Journal of Advanced Research 59 (2024) 173-187

Contents lists available at ScienceDirect

Journal of Advanced Research

journal homepage: www.elsevier.com/locate/jare

Review
Bile acid and nonalcoholic steatohepatitis: Molecular insights and )
therapeutic targets e

Zilu Cheng*, Yixiong Chen*, Bernd Schnabl b Huikuan Chu**, Ling Yang **

2 Division of Gastroenterology, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, 1277 Jiefang Avenue, Wuhan, Hubei Province 430022, China
b Department of Medicine, University of California San Diego, La Jolla, CA, USA

HIGHLIGHTS GRAPHICAL ABSTRACT

« Bile acid serves as a pivotal signaling
molecule.

« Bile acid has a salutary effect on
hepatic metabolic disorders by T el inflammatory and fibrotic
activating FXR and TGR5. % metsbolismdisorder IEDORSe

« Bile acid also exerts anti-
inflammation and anti-fibrosis Healthy NAFL NASH
properties.

« Bile acid is emerging as a potential

biomarker for the stratification of Bille@sil

NAFLD.
« Some pharmacological agents -

targeting bile acid and its associated Volixibat Cilofexor UDCA)

pathways show great potential in — Aldafermin

NASH treatment. [ OCA| BAR501

Potential pharmacological
agents for NASH

ARTICLE INFO ABSTRACT
Ari fiC{E history: Background: Nonalcoholic steatohepatitis (NASH) has been the second most common cause of liver trans-
Received 30 March 2023 plantation in the United States. To date, NASH pathogenesis has not been fully elucidated but is multifac-
Revised 6 June 2023 torial, involving insulin resistance, obesity, metabolic disorders, diet, dysbiosis, and gene polymorphism.

Accepted 20 June 2023

Available online 23 June 2023 An effective and approved therapy for NASH has also not been established. Bile acid is long known to have

physiological detergent function in emulsifying and absorbing lipids and lipid-soluble molecules within
the intestinal lumen. With more and more in-depth understandings of bile acid, it has been deemed to be
a pivotal signaling molecule, which is capable of regulating lipid and glucose metabolism, liver inflamma-
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inflammation, as well as liver fibrosis, and discusses the safety and efficacy of some pharmacological

agents targeting bile acid and its associated pathways for NASH.

Key scientific concepts of review: Bile acid has a salutary effect on hepatic metabolic disorders, which can
ameliorate liver fat accumulation and insulin resistance mainly through activating Takeda G-protein cou-
pled receptor 5 and farnesoid X receptor. Moreover, bile acid also exerts anti-inflammation and anti-
fibrosis properties. Furthermore, bile acid has great potential in nonalcoholic liver disease stratification

and treatment of NASH.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction posed individuals [13]. Recent studies reported that altered bile

Nonalcoholic hepatitis (NASH) is identified as an aggressive
modality of nonalcoholic fatty liver disease (NAFLD), which is com-
posed of a series of hepatic metabolic conditions [1]. The predom-
inant features of NASH are steatosis, inflammation, and hepatic
damage, with fibrosis or not [2]. The prevalence of NAFLD in adults
is 17 %-33 %, of which 33 %-50 % putatively develop NASH. More-
over, 15 %-25 % of NASH patients probably suffer from liver fibrosis
or cirrhosis after 10-15 years [3,4]. In most cases, NASH patients
present asymptomatic, which raises the risk of developing cirrhosis
or hepatocellular carcinoma (HCC) [5-7]. Currently, NASH has also
emerged as the second most common cause of liver transplanta-
tion, which urgently warrants effective diagnostic and therapeutic
interventions [8-12]. To date, NASH pathogenesis is not com-
pletely elucidated. The widely accepted hypothesis is “multiple
parallel hits”, regarding NASH as a sequential combination of par-
allel insults, implicated in obesity, insulin resistance, inflammatory
cascades, and fibrosis, which usually acts on genetically predis-
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acid metabolism participates in the pathological progress of NASH
[14,15].

Bile acids are mainly made up of primary bile acids and sec-
ondary bile acids. Enterohepatic circulation contributes to the
homeostasis of bile acids [16]. Bile acids not only play a critical role
in emulsifying and absorbing lipid-soluble molecules within the
intestine, along with other biliary constituents [17], but also partic-
ipate in the modulation of lipid and glucose metabolism, liver
inflammation and, fibrosis through binding to Takeda G-protein
coupled receptor 5 (TGR5) and farnesoid X receptor (FXR) [17-19].

At present, no approved pharmacological therapy is available
despite that there is an urgent need for the treatment of NASH
[20]. Mounting evidence has indicated that altered bile acids con-
centration and composition closely correlate with the disease’s
occurrence and severity [14,15]. Furthermore, bile acid derivatives
or compounds are hopeful to become therapeutic agents for NASH
via the activation and modulation of FXR and TGR5 [21-23]. There-
fore, it appears plausible that bile acids and its associated signaling
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pathways have the potential to be pharmacological targets for
therapeutic interventions. By systematically collecting recent liter-
atures, we summarize the role of bile acids in lipid and glucose
metabolism, liver inflammation and fibrosis, and its associated sig-
naling pathways. This sheds lights on the therapeutic potential of
bile acids as pharmaceuticals or their related pathways as target
for NASH patients.

Bile acids
Synthesis

Primary bile acids are synthesized from cholesterol within hep-
atocytes, which mainly depends on the classical and alternative
pathway [16]. Roughly 75 % of total bile acids are synthesized
under the classical pathway in humans [24], while the alternative
pathway in rodents is in charge of synthesysing half of the total
bile acids [25]. In the classical pathway, hydroxylation of choles-
terol at C-7 position is catalyzed by cholesterol 7o-hydroxylase
(CYP7A1), which is only distributed in the liver and is the rate-
limiting enzyme of bile acid synthesis. 7a-hydroxycholesterol then
undergoes further modification by sterol 27-hydroxylase
(CYP27A1), ultimately forming cholic acid (CA) and chenodeoxy-
cholic acid (CDCA) [26]. In contrast, CYP27A1 is able to effectively
catalyze the first rate-limiting step in the alternative pathway, and
oxysterol 7a-hydroxylase (CYP7B1) participates in the subsequent
70-hydroxylation, which is in charge of the synthesis of most CDCA
[27]. Of note, bile acids composition and synthesis in mice are
quite distinct from that in humans [28-30]. Specifically, the pri-
mary bile acids in mice are made up of CA and o- and B-
muricholic acids (MCA), which are mainly converted from CDCA
via 6p-hydroxylation catalyzed by CYP2C70 [28]. Most impor-
tantly, the conversion of CDCA (endogenous FXR agonist) to MCA
(FXR antagonist) can alter the signaling properties of bile acids in
mice [29]. The primary bile acids in humans are conjugated with
taurine and glycine at a ratio of 1-3, respectively, whereas in mice,
the majority of primary bile acids are conjugated with taurine [30].
After conjugating with glycine or taurine, primary bile acids subse-
quently are excreted from hepatocytes, and reach the duodenum
via the biliary tract. Conjugated bile acids ultimately undergo
deconjugation and dihydroxylation by intestinal bacteria in the
large intestine [31]. In humans, conjugated bile acids are deconju-
gated by bacterial bile salt hydrolase, which is mainly expressed in
Bifidobacteria, Lactobacillus, Clostridium and Bacteroides [32]. Then
unconjugated bile acids are further dehydroxylated by 7a-
dehydroxylase predominantly expressed in Eubacterium and
Clostridium, resulting in the generation of secondary bile acids from
primary bile acids, converting CDCA to lithocholic acid (LCA) as
well as CA to deoxycholic acid (DCA) [32-34]. Moreover, Clostrid-
ium, Escherichia, Eubacterium and Bacteroides can diversify sec-
ondary bile acids via pepimerization [35]. Similarly, «-MCA and
B-MCA in mice are also transformed into their corresponding sec-
ondary bile acids following the consecutive deconjugation and
dihydroxylation by intestinal bacteria, including hyodeoxy-cholic
acid, murideoxycholic acid, and ®w-MCA. Furthermore, the enzyme
CYP2A12 in mice was believed to convert secondary bile acids back
to primary bile acids in a recent study, which was not found in
humans [25].

In addition to the afore-mentioned proverbial biosynthetic
pathways of bile acids, there are also some novel pathways that
are in charge of unique bile acids production. In a recent study,
researchers analyzed the intestinal microbiome of centenarians
and found that Odoribacteraceae played a critical role in the pro-
duction of isoallo-LCA, which exhibited antimicrobial prosperities
against multidrug-resistant Gram-positive bacteria, including
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Clostridioides difficile and Enterococcus faecium [36]. And the
enzymes 3B-hydroxysteroid dehydrogenase and 5a-reductase pro-
duced a notable effect in this process [36].

Transport

Primary bile acids conjugated with taurine or glycine are
excreted from hepatocytes to bile canaliculi against the concentra-
tion gradient via the bile salt export pump (BSEP), which is able to
specifically bind to conjugated bile acids and is exclusively dis-
tributed in hepatocytes [37]. Organic anions, which constitute part
of bile, along with sulfated bile acids, are transported from hepato-
cytes into the bile duct mainly mediated by multidrug resistance-
associated protein2 (MRP2) [38]. Moreover, a part of bile acids
(mostly during cholestasis) is excreted into the systematic circula-
tion with the assistance of organic solute transporter o/p (OSTo/B)
and MRP3 expressed on the basolateral membrane of hepatocytes
[39]. Under fasting conditions, bile acids enter the gallbladder and
further concentrate here owing to high pressure resistance pro-
vided by the sphincter of Oddi. After food consumption, the stored
bile acids are excreted into the duodenum with gallbladder con-
traction and Oddi sphincter relaxation stimulated by cholecys-
tokinin [40]. The reabsorption of roughly 95 % of bile acids
mainly depends on the apical sodium-dependent bile salt trans-
porter (ASBT) in the terminal ileum [41-43]. Bile acids bind to
the bile acid binding protein (I-BABP) intracellularly, then the
OSTa/B heterodimer localized on the basolateral membranes
secretes bile acids into the portal circulation [44-46]. It is worth
noting that MRP3, at least in rodents, putatively makes contribu-
tions to the efflux of bile acids from enterocytes [47], similar to
the OSTo/B heterodimer on the basolateral side. After entering
the portal vein, bile acids are taken in hepatocytes mediated
through organic anion-transporting polypeptides (OATPs) and
sodium taurocholate co-transporting polypeptide (NTCP) dis-
tributed on the basolateral membrane [48-51]. The afore-
mentioned process is termed enterohepatic circulation (Fig. 1). In
the colon, approximately 5 % of bile acids undergo deconjugation
and dihydroxylation by intestinal bacteria and are ultimately con-
verted to secondary bile acids, including LCA and DCA [32-34]. LCA
and DCA are passively reabsorbed in the colon or lost daily in feces
[52]. Owing to the almost equal amounts of bile acids de novo syn-
thesized within hepatocytes as well as lost in feces [53], the bile
acid pool remains in a steady state.

Regulation

A steady bile acid pool is maintained under normal conditions
as afore-mentioned. Several different mechanisms in the liver
and the intestine participate in the modulation of bile acid home-
ostasis via the activation of FXR, which pertains to the ligand-
activated transcriptional nuclear receptor superfamily [54]. When
bile acid concentration increases, the synthesis of bile acidis inhib-
ited in the liver. To be more specific, the small heterodimer partner
(SHP) induced by FXR in hepatocytes, not only represses the liver-
related homolog1, but also inhibits the hepatocyte nuclear factor
40, [55,56]. The two inhibited nuclear receptors further repress
the CYP7A1 gene proximal promoter mainly by binding to the bile
acid response element-I, thus inhibiting the transcription of
CYP7A1 gene [53]. Equally, FXR in the intestine can inhibit hepatic
CYP7A1 gene transcription by inducing fibroblast growth factor15
(FGF15) production, an endocrine hormone, which binds to the
heterodimeric receptor beta-Klotho and the FGF receptor 4 (FGFR4)
that is mainly localized on the hepatocyte surface [57,58]. FGF19,
the human orthologue of murine FGF15, represses CYP7A1 gene
transcription by activating FGFR4/B-Klotho receptor simultane-
ously [58-60]. Furthermore, intrahepatic bile acid accumulation
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Fig. 1. Enterohepatic circulation. Conjugated bile acid is excreted from hepatocyte to bile duct via BSEP, predominantly actively reabsorbed at the terminal ileum by ASBT
expressed on the apical membrane of the enterocyte, then the OSTa/B heterodimer on the basolateral mediates bile acid secretion into portal circulation. At length, bile acid is
taken in hepatocyte through NTCP and OATPs. The reminder of bile acid is deconjugated and dehydroxylated by intestinal bacteria in the large intestine, and then some are
daily lost in feces, while others are passively reabsorbed into portal circulation. OSTo/pB: organic solute transporter o/B; BSEP: bile salt export pump; OATPs: organic anion-
transporting polypeptides; NTCP: sodium taurocholate co-transporting polypeptide; ASBT: apical sodium-dependent bile salt transporter; MRP2: multidrug resistance-

associated protein2.

Table 1

The function of bile acid-activated FXR and TGR5 in regulating lipid and glucose metabolism, hepatic inflammation, as well as fibrosis.
Receptor Lipid metabolism Glucose metabolism Inflammation Fibrosis
FXR [72-81,85-88,102,103,107-110] Lipogenesis| Gluconeogenesis| NF-kB| PPAR 1

p-oxidation]

serum HDL level |
TG-rich lipoproteins|
TGR5 [19,75,82-84,104-106]

Glycogen synthesisT

GLP-1 secretion?
Insulin secretion?
Insulin resistance|

Pro-inflammatory cytokines|
NLRP3 inflammasome

MCP1 expression|

Infiltration of inflammatory cells|
Pro-inflammatory cytokines|
IL-107

MCP1 expression|

HSC activation|

Collagen deposition|

Glucose uptake and removal

Infiltration of inflammatory cells|

1signifies increase; |signifies decrease; FXR: farnesoid X receptor; TGR5: Takeda G receptor 5; NF-kB: nuclear factor kappa B; HDL: high-density lipoprotein; TG: triglycerides;
PPAR vy: peroxisomal proliferator-activated receptor yv; MCP1: Monocyte chemoattractant protein1; HSC: hepatic stellate cell; GLP1: glucagon-like peptide 1.

also can stimulate the production of FGF19 in humans in an auto-
crine manner [59,61]. Different from humans, FGF15 is not
expressed in mice hepatocytes and this autocrine mechanism is
also absent [57,61]. Moreover, FXR was believed to have the capac-
ity to enhance the degradation of CYP7A1 mRNA [62]. The synthe-
sis of bile acids is suppressed through inhibiting CYP7A1 gene
transcription, which counteracts the elevated bile acid
concentration.

In addition, FXR also regulates bile acid transport to maintain
bile acid pool. To be more specific, in hepatocytes, BSEP is induced
and NTCP is inhibited by FXR, which reduces the accumulation of
bile acids [63,64]. Moreover, I-BABP and OSTo/p induction and
ASBT inhibition by FXR in the enterocyte [65-67] prevent bile acid
uptake and promote bile acid efflux, which is of great benefit to
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confer protection against cellular injury and compromised intesti-
nal tight junction [68-71].

Bile acids: important molecules in regulating lipid and glucose
metabolism

Regulation of lipid metabolism

Several researches have observed that FXR-deficient (FXR-/-)
mice developed hepatic steatosis or hypertriglyceridemia [72,73],
which indicated that FXR was closely related to hepatic lipid meta-
bolism. Collectively, bile acid-activated FXR and its associated sig-
naling pathways regulate lipogenesis, fatty acid (FA) oxidation, as
well as triglyceride (TG) and cholesterol clearance (Table 1,
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Fig. 2. The associated mechanisms of bile acids in regulating lipid and glucose metabolism. Activated FXR by bile acids in the hepatocyte represses LRH, mediated by SHP,
further inhibits the transactivation of SREBP1c, which regulates some critical genes associated with lipogenesis, thereby reducing hepatic de novo lipogenesis. Moreover,
activated FXR in the enterocyte induces FGF15/19 production, which can bind to the FGFR4/B-Klotho receptor expressed on hepatocytes, not only enhancing SHP, but also
repressing SREBP1c directly by inducing STAT3 and inhibiting PGC1, thus regulating lipogenesis in the liver. Furthermore, FGF15/19 can reduce hepatic gluconeogenesis via
the inhibition of CREB. FXR in the hepatocyte also promotes f oxidation by inducing PPARa, reduces serum HDL level by inducing SR-B1, contributes to TG-rich lipoproteins
clearance by inducing human syndecan-1 and VLDL receptor as well as inhibiting MTP, and improves the activity of glycogen synthase by promoting the phosphorylation of
GSK3B and repressing G6Pase and PEPCK. Additionally, bile acids activate TGR5 on L endocrine cells to stimulate the secretion of GLP1, which further induces insulin secretion
and ameliorates insulin resistance. SREBP1c, sterol regulatory binding proteinlc; SHP, small heterodimer partner; LRH, liver receptor homologue; FXR, farnesoid X receptor;
FGF15/19, fibroblast growth factor15/19; FGFR4, fibroblast growth factor receptor 4; PGC1p, peroxisome proliferator-activated receptor-y coactivator1p; STAT3, signal
transducer and activator of transcription3; PPARa, peroxisome proliferator-activated receptor alpha gene; CREB, cAMP regulatory element-binding protein; SR-B1, scavenger
receptor class B type [; HDL, high-density lipoprotein; TG, triglyceride; MTP, microsomal transfer protein; VLDL, very-low-density lipoprotein; PEPCK, phosphoenolpyruvate
carboxykinase; GLP1, glucagon-like peptide1; TGR5, Takeda G-protein coupled receptor 5.

Fig. 2). FXR represses hepatic de novo lipogenesis by restraining tions to TG assembly with apolipoprotein B as VLDL triglycerides

liver receptor homologue 1 expression mediated by SHP, further [80]. In addition, conjugated bile acids reduce hepatic lipid content
inhibiting the transactivation of sterol regulatory binding pro- via S1PR2/SphK2/S1P signaling axis [81].

teinlc (SREBP1c) [74]. SREBP1c serves as a critical regulator of In summary, FXR in the hepatocyte inhibits hepatic de novo
genes involved in lipogenesis [75]. Moreover, as a signaling mole- lipogenesis by repressing SREBP1c [74,75], promotes FA B-

cule induced by FXR, FGF19 represses SREBP1c in the intestine oxidation by inducing PPARa expression [77], reduces cholesterol
indirectly by enhancing SHP expression, and directly by inhibiting levels by enhancing HDL removal in the blood [78], and accelerates
peroxisome proliferator-activated receptor-y coactivator 1B as the clearance of TG-rich lipoproteins by inducing human
well as enhancing signal transducer and activator of transcription syndecan-1 and VLDL receptor, and inhibiting MTP expression
3 [76] (Fig. 2). [75,80]. Meanwhile, FXR in the intestine stimulates the secretion
Furthermore, activated FXR can induce peroxisome proliferator- of FGF19, which can subsequently activate the FGFR4/B-Klotho
activated receptor alpha gene expression (PPARa), thus promoting receptor on the hepatocytes, allowing it to both directly and indi-
FA B-oxidation [77]. FXR also promotes high-density lipoprotein rectly repress SREBP1c, thus contributing to the inhibition of hep-
(HDL) removal in the blood via the upregulation of scavenger atic lipogenesis [76].
receptor class B type I expression [78], which is able to regulate
cholesterol ester uptake from HDL [79]. FXR enhances the clear-
ance of TG-rich lipoproteins by inducing human syndecan-1 and
very-low-density lipoprotein (VLDL) receptor [75]. By inhibiting
microsomal transfer protein expression, FXR makes great contribu-

Regulation of glucose metabolism

Bile acids are involved in glucose metabolism through regulat-
ing hepatic glycogen synthesis, hepatic gluconeogenesis, systemic
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glucose levels, and BAT thermogenesis (Table 1, Fig. 2). Bile acid-
activated TGR5 makes great contributions to the modulation of
insulin sensitivity and glucose metabolism, which is extensively
distributed in various tissues, including liver, gallbladder, gut,
and muscle [19]. The activation of TGR5-mediated signaling path-
way stimulates the secretion of glucagon-like peptidel (GLP1)
from intestinal L endocrine cells, which conversely modulates
insulin secretion in a glucose-dependent way, and is conducive
to the development of pancreatic B cell [74,75]. GLP-1 has been
identified as a potent hormone [82] whose ability to ameliorate
insulin resistance and liver damage has been widely recognized
[19]. Moreover, TGR5 located on BAT can also be activated by bile
acids, which then activate D2, PRDM16, and UCP1 in BAT sequen-
tially, ultimately resulting BAT thermogenesis [83]. The thermoge-
nesis in BAT showed a positive correlation with glucose uptake and
removal, thus strikingly improving glucose metabolism [84].

In addition, FXR knock-out mice develop insulin resistance and
fatty liver, as well as elevated plasma free fatty acid and serum glu-
cose levels [85]. Hepatic gluconeogenesis can be inhibited by sup-
pressing the expression of several critical transcription factors
mediated by SHP via the activation of FXR [86]. FGF15/19 induced
by activated FXR in the intestine dephosphorylates and inactivates
cAMP regulatory element-binding protein, further inhibiting
gluconeogenesis-associated genes expression [87]. Additionally,
hepatic FXR activation stimulates the phosphorylation of GSK3,
and suppresses G6Pase and phosphoenolpyruvate carboxykinase
(PEPCK) expression, thus increasing the activity of glycogen syn-
thase [75]. However, increased PEPCK expression and elevated glu-
cose level were induced by a FXR agonist in a different study,
which mainly utilized human and rat hepatocytes, as well as the
livers from mice [88]. Therefore, species difference among humans
and mice putatively exists [89,90], and can partly explain the con-
flicting evidence.

In summary, the activation of TGR5 expressed on L endocrine
cells stimulates GLP1 secretion, which is conducive to the insulin
secretion and the improvement of insulin resistance [74,75]. The
activated TGR5 in BAT enhances BAT thermogenesis, and thus
increases glucose uptake and removal [84]. Moreover, FGF15/19
induced by activated FXR in the enterocytes bind to the FGFR4/B-
Klotho receptor on the hepatocytes, and then inhibit gluconeogen-
esis by dephosphorylating and inactivating of CREB [87]. They can
also promote the activity of glycogen synthase by phosphorylating
GSK3p and by suppressing G6Pase and PEPCK expression [75]. Of
note, increased PEPCK expression and elevated glucose level were
induced by FXR agonist in a different study that mainly utilized
human and rat hepatocytes, as well as the livers from mice [88].
The controversial results can be partly explained by the theory of
species difference [89,90].

The relationship between bile acid and the intestinal
microbiota

The intestinal microbiota colonizes human intestine and coex-
ists in harmony with the host and affects physiological and patho-
logical condition of the host [91], including obesity, metabolic
syndrome, and other associated diseases [17]. Germ-free mice
were less likely to develop high-fat diet (HFD)-induced obesity
[17,92]. However, using intestinal microbiota transplants from
subjects with NAFLD to germ-free animal models induced the
development of fatty liver disease, indicating that the intestinal
microbiota intimately correlated with NAFLD/NASH pathogenesis.
Moreover, a recent study has illustrated that flaxseed-mediated
changes in bile acid-related signaling pathways contributed to
NASH improvements by the regulation of intestinal microbiota
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[20], further unraveling the relationship between bile acids and
intestinal microbiota in NASH animal models.

Collectively, bile acids shape the intestinal microbiota, which
conversely takes part in the regulation of biochemical and biolog-
ical properties of bile acids. As bile acids have detergent properties
over the plasmatic membrane and DNA structure, they show a
potent antimicrobial effect and reduce the intestinal permeability
to endotoxin [29,93-95]. Decreased bile flow during biliary
obstruction contributes to bacterial overgrowth, disrupted intesti-
nal barrier, and bacterial translocation in animal models and
humans [96-98]. This further confirms the antimicrobial effects
of bile acids. Additionally, bile acids also have the capability to
directly remodel the intestinal microbiota by antimicrobial effects
and indirectly by the induction of antimicrobial peptides secretion
by FXR, like angogenin1 [92,99]. In the large intestine, primary bile
acids undergo deconjugation and dihydroxylation with the assis-
tance of some intestinal bacteria species, including Clostridium,
Bacteroides and Escherichia [69,100]. Therefore, dysbiosis may alter
bile acid composition and disrupt bile acid homeostasis, thus
exerting great influence on bile acid-related pathways, including
FXR signaling pathway and TGR5 signaling pathway [101]. Herein,
the intestinal microbiota can affect the metabolic responses and
lead to the increase of unconjugated bile acids in the circulation
[100], which is able to repress the antibacterial function of conju-
gated bile acids, resulting in bacteria overgrowth that augments
bile acid deconjugation, thereby promoting the translocation of
intestinal microbiota and the occurrence of endotoxemia [101].

In summary, bile acids restrict the overgrowth of intestinal
pathobionts owing to its detergent properties over DNA structure
and the plasmatic membrane [29,92-94]. And they also have the
capability to induce the secretion of antimicrobial peptides by acti-
vating FXR [92,99]. In contrast, the intestinal bacteria participate in
secondary bile acids biotransformation [69,100]. Therefore, dysbio-
sis putatively disrupts bile acid homeostasis and alters bile acid
composition, thereby exerting great influence on the bile acid-
related pathways, including FXR signaling pathway and TGR5 sig-
naling pathway [101]. Herein, it appears reasonable to speculate
that the intestinal bacteria contribute to the pathogenesis of NASH
putatively by altering bile acid-associated signaling pathways.

Bile Acid: A critical mediator in Anti-Inflammation and Anti-
Fibrosis

FXR and TGR5 activated by bile acids distributed in some
immune cells exhibit anti-inflammatory and anti-fibrotic proper-
ties (Table 1). To mitigate liver inflammation, activated FXR inhi-
bits the expression of several proinflammatory genes by
repressing the nuclear factor kappa B (NF-kB), which also reduces
the expression of proinflammatory cytokines [102]. Moreover, FXR
activation shows a negative correlation with NLRP3 inflammasome
via its direct interaction with NLRP3 and IL-1B, which also down-
regulates proinflammatory cytokines secretion [103]. Of note, acti-
vated TGR5 can also inhibit NLRP3 inflammasome via the TGR5-
cAMP-PKA signaling pathway [104,105], thus decreasing proin-
flammatory cytokines secretion. In addition, TGR5 has the capacity
to promote anti-inflammatory cytokines production in macro-
phages via TGR5-PKA-CREB signaling axis, such as IL-10 [75], and
ameliorate liver inflammation induced by lipopolysaccharide
(LPS) [105]. -Furthermore, TGR5 negatively regulates the expres-
sion of monocyte chemoattractant protein1 (MCP1) [75], which is
identified as an important chemokine that is capable of modulating
monocytes/macrophages migration and infiltration [106]. A FXR
agonist WAY-362450, administrated in an NASH model induced
by continuous exposure to the methionine/choline-deficient
(MCD) diet, restrained MCP1 expression, thus remarkably mitigat-
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ing liver inflammatory cell infiltration [107]. Moreover, FGF19
induced by FXR in the intestine improves inflammation through
regulating the inhibitor of NF-kB activity [108].

In addition, the activated FXR by bile acids in hepatic stellate
cells (HSCs) putatively directly suppresses liver fibrosis through
triggering the expression of the anti-fibrotic gene, like peroxisomal
proliferator-activated receptor vy that is intimately associated with
HSCs inactivation [109,110]. In addition, FXR activation in HSCs
negatively modulates collagen deposition partly by inhibiting
TGF-B/SMAD3 and Jun D/AP1 signaling pathway in a SHP-
dependent way [75].

To sum up, hepatic FXR inhibits the expression of proinflamma-
tory cytokines via the repression of associated genes [75]. TGR5
induces anti-inflammatory cytokines secretion, represses the
expression of proinflammatory cytokines, as well as mitigates the
infiltration of monocytes/macrophages, thus remarkably amelio-
rating inflammation in the liver [75,105,106]. Moreover, FGF19
induced by FXR in the intestine confers protection against inflam-
mation by modulating the inhibitor of NF-kB activity [108]. Fur-
thermore, activated FXR in HSCs is capable of alleviating hepatic
fibrosis through inducing anti-fibrotic genes expression and reduc-
ing collagen deposition [75,109,110].

Bile acids contribute to the development of NASH

As mentioned above, TGR5 and FXR activation by bile acids
hampers the pathological development of NASH. However, in sev-
eral studies, bile acids also contribute to the disease’s progression
[111-114]. In a NASH rat model with exposure to high fat and high
cholesterol (HFC) diet, the administration of CA exacerbated hep-
atic steatosis, inflammation, and fibrosis dose-dependently [111].
Consistently, the expression of mRNA associated with inflamma-
tory responses and fibrogenesis in CA diet group was much higher
than that of the controls [111]. In another animal study, DCA and
LCA were both confirmed to downregulate the expression of MTTP,
ACOX1 and PNPLA3, which regulate lipid metabolism by promot-
ing hepatic lipid accumulation [112]. Moreover, at pathological
concentration, bile acids acted as potent inflammagens and stimu-
lated the secretion of proinflammatory cytokines and chemokines
from hepatocytes, which facilitated the shift from simple steatosis
to NASH [113]. Furthermore, several recent studies have found that
patients with NASH tended to have elevated 120-OH bile acids
level, which is often related to unhealthy high BMI status [115].
120-OH bile acids also had the ability to strongly bind to TGR5
and further activate p38 MAPK and ERK1/2, thus contributing to
HSCs proliferation and fibrosis-associated markers expression
[114]. More interestingly, when administrated with bile acids, nor-
mal human hepatic cell lines exhibited more potent proliferation
properties, which link bile acids to liver carcinogenesis [116].
Taken together, higher bile acid concentration can also contribute
to the pathogenesis of NASH.

Bile acid: A potential biomarker for the stratification of NAFLD

NASH is an aggressive modality of NAFLD, which putatively pro-
gress to fibrosis, cirrhosis, or HCC if untreated [1]. Fibrosis is
regarded as the most significant presage for liver-related adverse
events or the mortality in long-term longitudinal studies [117].
Although the histopathological biopsy is the reference standard
to diagnose hepatic fibrosis [118,119], it is invasive, potentially
painful and costly [120]. Therefore, there is an urgent need to find
effective noninvasive methods for the early recognition of fibrosis.

Some studies have found that compared to the controls, there
was an increment of circulating bile acids in NAFLD patients
[121]. However, these patients tended to have insulin resistance,

179

Journal of Advanced Research 59 (2024) 173-187

metabolic syndrome and T2DM, which have been confirmed to
correlate with bile acid profiles [122]. Herein, it is difficult to assert
that NAFLD has an association with alterations of circulating bile
acid profiles. Interestingly, a substantial body of evidence have
reported that bile acid profiles were related to hepatic fibrosis
severity in NAFLD/NASH patients [123-125]. Caussy et al. [123]
found that the fibrosis stage of NAFLD was associated with fasting
total bile acids levels in a dose-dependent way. Nimer et al. [124]’s
findings indicated that NAFLD patients with higher grades of
inflammation often had increased conjugated primary bile acids.
Puri et al. [125] suggested that there was a close relationship
between the increment of fasting circulating total conjugated CA
and the increased possibility of advanced fibrosis stage (F > 2 vs
FO-F1) and NAFLD activity score (NAS) > 4. Therefore, it appears
plausible to utilize bile acid profiling in the stratification of NAFLD
patients, which warrants further investigations.

Potential bile acid-based therapies for NASH

In pace with the pandemic of obesity and metabolic syndrome
worldwide, NASH is currently emerging as the major cause of
chronic and end stage liver disorder [126,127]. Although weight
reduction and lifestyle modification are conducive to the improve-
ment of histological conditions in NAFLD/NASH patients, only
10 %-20 % of patients can achieve the desired benefits owing to
the difficulty to permanently persist in a healthy lifestyle and
effective exercise [128]. Up to date, no approved pharmacological
agents for patients with NASH are available [129]. Of note, bile
acids have taken an important part in the pathogenesis of NASH,
which open new perspectives on the potential therapies which tar-
get the bile acids and its associated signaling pathways (Fig. 3,
Table 2).

FXR and TGR5 agonist

FXR agonist

Obeticholic acid (OCA), as one kind of selective and potent syn-
thetic steroidal FXR agonist, putatively contributes to NASH
improvement [23]. In animal experiments, OCA exhibited proper-
ties that ameliorate liver steatosis, inflammation, fibrosis, as well
as insulin resistance [130,131]. In two phase 2 trials, both con-
ducted in the double-blind, placebo-controlled, parallel group
[22,132], OCA could increase insulin sensitivity, ameliorate histo-
logical and biochemical characteristics of NASH, and reduce mark-
ers of liver inflammation and fibrosis, and NAS in NAFLD/NASH
patients compared with placebo without cirrhosis. In a phase 3
study [133], the interim analysis after 18 months showed that,
compared with placebo, the fibrosis condition in NASH patients
with F2-F3 or F1 fibrosis was partly improved whereas NASH his-
tological features were not mitigated with OCA treatment. How-
ever, in these trials, an increase in pruritus in NASH patients
after OCA treatment has been observed, as well as an increase of
LDL-c and a decrease of HDL-c [21], which positively correlated
with atherosclerotic risk, thereby restricting the use of OCA. To test
whether OCA was still effective and safe for NASH patients with
cirrhosis, another phase 3 study investigated the efficacy of OCA
combined with statins, which ultimately drew a conclusion that
OCA treatment in subjects with compensated cirrhosis or not
was confirmed to be comparably safe at doses up to 25 mg [129].
These evidences offer the promise of OCA treatment in NASH.

Cilofexor belongs to one kind of non-steroidal FXR agonists. In a
NASH animal model, it showed anti-fibrotic effects [23]. In a phase
2 DBRCT [134], in the 100 mg group treated with cilofexor, total
and primary serum bile acids decreased moderately while sec-
ondary bile acids decreased significantly, with no alteration in liver
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Table 2
Bile acid-based therapies for NASH.
Category Agents Study types Therapeutic implications Adverse effects Ref
FXR agonist OCA Animal study; Ameliorating histological and Pruritus; LDL-c increment; HDL-c reduction [21,22,129-133]
phase 2 and 3 study  biochemical characteristics of NASH
Cilofexor Animal study; Inhibiting liver fibrosis Pruritus; LDL-c increment; HDL-c reduction [21,23,134,135]
phase 2 study
Tropifexor ~ Animal study; Alleviating hepatic steatosis and Pruritus; LDL-c increment; HDL-c reduction [23,129,136,137]
phase 1 and 3 study restoring gut microbiota
Su5 Animal study Improving hepatic steatosis and [138]
inflammation
EDP-305 Phase 2 study Reducing ALT and hepatic fat content Pruritus; diarrhea; dizziness; headache; and [139]
vomiting
PX-104 Phase 2 study Reducing liver enzymes and improving [140]
insulin sensitivity
Vonafexor  Phase 2a study Reducing liver enzymes, hepatic fat Pruritus; LDL-c increment [141]
content, and bodyweight
Nidufexor ~ Animal study Reducing hepatic steatosis, [142]
inflammation, as well as fibrosis
MET409 Phase 1b study Reducing liver fat contents Lower risk of pruritus and LDL-c increment [143]
compared to other FXR agonists
TGR agonist BAR501 Animal study Treating the vascular component of Pruritus; gallbladder distention [144-147]
NASH
Dual FXR and INT-767 Animal study Attenuating hepatic steatosis or [148,149]
TGR5 inflammation
agonist
BAR502 Animal study Improving lipid metabolism [150-152]
Bile acid Sevelamer  Animal study Alleviating hepatic steatosis, [154]
sequestrant inflammation, and fibrosis
Bile acid CDCArg Animal study Mitigating hepatic steatosis; increasing [155]
conjugate insulin sensitivity
Aramchol Phase 2 study Reducing liver fat content [156]
NorUDCA Animal study, Reducing ALT [157,163]
phase 2 study
FGF19 Aldafermin Phase 2 study Reducing hepatic steatosis and fibrosis ~ Diarrhea; abdominal pain; frequent bowel [129,164-167]
analogue movements; nausea; hepatocyte proliferation
ASBT inhibitor ~ SC-435 Animal study Increasing insulin sensitivity; reducing Diarrhea; abdominal pain [168,169]
NAS
Elobixibat ~ Animal study Mitigating hepatic inflammation and [170]

fibrosis; restoring gut microbiota

Abbreviations: NASH, nonalcoholic steatohepatitis; FXR, farnesoid X receptor; OCA, Obeticholic acid; LDL-c, low density lipoprotein-cholesterol; HDL-c, high density
lipoprotein-cholesterol; ALT, alanine aminotransferase; FGF19, fibroblast growth factor19; TGR5, Takeda G-protein coupled receptor 5; ASBT, apical sodium-dependent bile
salt transporter; UDCA, Ursodeoxycholic acid; NAS, nonalcoholic fatty liver disease activity score.

stiffness but a decreasing trend of fibrosis-associated markers in
serum, TIMP-1. In another phase 2 trial in NASH patients without
cirrhosis [135], serum primary bile acids reduced significantly in
both 100 mg and 30 mg treatment, while only in the 30 mg group,
total and secondary bile acids decreased relatively and absolutely,
respectively. Simultaneously, with Cilofexor, serum pruritus and
LDL-c increased, while HDL-c decreased in various trials [21].
These adverse effects also limit Cilofexor’s extensive utility in
patients with NASH.

Tropifexor is also one synthetic non-steroidal FXR agonists,
which could alleviate hepatic steatosis and restore the altered
intestinal microbiota in the animal models of NASH [23]. A recent
phase 1 study showed that Tropifexor increased the production of
FGF19 in a dose-dependent way, which was proven to be safe and
well tolerated in humans [136]. In a phase 2 trial (FLIGHT-FXR)
[23,129,136], part A/B showed anti-inflammatory and anti-
steatotic effects, while part C showed a reduction of hepatic fat
content, serum ALT level, and body weight. Of note, Tropifexor
treatment also had several adverse effects, such as dose-related
pruritus, the early decrease of HDL-c and increase of LDL-c [137]..

SU5 is the obtained analog of Auraptene, which exhibits potent
pharmacological effects, and is an excellent safety profile as a novel
FXR agonist. In a MCD-induced NASH model, SU5 upregulated the
expression of FA B oxidation-associated genes and downregulated
the expression of inflammation-related genes and lipid synthesis-
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related genes [138]. These results indicated that SU5 was likely
to be a pharmacological intervention in the treatment for NASH
patients.

EDP-305, an oral FXR agonist, was found to decrease hepatic fat
content and the serum ALT level of NASH patients in a double-
blind phase 2 study, which represents a new avenue for NASH
treatment [139]. However, the adverse effects of EDP-305, includ-
ing pruritus, diarrhea, dizziness, headache, and vomiting, are wor-
thy to be noted and addressed [139].

Four weeks of PX-104 (a synthetic FXR agonist) treatment has
been found to reduce liver enzymes and improve insulin sensitivity
in NAFLD patients without diabetes, but it exerted little effect on
hepatic steatosis in a phase 2 study [140].

Vonafexor, another kind of FXR agonist, had multifaceted salu-
tary effects on patients with suspected fibrotic NASH, including
inducing bodyweight loss, reducing liver enzymes, and ameliorat-
ing hepatic lipid accumulation [141]. Nidufexor, a novel partial FXR
agonist, has been confirmed to reduce hepatic steatosis, inflamma-
tion, as well as fibrosis in NASH murine model [142].

Although FXR agonists show great potential in NASH treatment,
their adverse effects limit its extensive and long-term utility. For-
tunately, MET409, a unique FXR agonist, was found to strikingly
reduce liver fat contents at the dose of 50 mg with lower risk of
pruritus and LDL-c increment compared to other FXR agonists
[143].
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Fig. 3. Bile acids-based therapies for NASH. FXR agonists, including obeticholic acid, cilofexor, tropifexor, SU5 and EDP-305, have been confirmed to alleviate the
inflammation and fibrosis condition of NASH by triggering a series of signaling pathways mediated by FXR. BAR501, as a TGR5 agonist, could reverse liver damage. Moreover,
the dual FXR and TGR5 agonist, INT-767, was able to attenuate hepatic steatosis and inflammation. Sevelamer, as a bile acid sequestrant, reduced the translocation of LPS from
the intestine to the liver by restoring intestinal dysbiosis, which was conducive to ameliorating hepatic inflammation and fibrosis. Bile acid conjugates, such as CDCArg,
regulated FXR-targeted genes, like SREBP1 and PPAR o, thus modulating lipid metabolism. Aldafermin, as a kind of FGF19 analogue, improved insulin sensitivity, inhibited de
novo lipogenesis and reduced hepatic inflammation and fibrosis by activating the FGFR4/B-Klotho receptor on the hepatocytes. Furthermore, the ASBT inhibitor, including SC-
435, Elobixiba, and Volixibat, increased insulin sensitivity, ameliorated hepatic inflammation and fibrosis, as well as reduced NAFLD activity score by enhancing the excretion
of bile acids, repressing the expression of the genes involved in lipid synthesis, and inhibiting the expression of proinflammatory cytokines. NASH, nonalcoholic
steatohepatitis; SHP, small heterodimer partner; TGR5, Takeda G-protein coupled receptor 5; FXR, farnesoid X receptor; LPS, lipopolysaccharide; FGF15/19, fibroblast growth
factor15/19; SREBP1, sterol regulatory binding protein1; CYP7A1, cholesterol 7a-hydroxylase; ASBT: apical sodium-dependent bile salt transporter; FGFR4, fibroblast growth
factor receptor 4; BSEP: bile salt export pump; NAFLD, nonalcoholic fatty liver disease; NTCP: sodium taurocholate co-transporting polypeptide; OSTo and OSTB: organic
solute transporter o and organic solute transporter f; GLP1, glucagon-like peptidel.

TGR5 agonist IL-10 and the downregulation of proinflammatory cytokines [148].
Additionally, some researchers established a rabbit model with

BAR501 is a potent TGR5 agonist. Some researchers have metabolic syndrome induced by HFD and suggested that INT-767
recently established a mouse model with vascular and liver dam- had the capacity to reverse the alterations in adipose tissue and
age induced by a high fat and fructose diet, and found that liver, improve insulin resistance, and promote the differentiation
BAR501 could reverse the vascular damage and hepatic lipid depo- of preadipocytes into metabolically healthy phenotypes [149]. Of

sition via the activation of TGR5 [144]. Moreover, BAR501 con- note, INT-767 is also not utilized in clinical trials currently owing
ferred protection against the thickening of aortic intima-media, to its detrimental effects as a TGR5 agonist.

which was identified as an effective predictor of cardiovascular BAR502 is generally identified as another dual FXR and TGR5
outcomes [144]. Herein, BAR501 might be used to treat the vascu- agonist, which has been confirmed to exert salutary effects on

lar component of NASH. However, several properties of TGR5 NAFLD/NASH. In the NASH model mice induced by HFD, BAR502
raised safety concerns about the utility of TGR5 and its compounds was found to improve lipid metabolism by enhancing WAT brown-

in clinical trials, including promoting the development of pruritus, ing, thus significantly alleviating NASH [150]. Moreover, FXR and

contributing to gallbladder distention, as well as exerting pro- TGR5 activation by BAR502 in adipose tissues, liver, and gut were

proliferative and antiapoptotic effects on cholangiocytes [145- able to inhibit lipid biosynthesis genes in NASH model mice feed-

147]. ing with HFD-F, which was supported by transcriptome analysis

[151]. Furthermore, the joint treatment of BAR502 and CDCA was

Dual FXR and TGR5 agonist proved to almost completely reverse NASH in an animal study
[152].

INT-767 was capable of attenuating hepatic steatosis or inflam- Interestingly, Notoginsenoside Ft1, a compound derived from

mation when it was administrated in a murine model of NAFLD traditional Chinese medicine, has been reported to ameliorate

putatively via the upregulation of anti-inflammatory cytokines like insulin resistance and obesity induced by HFD by activating
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TGR5 and inhibiting FXR in the intestine [153]. However, whether
the compound plays a role in NASH treatment needs further
investigation.

Bile acid sequestrant

Sevelamer, a bile acid sequestering resin, was administrated in
NASH murine model exposure to the choline-deficient, L-amino
acid-defined, high-fat diet. It has been found to significantly allevi-
ate hepatic steatosis, inflammation, and fibrosis by reducing
translocated LPS derived from the gut, as Sevelamer could partici-
pate in the restoration of dysbiosis, the regulation of LPS absorp-
tion, and the repression of bile acid uptake [154].

Bile acid conjugate

CDCArg (Chenodeoxycholyl-arginine ethyl ester conjugate) mit-
igated hepatic steatosis by the upregulation of PPARa gene expres-
sion and the downregulation of SREBP1 expression in a NAFLD
murine model induced by HFD, and it also increased insulin sensi-
tivity and affected weight gain directly [155]. Collectively, CDCArg
could confer liver protection against the injury induced by HFD
without cholesterol toxicity, which offers new hope for NASH
treatment.

In a phase 2, randomized, double-blind study, Aramchol, a novel
conjugate of bile acid and arachidonic acid, was found to increase
adiponectin levels and decrease liver fat content effectively and
safely when administrated in NAFLD and NASH patients at a dose
of 300 mg [156]. The positive results indicated that Aramchol is
putatively a pharmacological intervention in NAFLD/NASH
treatment.

Ursodeoxycholic acid and norursodeoxycholic acid

Ursodeoxycholic acid (UDCA) and norUDCA were confirmed to
alleviate liver steatosis and fibrosis in a NAFLD/NASH model
induced by the Western diet [157]. The administration of norUDCA
could also downregulate lipogenic and apoptotic pathways in the
genetic NASH mouse mice, thus remarkably alleviating steatosis
[158]. In a randomized controlled study for 12 months, high dose
UDCA was thought to reduce the levels of serum aminotransferase
and fibrosis markers in patients with NASH [159]. But notably, in
another randomized and placebo-controlled trial, the overall his-
tology of NASH patients could not be improved by high dose UDCA
treatment for 18 months compared with placebo [160]. Similarly,
the condition of hepatic steatosis, inflammation and fibrosis of
NASH patients who received 2 years of UDCA treatment and that
of the placebo group showed no significant difference [161]. More-
over, the UDCA treatment for NAFLD patients was related to hep-
atic lipid accumulation by exerting its FXR-antagonistic effects in
a randomized controlled trial [162]. Therefore, whether UDCA
should be included in NASH treatment is still questionable. Nor-
UDCA, a derivative of UDCA, could significantly reduce the serum
ALT level of NAFLD patients at a dose of 1500 mg per day after
12 weeks of treatment compared to the control in a double-
blind, randomized phase 2 trial [163], which putatively represents
a new avenue for NAFLD treatment.

FGF19 analogue

Aldafermin (NGM282), the FXR downstream signaling mole-
cule, belongs to a nontumorigenic variant of FGF19, which has
the capacity to inhibit hepatic lipogenesis, increase insulin sensi-
tivity, ameliorate liver inflammation and fibrosis, and rectify mito-
chondrial dysfunction [129]. Aldafermin treatment broughtabout a
reduction of 5 % or more in hepatic fat fraction (MRI-PDFF) in a
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phase 2 trial over 12 weeks compared to placebo [164]. In another
open-label phase 2 trial [165], Aldafermin alleviated fibrosis by
one stage or more and reduced NAS remarkably without exacerba-
tion of steatohepatitis. Aldafermin treatment also led to fibrosis
improvement without deterioration of NASH in a study group over
24 weeks [129]. However, Aldafermin treatment concomitantly
brings about some detrimental events, such as diarrhea, abdominal
pain, frequent bowel movements, as well as nausea [165]. Of note,
some studies have reported that the activation of FGF19 has been
related to hepatocyte proliferation, thus increasing the risk of
HCC, which limits FGF19 analogue utility [166,167].

ASBT inhibitor

SC-435, a potent ASBT inhibitor, increased insulin sensitivity
and reduced NAS when administrated in HFD-fed mice, by reduc-
ing lipid synthesis gene expression and enhancing the excretion
of bile acids. However, SC-435 could not significantly reduce hep-
atic steatosis score in a short term [168]. Furthermore, during long-
term treatment, diarrhea and abdominal pain often occur in adults,
limiting its applicability [169].

Elobixibat, when administrated in the NASH animal model
exposed to MCD, was found to increase the concentration of fecal
bile acids, decrease serum bile acids levels, mitigate hepatic
inflammation and fibrosis by inhibiting proinflammatory cytokine
secretion [170]. Moreover, Elobixibat could also restore the compo-
sition of intestinal microbiota and normalize the level of intestinal
tight junction protein The results made Elobixibat a candidate for
the treatment of NASH.

Volixibat was found to increase fecal bile acid concentrations,
influence metabolic associated regulators, and reduce NAS signifi-
cantly in a NASH murine model exposed to HFD [171]. In phase 1
studies, Volixibat was able to reduce serum cholesterol level and
increase fecal bile acids excretion in overweight and obese sub-
jects, which is a possible new NASH treatment option [172]. How-
ever, in a double-blind phase 2 trial, Volixibat did not make
contributions to the reduction of hepatic content and the improve-
ment of hepatic damage in patients with NASH [173]. The results
indicated that Volixibat could not be regarded as an effective agent
for NASH treatment.

Conclusion

NAFLD, which occurs in individuals without risk for excessive
alcohol consumption, is mainly composed of a spectrum of liver
metabolic disorders induced by chronic excessive caloric intake
or excessive deposition of lipids, including simple steatosis and
NASH. Currently, no approved treatments for NASH are available
despite its increasing prevalence. Bile acid-activated FXR and
TGR5 have the capacity to regulate bile acid homeostasis, glucose
and lipid metabolism via multiple signaling pathways. Addition-
ally, dysbiosis also contributes to the occurrence and progression
of NASH by altering bile acid profiles. Moderately increased bile
acids are conducive to the improvement of inflammation and fibro-
sis condition via a host of mechanisms, while excessive bile acids
accelerate the pathological process of NASH.

Owing to the intimate relationship between bile acids and
NASH disease severity, the analysis of bile acid profile represents
a novel avenue for diagnosing and assessing the severity of the dis-
ease. It is highly necessary to conduct more research to analyze the
characteristics of bile acid disorder and to evaluate the accuracy
and feasibility of bile acids as a noninvasive biomarker, particularly
when it is used for the diagnosis of liver fibrosis. Currently,
although bile acids-based therapies have showed enormous thera-
peutical potential for NASH in animal experiments and human
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phase 2 or 3 trials, extensive efforts are still needed to rigorously
evaluate the efficacy and safety of pharmacological agents which
target bile acids-mediated signaling pathways, and to address
adverse effects of these agents.
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