles in this model might be, therefore, of translational relevance.

The beneficial effects exerted by the combination of BAR502 and UDCA on biochemical and histopathology 
features in the model, associates with a profound remodeling of liver transcriptome. Treating mice feed a western 
diet with combination of BAR502 and UDCA rewrote the expression of over 600 genes, a number significantly 
higher than the 273 remodeled by BAR502 alone and 473 that were modified by UDCA. Of relevance the three 
treatments shared the modulation of 43 genes only, highlighting the fact that each therapeutic regimen was acting 
on specific pathways. Among the genes that were potently modulated by the three treatments we detected Cidea, 
Elov5 and  Mogat133,34. These three genes are known for their role in regulating lipid metabolism. Low levels of 
CIDEA are associated in mice with increased thermogenesis and protects from obesity, while Mogat1 is a critical 
genes essential for triacylglycerol  biosynthesis45,46,67.

In the search for a mechanism of action that could explain the beneficial effects exerts by the combination of 
the BAR502 and UDCA we have carried out a detailed analysis of the composition of bile acid pool. Conversion 
of cholesterol in to bile acids is a major mechanisms of cholesterol disposal in  mice48. Thus, while in humans, 
only ≈ 10% of the total bile pool is disposed daily in feces and urine, this pathways is robustly amplified in mice 
exposed to a high fat  diet12. The main bile acid biosynthetic pathway in both human and rodents is the classic 
pathway that accounts for at least 75% of the total bile pool, and in humans, produces: CDCA and  CA12. In mice, 
CDCA is then converted into MCAs by Cyp2c70, generating a specie-specific bile acids  profile68. In contrast to 
CA and CDCA, T-MCAs are FXR  antagonists69. Since FXR regulates the expression/function of CYP7A1, the rate 
limiting enzyme of bile acid synthesis in the classic pathway, these specie-specificities have major consequences 
on the regulation of bile acid  synthesis70. CYP7A1 expression expression/activity is negatively regulated by FXR 
in a SHP and FGF19 (FGF15 in mice) dependent  manner12. SHP is a transcription factor that is directly regulated 
by FXR in  hepatocytes16, while FGF19 is released from enterocytes under activation of FXR in the  ileum19. In the 
presence of TMCAs, the braking signal exerted by FXR in the liver and ileum is partially removed, allowing an 
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upregulation of CYP7A1 and an increased conversion of cholesterol into bile acids. A mechanism that can not 
take place in humans because primary bile acids in humans, CDCA and CA, represses CYP7A1 activity via  FXR16.

 Results from our study suggest that the beneficial effects exerted by BAR502/UDCA might be due to their 
activity on bile acid metabolism. This view is supported by the following observations: (1) feeding mice a Western 
diet increases the liver expression of Cyp7a1, Cyp8b1 and Cyp2c70 mRNA and increases the liver synthesis of bile 
acids, while shifts the bile acid pool toward those bile acid species, αMCA, βMCA, T αMCA and βMCA that are 
FXR antagonists, while reduces the relative amounts of CA, CDCA and their taurine conjugates. (2) Mice cope 
with the Western diet by increasing the fecal excretion of bile acids and  cholesterol16. These changes represent a 
protective adaptation to the high fat diet and are achieved by suppressing FXR activity in the liver and intestine. 
(3) Feeding a Western diet reduced the systemic levels of DCA and LCA, the two main endogenous GPBAR1 
 agonists12, suggesting a potential impairment of GPBAR1 signaling, that might contributes to the impairment 
of insulin  sensitivity25,66. Together, these changes in the expression of liver bile acid synthetic pathways are likely 
due to reflect changes in the relative concentrations of MCAs, especially T-MCA, which are FXR antagonists in 
 nature69. Treating mice with BAR502/UDCA resulted in several changes in bile acid pool composition, that could 
be summarized as follow: (1) BAR502/UDCA increased bile acid secretion from the liver as shown by decreased 
bile acid content in the liver and increased concentrations of bile acids in the gallbladder and feces; (2) in 
comparison to mice feed a Western diet, BAR502 and UDCA increased significantly the systemic concentrations 
of those bile acids, LCA, DCA, UDCA and HyoDCA that are GPBAR1 ligands (Figs. 8 and 9), suggesting that 
these changes might contribute the beneficial effects the BAR502/UDCA exert on insulin sensitivity; (3) a similar 
shift toward bile acids that are GPBAR1 agonists was detected in the liver, which might contribute to the anti-
inflammatory and anti-fibrotic activity observed in mice treated with Bar502/UDCA. In fact, not only GPBAR1 
is expressed on liver macrophages and activated HSC, but its activation promotes a counter-inflammatory 
phenotype by Kupffer cells and  macrophages71,72. These findings are consistent with previous investigations 
showing that GPBAR1 activation mediates the beneficial effects of sleeve gastrectomy, a widely used of bariatric 
surgery, in mouse models  NASH73,74. These findings might, therefore have translational relevance, since bariatric 
surgeries are increasingly used to treat obesity-related NASH, and animal models suggest that one of the putative 
beneficial effects of the sleeve gastrectomy is a reduction of bile acid pool in a FXR independent  manner75.

One additional beneficial effect induced BAR502 and UDCA in this model, was the modulation of adipose 
tissue. Indeed, while the two agents exerted some beneficial effects on the WAT and BAT, the combination of the 
two reduced the weight of WAT and BAT, prevented the increase of adipocytes size and increased the number of 
adipocytes. Together with the fact that the combination of BAR502/UDCA, increased the WAT’s expression of 
Ucp1 and Ucp2 while negatively regulated the expression of Tnfα and Cd11b, these results support the view that 
part of the beneficial effects manifested in mice administered BAR502/UDCA were due to a general improvement 
of adipose tissues  health76.

In conclusion we have shown that in a mouse model of NAFLD/NASH administration of an investigational 
new drug, BAR502, in combination with UDCA, exerts beneficia effects that were superior to that exerted by 
each agent individually. The combination of the two agents reverses almost completely the liver features of NASH, 
including hepatocytes ballooning, promoted a shift of bile acid pool toward GPBAR1 biased bile acid species and 
reversed the pro-atherogenic lipid profile that develop feeding a Western diet. These results support the clinical 
development of BAR502 in combination with UDCA.

Materials and methods
Chemicals. UDCA was provided by ICE SpA (Reggio Emilia, Italy). BAR502 was prepared by Prof. Angela 
Zampella. The agents were dissolved daily in 1% methyl cellulose before administration by gavage (100 μl).

Animal model. C57BL/6J male mice were fed a high fat diet (HFD) containing 59 kJ% fat plus 1% choles-
terol, w/o sugar  (ssniff® EF R/M acc. D12330 mod. 22,7 ME/Kg) and fructose (HFD-F) in drinking water (42 g/l), 
or normal chow diet (standard diet Mmucedola S.r.l. 4RF21: 18,5% proteins, 53,5% carbohydrates, 3% Fats) for 
8 weeks. Food intake was estimated as the difference of weight between the offered and the remnant amount 
of food at 3-days intervals. The food was provided as pressed pellets and the residual spillage was not consid-
ered. After 10 days, HFD-F mice were randomized to receive HFD-F alone or BAR502 (30 mg/kg/day) UDCA 
(30 mg/kg/day) or the combination of the two treatments (BAR502-UDCA) by gavage for 7 weeks. Mice were 
housed under controlled temperature (22 °C) and photoperiods (12:12-h light/dark cycle), allowed unrestricted 
access to standard mouse chow and tap water. The general health of the animals was monitored daily by the Vet-
erinarian in the animal facility. At the day of sacrifice, fed mice were deeply anesthetized with a mixture of tileta-
mine hydrochloride and zolazepam hypochloride/xylazine at a dose of 50/5 mg/kg and sacrificed before 12 PM.

Anthropometrical determinations. The abdominal circumference (AC) (immediately anterior to the 
forefoot), body weight and body length (nose-to-anus or nose–anus length), were measured in anaesthetized 
mice at time of sacrifice. The body weight and body length were used to calculate the Lee index (= cube root of 
body weight (g)/nose-to-anus length (cm)).

Biochemical analyses and OGTT . Cholesterol, triglycerides, HDL and LDL plasmatic levels were quanti-
fied using an automated clinical chemistry analyzer (Cobas, Roche Basel, Switzerland). After 7 weeks of HFD-F 
mice were fasted overnight and orally administered glucose (1.5 g/kg body weight) for OGTT. The blood glucose 
concentrations were measured at 0, 15, 30, 60, 90, and 120 min after feeding or injection using a portable glucose 
meter (Accu-Check Go, Roche Basel, Switzerland).
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Bile acid determinations. Gallbladder, liver, serum and fecal bile acid concentrations were measured by a 
liquid chromatography-tandem mass spectrometry (MS/MS), as detailed  elsewhere25,63.

Histopathology. For histological examination, portions of the right and left liver lobes were fixed in 10% 
formalin, embedded in paraffin, sectioned and stained with Sirius red and/or Hematoxylin/Eosin (H&E), for 
morphometric analysis. NASH severity (steatosis, hepatocytes ballooning, lobular inflammation and portal 
inflammation) was scored in H&E-stained cross sections using an adapted grading system of human  NASH77.

Hepatic fibrosis score was evaluated in Sirius red stained sections using an adapted grading system of 
human NASH. The presence of pathological collagen deposition was scored as either absent (0), observed 
within perisinusoidal/perivenular or periportal area (1), within both perisinusoidal and periportal areas (2), 
bridging fibrosis (3) or cirrhosis (4). The sum of the scores (degree of steatosis, hepatocyte ballooning, lobular 
inflammation, and portal inflammation) was considered as the total pathology score.

Reverse transcription of mRNA and Real-Time PCR. RNA was extracted from liver, epididymal adi-
pose tissue (eWAT) and small intestine using TRI reagent (Zymo Research) and Direct-zol™ RNA MiniPrep 
w/Zymo-Spin™ IIC Columns (Zymo Research, Irvine, CA). RNA from small intestine and eWAT sample was 
reverse transcribed using Fastgene Scriptase basic cDNA kit (Nippon Genetics Europe GmbH, Düren, DE); 
10 ng of cDNA was amplified in a 20-μl solution containing 200 nM each primer and 10 μl of PowerUp SYBR 
Master Mix (Thermo Fisher Scientific, Waltham, MA). All reactions were performed in triplicate using the fol-
lowing thermal cycling conditions: 3 min at 95 °C, followed by 40 cycles of 95 °C for 15 s, 56 °C for 20 s, and 
72 °C for 30 s, using a StepOnePlus system (Applied Biosystems, Foster City, CA). The relative mRNA expres-
sion was calculated accordingly to the ΔCt method. Primers were designed using the software PRIMER3 (http:// 
frodo. wi. mit. edu/ prime r3/) using published data obtained from the NCBI database. The primers used were as 
following (forward and reverse):

mGapdh (for CTG AGT ATG TCG TGG AGT CTAC; rev GTT GGT GGT GCA GGA TGC ATTG), mTNFα (for 
CCA CCA CGC TCT TCT GTC TA; rev AGG GTC TGG GCC ATA GAA CT), mCD11b (for AAG GAT TCA GCA AGC 
CAG AA; rev TAG CAG GAA AGA TGG GAT GG), mPgc-1α (for CTT AGC ACT CAG AAC CAT GCAG; rev AAT 
GCT CTT CGC TTT ATT GCTC), mSrebp1c (for GAT CAA AGA GGA GCC AGT GC; rev TAG ATG GTG GCT GCT 
GAG TG), mAdiponectin (for ATG CAG GTC TTC TTG GTC CT; rev GAG CGA TAC ACA TAA GCG GC), mUcp2 
(for TTG CCC GTA ATG CCA TTG TC; rev GCA AGG GAG GTC ATC TGT CA), mUcp1 (for TCC ATG TAC ACC 
AAG GAA GGA; rev TCA GCT GTT CAA AGC ACA CA), mFgf15 (for GCT CTG AAG ACG ATT GCC AT; rev ACA 
GTC CAT TTC CTC CCT GA) mGlp1 (for CCC CAG ATC ATT CCC AGC TT; rev CGG GAG TCC AGG TAT TTG 
CT), Shp (for ACG ATC CTC TTC AAC CCA GA; rev AGG GCT CCA AGA CTT CAC AC) and Fabp6 (for CAC CAT 
TGG CAA AGA ATG TG; rev CCG AAG TCT GGT GAT AGT TGG).

AmpliSeq transcriptome. From liver RNA, libraries were generated using the Ion AmpliSeq™ Transcrip-
tome Mouse Gene Expression Core Panel and Chef-Ready Kit (Comprehensive evaluation of AmpliSeq tran-
scriptome, a whole transcriptome RNA sequencing methodology) (Thermo Fisher Scientific, Waltham, MA). 
Template-Positive Ion Sphere™ Particles (Thermo Fisher Scientific, Waltham, MA) were loaded on Ion 540™ 
Chips, using the Ion 540™ Kit-Chef (Thermo Fisher Scientific, Waltham, MA). Sequencing was performed on an 
Ion S5™ Sequencer with Torrent Suite™ Software v6 (Thermo Fisher Scientific, Waltham, MA). The analyses were 
performed as previously  described25.

Statistical analysis. All of the data are shown as the means ± SEM. Difference among groups was estimated 
using one-way ANOVA followed by Tukey’s post hoc test, or by the t test analysis, or by two-way ANOVA fol-
lowed by Bonferroni’s post hoc test when appropriated (GraphPad Prism 5.0 software). Significance was set up 
at p < 0.05.

Ethics approval. The experimental protocols were approved by the Animal Care and Use Committee of 
the University of Perugia and by the Italian Minister of Health and Istituto Superiore di Sanità (Italy) and were 
in agreement with the European guidelines for use of experimental animals (permission n. 583/2017-PR). The 
study is reported in accordance with ARRIVE guidelines.

Data availability
The datasets generated during the current study are available in the Mendeley data repository (Mendeley Data, 
https:// doi. org/ 10. 17632/ bs4hs hm249.1).
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