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Abstract: Maintaining bile acid homeostasis is essential for
metabolic health. Bile acid homeostasis encompasses a
complex interplay between biosynthesis, conjugation,
secretion, and reabsorption. Beyond their vital role in
digestion and absorption of lipid-soluble nutrients, bile acids
are pivotal in systemic metabolic regulation. Recent studies
have linked bile acid dysregulation to the pathogenesis of
metabolic diseases, including obesity, type 2 diabetes melli-
tus (T2DM), and metabolic dysfunction-associated steatotic
liver disease (MASLD). Bile acids are essential signaling
molecules that regulate many critical biological processes,
including lipid metabolism, energy expenditure, insulin
sensitivity, and glucose metabolism. Disruption in bile
acid homeostasis contributes to metabolic disease via
altered bile acid feedback mechanisms, hormonal dysregu-
lation, interactions with the gut microbiota, and changes in
the expression and function of bile acid transporters and
receptors. This review summarized the essential molecular
pathways and regulatory mechanisms through which bile
acid dysregulation contributes to the pathogenesis and
progression of obesity, T2DM, and MASLD. We aim to
underscore the significance of bile acids as potential diag-
nostic markers and therapeutic agents in the context of

metabolic diseases, providing insights into their application
in translational medicine.
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Introduction

Metabolic diseases, such as type 2 diabetes mellitus
(T2DM), obesity, dyslipidemias, and metabolic dysfunction-
associated steatotic liver disease (MASLD, previously known
as non-alcoholic fatty liver disease [NAFLD]), can lead to a
range of long-term health complications, including cardio-
vascular disease, renal diseases, hypertension, and can-
cers [1]. Individuals with metabolic diseases often have
multiple comorbid conditions, which significantly reduce
the quality of life and complicate clinical care. Management
of metabolic diseases usually requires lifelong treatment
and lifestyle modifications, which not only pose significant
challenges for patients to adhere to but also place a sub-
stantial financial burden on healthcare systems [2]. The
prevalence and impact of metabolic diseases are dispro-
portionately higher in specific populations, including racial
and ethnic minorities, low-income groups, and those with
limited access to healthcare [3]. Despite considerable prog-
ress in elucidating the underlying mechanism of metabolic
disease in recent decades, the development of effective
treatments remains challenging. This is mainly attributable
to genetic, environmental, and lifestyle factors contributing
to disease progression [4].

Metabolic diseases are characterized by metabolic
dysfunction, including dysregulation of lipid, glucose, and
energymetabolism. Beyond their classical role in facilitating
dietary lipid digestion and absorption, bile acids, a class of
cholesterol derivatives, emerge as critical players in main-
taining metabolic homeostasis through intricate networks
involving nuclear receptors and membrane-bound G
protein-coupled receptors (GPCRs) [5, 6]. A growing body of
evidence links the dysregulation of bile acid homeostasis
to the pathogenesis of several metabolic diseases,
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underscoring its pivotal role in these diseases [7]. This
review aimed to dissect the mechanisms by which alter-
ations in bile acid homeostasis contribute to the develop-
ment and progression of metabolic diseases, including
obesity, T2DM, and MASLD. We will explore the regulatory
pathways governing bile acid synthesis and enterohepatic
circulation and the impact of dysregulation of bile acid
homeostasis on systemic metabolism. A comprehensive
understanding of bile acid-mediated regulation of metabolic
processes will provide critical information for directing
future research and developing effective therapeutics.

Bile acid homeostasis

Bile acid biosynthesis

Bile acid is synthesized from cholesterol in the hepatocytes
via two major pathways: the classical pathway and the
alternative pathway. As shown in Figure 1, the rate-limiting
step in the classical pathway is catalyzed by cholesterol
7α-hydroxylase (CYP7A1), which converts cholesterol to
7α-cholesterol, which is converted to 7α-hydroxy-4-
cholesten-3-one (C4) by 3β-hydroxy-Δ5-C27-steroid oxidore-
ductase (HSD3B7). C4 further undergoes hydroxylation by
oxidation and shortening of the carbon side chain, leading to
the formation of primary bile acids: cholic acid (CA) and
chenodeoxycholic acid (CDCA). Both 12α-hydroxylase
(CYP8B1) and sterol 27-hydroxylase (CYP27A1) are involved
in this process. For the alternative pathway, the rate-limiting
step is the hydroxylation of cholesterol at the C-27 position
by CYP27A1, producing 27-hydroxycholesterol, followed by
hydroxylating at the 7-alpha position to form 3β-hydroxy-
5-cholestenoic acid by CYP7B1. After additional side-chain
oxidation and cleavage, the primary bile acid formed in this
pathway is CDCA. Although the alternative pathway only
contributes to a smaller fraction (about 10 %) of total bile
acid synthesis compared to the classical pathway, it plays an
essential role in maintaining bile acid homeostasis under
certain conditions [8, 9]. In rodents, CDCA and ursodeox-
ycholic acid (UDCA) are further converted into α-muricholic
acid (MCA) and β-MCA by rodent-specific enzyme Cyp2c70,
respectively [10]. After synthesis, bile acids are conjugated
with amino acids, which increases their solubility. Glycine
and taurine are the most common amino acids involved in
bile acid conjugation. The conjugation process is facilitated
by two enzymes: bile acid-CoA synthetase (also called Solute
Carrier Family 27 Member 5, SLC27A5) and bile acid-CoA:
amino acid N-acyltransferase (BAAT) [11]. Although BAAT
performs an acyl-conjugation of the bile acids with either
taurine or glycine, recent studies showed that BAAT mainly

generates taurine-conjugated bile acids. Deletion of BAAT in
mice significantly reduced taurine-conjugated bile acids but
had no impact on glycine-conjugated bile acids, suggesting
other enzymesmay be involved in conjugating bile acid with
glycine [12]. Glycine conjugation is an important phase II
reaction and a central detoxification pathway. The key
enzyme involved in this process is glycine N-acyltransferase
(GLYAT), which is mainly expressed in the liver and kidney
and conjugates glycine to xenobiotic and endogenous car-
boxylic acids. Although there is no direct evidence indicating
that GLYATmediates the conjugation of glycine to bile acids,
our recent studies showed that downregulation of GLYAT is
associated with the decrease of glycine-conjugated bile acids
in cholangiocarcinoma patients (unpublished). A recent
study also reported that bile acid can be conjugated with
amino acids by bile salt hydrolase (BSH) acyltransferase in
the gut microbiome, which significantly expanded the bile
acid diversity [13].

Enterohepatic bile acid circulation

The enterohepatic circulation is an essential physiological
process involving the recycling of bile acids between the
liver and the small intestine, which play a crucial role in the
digestion and absorption of dietary lipids. As shown in
Figure 2, after synthesis, bile acids are secreted into the bile
ducts and stored in the gallbladder. Bile will flow from the
gallbladder through the common bile duct into the small
intestine, where bile acids perform their critical role in
emulsifying fats, breaking them down into smaller droplets,
and enhancing the efficiency of fat digestion by pancreatic
lipases [7, 14]. This emulsification process is vital for
absorbing dietary fats and lipid-soluble vitamins across the
intestinal epithelial. After completion of lipid digestion and
absorption, the majority of bile acids (95 %) are reabsorbed
by enterocytes in the terminal ileum via specific trans-
porters and returned to the liver via the portal vein. Once
returned to the liver, bile acids will be taken up by hepato-
cytes and reconjugated with glycine or taurine.

Primary bile acids secreted into the intestine will be
deconjugated and dehydroxylated by intestinal bacteria,
forming secondary bile acids, deoxycholic acid (DCA) from
CA and lithocholic acid (LCA) from CDCA. In mice, Tα-MCA
and Tβ-MCA are converted into murideoxycholic acid
(MDCA) and hyodeoxycholic acid (HDCA), and ω-MCA [10].
About 5 % of bile acids lost in the fecal samples will be
replaced by de novo synthesis from cholesterol in hepato-
cytes. The recycled and newly synthesized bile acids will be
secreted back into the bile and stored in the gallbladder until
the next meal to initiate another cycle of enterohepatic
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circulation. This process is necessary not only to maintain a
steady bile acid pool but also to play a crucial role in regu-
lating cholesterol levels and lipid absorption and maintain-
ing overall lipid homeostasis [7].

Mechanisms regulating bile acid
homeostasis

Feedback inhibition of bile acid synthesis

Bile acid homeostasis is tightly regulated by a finely tuned
regulatory system that involves the synthesis, secretion,
absorption, and recycling of bile acids. Maintenance of bile

acid homeostasis is crucial for nutrition absorption and
lipid, glucose, and energy metabolism. High levels of bile
acids in the liver inhibit their synthesis through negative
feedback mechanisms. This is primarily mediated by the
farnesoid X receptor (FXR), the first identified nuclear
receptor activated by bile acids [15–17]. Activation of FXR
induces the expression of the small heterodimer partner
(SHP). SHP is an atypical nuclear receptor lacking a DNA
binding domain. SHP does not directly bind to the CYP7A1
promoter. Instead, SHP represses CYP7A1 transcription
indirectly by inhibiting the activities of positive transcrip-
tion factors, such as liver receptor homolog-1 (LRH-1), and
hepatocyte nuclear factor 4 alpha (HNF4α) [18].

Figure 1: Synthetic pathways of bile acids. Two bile acid synthetic pathways have been identified. The classical pathway begins with converting
cholesterol to 7α-hydroxycholesterol by CYP7A1, the rate-limiting step in this pathway. 7α-hydroxycholesterol is further converted into C4 by HSD3B7,
followed by hydroxylation by CYP8B1 and side-chain modification to CA or CDCA. The alternative or acidic pathway starts with converting cholesterol to
27-hydroxycholesterol by the enzymeCYP27A1. This pathway leads to the production of CDCA through several steps involving different enzymes, including
CYP7B1 and HSD3B7. CA and CDCA are two primary BAs found in humans, which are conjugated with glycine or taurine. In mice, CDCA and UDCA are
further converted into α-MCA and β-MCA by Cyp2c70, respectively. α-MCA also can be converted into β-MCA. Both α-MCA and β-MCA are conjugatedwith
taurine. The conjugated primary BAs are deconjugated and transformed into secondary BAs by gut microbiota. In humans, CA is converted into DCA and
CDCA is converted into LCA. In mice, α-MCA and β-MCA are converted into MDCA, HDCA, and ω-MCA. LCA also can be converted into MDCA and HDCA.
CYP7A1, cholesterol 7α-hydroxylase; C4, 7α-hydroxy-4-cholesterol-3-one; HSD3B7, 3β-hydroxy-Δ5-C27-steroid oxidoreductase; CYP8B1, 12α-hydroxylase
(also called sterol 12α-hydroxylase); CA, cholic acid; CDCA, chenodeoxycholic acid; CYP27A1, sterol 27-hydroxylase; CYP7B1, oxysterol 7α-hydroxylase;
α-MCA,α-muricholic acid; β-MCA,β-muricholic acid; DCA, deoxycholic acid; LCA, lithocholic acid;MDCA,murideoxycholic acid; HDCA, hyodeoxycholic acid.
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Hormonal control of bile acid synthesis

Bile acids released into the small intestine during digestion
stimulate the secretion of fibroblast growth factor 19 (FGF19)
in humans (or FGF15 in rodents). FGF19 travels via the portal
blood to the liver, where it binds to the fibroblast growth
factor receptor 4 (FGFR4) in hepatocytes, resulting in the
inhibition of CYP7A1 expression. This endocrine feedback
loop between the liver and the intestine is crucial in regu-
lating systemic bile acid levels. In addition to FGF19/15,
cholecystokinin, glucagon-like peptide-1 (GLP-1), and insulin
are also involved in regulating bile acid synthesis, secretion,
and recycling to maintain metabolic homeostasis [19].
However, FGF19/15 and the FXR pathway are the most
directly involved in bile acid homeostasis.

Interaction with gut microbiota

The gut microbiota is integral to maintaining bile acid ho-
meostasis, impacting the composition and function of bile
acids. This relationship is characterized by a bidirectional
interaction: bile acidsmodulate the gutmicrobiota, while the

microbiota, in turn, influences bile acid metabolism [20]. In
the distal part of the small intestine and the colon, the gut
microbiota can deconjugate and modify primary bile acids
through processes like dehydroxylation, deconjugation, and
epimerization to form the secondary bile acids (e.g., DCA,
LCA) bymicrobial action [21, 22]. Microbial enzymes, notably
BSH, play a key role in breaking down bile salts into smaller,
more easily absorbedmolecules. This enzyme is produced by
various BSH-positive gut bacteria, including species of
Lactobacillus, Bifidobacterium, Enterococcus, Clostridium,
Bacteroides, and Parabacteroides. Moreover, bile acids
possess antimicrobial properties that help shape the gut
microbial landscape, selectively inhibiting the growth of
certain bacterial species and thus influencing the overall
composition of the microbial community [23]. Bile acids can
activate receptors such as FXR and takeda G protein-coupled
receptor 5 (TGR5) in the host cells. FXR, when activated by
bile acids, can regulate the expression of antimicrobial
peptides, further modulating the gut microbiota [24]. TGR5
activation, on the other hand, is implicated in regulating
energy expenditure and intestinal motility. Gut microbes
contribute to the deconjugation and alteration of bile acids,

Figure 2: Enterohepatic bile acid circulation.
Bile acids are synthesized from cholesterol in
hepatocytes and stored in the gallbladder.
Upon ingestion of food, bile acids are secreted
into the duodenum. Bile acids emulsify lipids in
the small intestine, facilitating the formation of
micelles, which are necessary for the
absorption of lipids and lipid-soluble vitamins.
The majority (95 %) of bile acids are reab-
sorbed in the ileum and returned to the liver
via portal vein. A small amount of bile acids
(5 %) is lost in feces, which is replaced by de
novo synthesis in the hepatocytes.
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which affects their reabsorption and recycling within the
enterohepatic circulation, highlighting the crucial role of
microbial metabolism in bile acid dynamics. Furthermore,
the gut microbiome also contributes to bile acid conjugation,
producing diverse bile acid species of microbially conju-
gated bile acids (MCBAs) by bile salt hydrolase/transferase
(BSH/T), which has acyltransferase activity. This enzymatic
function is not exclusive to one bacterial species but is found
across various types, each producing a unique MCBA profile
influenced by the specific amino acid sequence of their
BSH/T. The first identified BSH/T with hydrolytic enzyme
activity was in Clostridium perfringens. The BSH/T from
C. perfringens demonstrated the ability to transfer acyl
groups upon interacting with different amino acids and bile
salts, significantly diversifying the range of bile acid

derivatives and enriching their chemical diversity [13].
Changes in bile acid composition due to microbial activity
can have a significant impact on gut permeability [25]. The
intricate interplay between bile acids and the gutmicrobiota
underscores its importance in maintaining metabolic
homeostasis (Figure 3).

Bile acid transporters

Bile acid transporters play a crucial role in maintaining bile
acid homeostasis by mediating the enterohepatic circulation
of bile acids. These transporters are located in the liver,
intestine, and kidney and are responsible for bile acid
uptake, secretion, and reabsorption (Figure 4). In
the liver, Na+/taurocholate cotransporting polypeptide

Figure 3: Mechanisms regulating bile acid
homeostasis. Bile acid homeostasis is
regulated by multiple mechanisms. The
FXR-mediated feedback mechanism tightly
regulates the synthesis of bile acids. Bile acid-
mediated activation of FXR will upregulate the
expression of SHP, inhibiting LRH-1 and
HNF4α-mediated activation of CYP7A1 pro-
moter activity. In human, gut microbiota
further metabolizes primary bile acids to form
secondary bile acids via dehydroxylation,
deconjugation, and epimerization. The
secondary bile acids can activate TGR5 and FXR
in the intestinal enterocytes. Bile acid-
mediated activation of FXR will release FGF19
or 15 into the portal vein and activate FGFR4 in
hepatocytes, resulting in the inhibition of
CYP7A1. Bile acid-mediated activation of TGR5
can regulate glucose and energy metabolism
as well as intestinal barrier function. CA, cholic
acid; CDCA, chenodeoxycholic acid; FXR, far-
nesoid X receptor; SHP, small heterodimer
partner; LRH-1, liver receptor homolog-1;
HNF4α, hepatocyte nuclear factor 4 alpha;
CYP7A1, cholesterol 7α-hydroxylase; FGFR4,
fibroblast growth factor receptor 4; OATPs,
organic anion-transporting polypeptides;
NTCP, sodium taurocholate co-transporting
polypeptide; TGR5 (GPBAR1), takeda G
protein-coupled receptor 5 (G protein-coupled
bile acid receptor 1); FGF19/15, fibroblast
growth factor 19/15; OSTα/OSTβ, organic so-
lute transporter alpha and beta.
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Figure 4: Bile acids transporters. This figure illustrates the role of bile acid transporters in hepatocytes, cholangiocytes, enterocytes in the ileum and
colon, and cells in the renal proximal tubule. In hepatocytes, NTCP is key for bile acid uptake from portal blood, while OATP family members also
contribute to this process. BSEP plays a crucial role in secreting conjugated bile acids into bile canaliculi, andMRP2 contributes to the efflux of sulfated or
glucuronidated bile acids into bile. OSTα/OSTβ, MRP3, andMRP4 facilitate the efflux of bile acids and other organic anions fromhepatocytes back into the
systemic circulation. In the intestine, ASBT (IBAT) is responsible for the sodium-dependent reabsorption of primary bile acids from the lumen into
the enterocytes.MRP3 andOSTα/OSTβ then transport bile acids fromenterocytes into the portal vein. Similarly, these transporters are also involved in the
bile acid uptake and efflux in colonocytes. In the kidney, OATs facilitate the uptake of bile acids from the systemic circulation into the cells. MRP2 and
MRP4 are involved in the secretion of conjugated bile acids and other organic anions into the urine. ASBT contributes to the reabsorption of bile acids
from the urine back into the renal tubule cell. OSTα/OSTβ are involved in the efflux of bile acid into the systemic circulation. Cholehepatic shunting is an
alternative pathway for bile acids and other components of bile to return to the hepatocytes under pathological conditions. In the cholangiocytes, ASBT
mediates the uptake of bile acids in the bile. Transporters, such asMRP3, MRP4, and OSTα/OSTβ, facilitate the efflux of bile acids from the cholangiocytes
to the liver sinusoids, where bile acids can be taken up by hepatocytes and secreted back into bile. NTCP, sodium taurocholate co-transporting
polypeptide; OATPs, organic anion transporting polypeptides; BSEP (ABCB11), bile salt export pump; MRP2 (ABCC2), multidrug resistance protein 2;
OSTα/OSTβ, organic solute transporter alpha and beta; MRP3 (ABCC3), multidrug resistance protein 3; MRP4 (ABCC4), multidrug resistance protein 4;
ASBT (IBAT, SLC10A2), apical sodium-dependent bile acid transporter; T/G-BA, taurine and glycine conjugated bile acid; S/U-BA, sulfated or glucur-
onidated bile acid.
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(NTCP, SLC10A1) located on the basolateral (sinusoidal)
membrane of hepatocytes is responsible for the uptake
of bile acids from the portal blood into hepatocytes.
Organic anion-transporting polypeptides (OATPs, e.g.,
OATP1B1/SLCO1B1 and OATP1B3/SLCO1B3) are located on
the basolateral membrane of hepatocytes and participate in
the hepatic uptake of bile acids, as well as other organic
anions [26]. The bile salt export pump (BSEP, ABCB11) on the
canalicular membrane of hepatocytes is involved in the
secretion of bile acids into the bile canaliculi, a critical step in
bile formation.Multidrug resistance protein 2 (MRP2/ABCC2)
is another canalicular transporter that contributes to the
efflux of sulfated or glucuronidated bile acids into the bile. It
also plays a role in eliminating bilirubin and other organic
anions. In addition, organic solute transporter alpha and
beta (OSTα/OSTβ), MRP3 (ABCC3), and MRP4 (ABCC4) on the
basolateral membrane of hepatocytes facilitate the efflux of
bile acids and other organic anions from hepatocytes
back into the bloodstream, especially under cholestatic
conditions.

The bile acid transporters in the intestine also play a
significant role in the enterohepatic circulation of bile acids.
The apical sodium-dependent bile acid transporter (ASBT or
IBAT, SLC10A2) is located on the apical membrane of
enterocytes in the terminal ileum. ASBT/IBAT is responsible
for reabsorbing primary bile acids from the intestinal lumen
into the enterocytes. This process is sodium-dependent. After
being absorbed by enterocytes, bile acids are transported
across the basolateral membrane into the portal vein by
MRP3 and Ostα/Ostβ [27]. Similarly, these transporters are
also involved in the bile acid uptake and efflux in
colonocytes.

Bile acid transporters in the kidney also play a critical
role in the systemic circulation of bile acids, particularly
when the enterohepatic circulation of bile acids is dis-
rupted [28]. The kidney functions as an alternative pathway
for bile acid excretion when the bile flow from the liver to
the intestine is impaired. OATs, located on the basolateral
membrane of renal tubular cells, facilitate the uptake of bile
acids from the circulation into the cells. ASBT, MRP2, and
MRP4 are expressed in the apicalmembrane of renal tubular
cells. MRP2 and MRP4 are involved in the secretion of con-
jugated bile acids and other organic anions into the urine.
ASBT contributes to the reabsorption of bile acids from the
urine back into the renal tubule cell. OSTα/OSTβ in the
basolateral membrane is involved in the efflux of bile acid
into the systemic circulation.

Cholehepatic shunting is an alternative pathway for bile
acids and other components of bile to return to the hepato-
cytes under pathological conditions, such as cholestasis [29].
In the cholangiocytes, ASBT in the apical membrane of

cholangiocytes mediates the uptake of bile acids in the bile.
The transporters expressed on the basolateral membranes
of cholangiocytes, such as MRP3, MRP4, and OSTα/OSTβ,
facilitate the efflux of bile acids from the cholangiocytes to
the liver sinusoids, where bile acids can be taken up by
hepatocytes and secreted back into bile.

Bile acid receptors

Bile acids, traditionally recognized as detergents for the
digestion and absorption of dietary fats and lipid-soluble
vitamins, have emerged as essential signalingmolecules that
regulate various metabolic pathways since the discovery of
nuclear and membrane-bound receptors for bile acids. The
discovery of bile acid receptors has revolutionized our
understanding of bile acid physiology and the systemic
effects of individual bile acid receptors on various metabolic
processes. Dysregulation of bile acid receptor-mediated
signaling pathways is closely related to metabolic disor-
ders and various liver diseases. Exploring the complex
molecular networks associated with different bile acid
receptors offers the potential for novel therapeutic strate-
gies for metabolic diseases [30–33].

FXR
The nuclear receptor FXR, initially identified in the mid-
1990s via a search for orphan nuclear receptors, is a crucial
regulator of bile acidmetabolism. FXR is named for its ability
to bind farnesol-derived sterols, but it was reported simul-
taneously by three research groups that its natural ligands
were bile acids in 1999 [15–17]. This discovery of FXR as the
first bile acid receptor markedly advanced the understand-
ing of enterohepatic bile acid circulation, the feedback
mechanisms that maintain bile acid homeostasis, and the
impact of dysregulation of bile acid homeostasis on various
metabolic processes. FXR is expressed predominantly in
the liver and intestine, with lower levels in the kidney
and adipose tissue, and activated by unconjugated bile
acids [31, 34–37]. CDCA is recognized as one of the strongest
natural agonists of FXR followed by DCA, LCA, CA and UDCA.
Glycine-β-muricholic acid (Gly-MCA) has been identified as
an intestine-specific FXR antagonist [38]. Furthermore, syn-
thetic FXR agonists, including GW4064, WAY-362450, and
GS9674, have been reported to offer therapeutic benefits by
reducing liver inflammation and fibrosis, improving insulin
resistance, and alleviating cholestatic liver injury [39–41].

FXR is a molecular sensor for bile acids and exerts a
broad influence onmetabolic processes. It plays an essential
role in modulating bile acid synthesis, transport, and meta-
bolism. Bile acid-mediated activation of FXR inhibits the
expression of CYP7A1, the rate-limiting enzyme in the
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classical pathway of bile acid synthesis. Activation of FXR
induces the expression of SHP (also known as NR0B2), a
nuclear receptor that lacks a DNA-binding domain and acts
as a transcriptional repressor. SHP interacts with LRH-1
(also known as NR5A2) and inhibits its activity, preventing
LRH-1 from binding to the CYP7A1 promoter region. The
interaction between SHP and LRH-1 leads to the suppression
of CYP7A1 transcription, resulting in decreased bile acid
synthesis. This regulatory pathway exemplifies the negative
feedback mechanism that controls bile acid synthesis and
maintains bile acid homeostasis [42, 43].

Bile acid conjugation is a critical process of detoxifica-
tion of bile acids, which is mediated by BAAT [44]. Activation
of FXR leads to the upregulation of amino acid transporters
that provide glycine or taurine for bile acid conjugation [45].
Conjugated bile acids are more water-soluble and less toxic
than their unconjugated counterparts. Conjugation of bile
acids enhances the secretion of bile acids into bile by BSEP.
The expression of BSEP is also regulated by FXR [46, 47]. In
the enterohepatic bile acid circulation, FXR also plays an
essential role in regulating bile acid homeostasis by regu-
lating the expression of FGF19/15 in the intestine. FGF19 is an

important hormone that circulates via the portal vein back
to the liver to suppress bile acid synthesis. FGF19 binds to
Fibroblast Growth Factor Receptor 4 (FGFR4) through the
assistance of the co-receptor β-Klotho, leading to the down-
regulation of CYP7A1 expression. FXR also plays a multifac-
eted role in regulating lipid metabolism via regulating the
expression of lipogenic genes and modulating very low-
density lipoprotein (VLDL) secretion as well as phospholipid
metabolism. In addition, bile acid-mediated activation of
FXR has been linked to improved insulin sensitivity, energy
expenditure, and anti-inflammatory effects (Figure 5) [48].

TGR5
TGR5 is the first identified GPCR activated by bile acid
and is called G Protein-Coupled Bile Acid Receptor 1
(GPBAR1) [49, 50]. It was initially found in macrophages, but
it plays diverse roles in regulating metabolism and immune
response via its expression in various tissues and cells.
However, it is not expressed in hepatocytes. Numerous
studies have shown that TGR5 plays an important role in
regulating energy homeostasis. Activation of TGR5 in
enteroendocrine cells leads to the secretion of GLP-1, which

Figure 5: Bile acid-mediated activation of FXR.
In the hepatocyte, bile acid-induced activation
of FXR upregulates the expression of SHP,
resulting in the inhibiting LRH-1 and
HNF4α-mediated activation of CYP7A1
promoter activity. In the enterocyte, activation
of FXR by bile acids results in the release
FGF19/15 into the portal vein and activation of
FGFR4 with the aid of its co-receptor β-Klotho
in hepatocytes, which inhibit CYP7A1. BAs, bile
acid; CDCA, chenodeoxycholic acid; DCA,
deoxycholic acid; LCA, lithocholic acid; CA,
cholic acid; UDCA, ursodeoxycholic acid; FXR,
farnesoid X receptor; SHP, small heterodimer
partner; LRH-1, liver receptor homolog-1;
HNF4α, hepatocyte nuclear factor 4 alpha;
CYP7A1, cholesterol 7α-hydroxylase; FGF19/15,
fibroblast growth factor 19/15; FGFR4,
fibroblast growth factor receptor 4; NTCP,
sodium taurocholate co-transporting
polypeptide; BSEP (ABCB11), bile salt export
pump; MRP2(ABCC2), multidrug resistance
protein 2; OSTα/OSTβ, organic solute
transporter alpha and beta; ASBT (IBAT,
SLC10A2), apical sodium-dependent bile acid
transporter.
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contributes to increased insulin secretion and sensitivity
and regulates glucose metabolism [51]. In addition, activa-
tion of TGR5 in brown adipose tissue and muscle enhances
energy expenditure, which can contribute to preventing
obesity and diabetes. Ligand specificity and affinity of TGR5
are different from FXR. LCA and its taurine-conjugated form
(TLCA), are the most potent natural agonists and activate
TGR5 at nanomolar concentrations. DCA, CDCA, and CA can
activate TGR5 at micromolar concentrations [27]. Bile acid-
mediated activation of TGR5 is mainly coupled with Gαs,
which induces adenylate cyclase, increases cAMP level, and
activates protein kinase A (PKA). PKA plays an important
role in regulating glucose and lipid metabolism by phos-
phorylating various proteins involved in metabolic pro-
cesses [52]. Activation of TGR5 in immune cells such as
macrophages has been shown to inhibit the NF-κB pathway,
a key regulator of inflammation (Figure 6) [53].

S1PR2
Sphingosine-1 phosphate receptor 2 (S1PR2), previously
known as Endothelial Differentiation Gene-5 (EDG-5), was
identified as a member of the S1PR family in the late
1990s [54]. The identification and characterization of S1PR2
and other S1P receptors were pivotal in understanding the
complex signaling pathways mediated by sphingolipids,

which are involved in regulating cell proliferation, survival,
migration, and angiogenesis, as well as metabolism. The
discovery of S1PR2 as a bile acid-activated GPCR contributed
significantly to advancing the fields of sphingolipids and bile
acids. It provided insights into the crosstalk between
different signaling pathways inmetabolic and inflammatory
diseases. S1PR2 is widely expressed across various tissues in
the body, indicating its involvement in numerous physio-
logical and pathological processes. S1PR2 is highly expressed
in the liver and gastrointestinal tract [55]. Unlike TGR5, S1PR2
is expressed in all hepatic cells and is the most abundant
S1PR isoform in the hepatocytes. S1PR2 is activated by con-
jugated primary bile acids (TCA and GCA), but not by un-
conjugated bile acids and secondary bile acids [56]. Bile acid-
mediated activation of S1PR2 in hepatocytes plays a critical
role in regulating hepatic lipid metabolism via activating
ERK and AKT pathways by coupling with Gαi [57]. In addi-
tion, conjugated bile acid-mediated activation of S1PR2 is a
key regulator of sphingosine kinase 2 (SphK2) [58]. It also has
been shown that activation of SphK2 plays a critical role in
preventing hepatic steatosis under ER stress [59]. S1PR2 is
also expressed in various immune cells, adipocytes, endo-
thelial cells, smooth muscle cells, and epithelial cells. The
diverse tissue distribution of S1PR2 underlines its multifac-
eted physiological and pathological roles (Figure 7) [60].

Figure 6: Bile acid-mediated activation of TGR5.
The binding of bile acids (e.g., TLCA, LCA, DCA,
CDCA, and CA) to TGR5 induces the activation
of Gαs, which in turn stimulates adenylate
cyclase (AC), leading to an increased in cyclic
AMP levels. The increase in intracellular cAMP
can activate PKA and stimulate the release of
GLP-1, which are key players in various
signaling pathways involved in regulation of
glucose and lipid metabolism, insulin sensi-
tivity, energy homeostasis and inflammation.
TGR5 (GPBAR1), takeda G protein-coupled re-
ceptor 5 (G protein-coupled bile acid receptor
1); LCA, lithocholic acid; TLCA, taurolithocholic
acid; GDP, guanine dinucleotide phosphate;
GTP, guanine trinucleotide phosphate; AC,
adenylate cyclase; PKA, protein kinase A;
GLP-1, glucagon-like peptide-1; cAMP, cyclic
adenosine phosphate.
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Pathophysiology of dysregulated
bile acid homeostasis

Mechanisms leading to dysregulation of bile
acid homeostasis

Dysregulation of bile acid homeostasis arises from an intri-
cate interplay of genetic predispositions, lifestyle factors,
dietary patterns, and gut microbiome alternations [61].
Genetic variations, including mutations or polymorphisms
in genes crucial for bile acid synthesis (such as CYP7A1),
transport (like ASBT), and regulation (for instance, FXR), are
pivotal in maintaining bile acid equilibrium [62–64]. These
genetic factors can render individuals more prone to bile
acid-related disorders. Lifestyle influences, including phys-
ical activity levels and stress, play critical roles in modu-
lating bile acid metabolism. Regular physical activity has
been demonstrated to modulate bile acid synthesis and cir-
culation beneficially. In contrast, chronic stress may induce
dysregulation through hormonal fluctuations that disrupt
the homeostatic control of bile acid synthesis and enter-
ohepatic circulation [65–67]. Dietary composition is a crucial
determinant of bile acid metabolism. High-fat or Western
diets have been shown to alter bile acid composition and
levels, while dietary fiber intake can influence bile acid

excretion and, subsequently, the gut microbiome, thereby
affecting bile acid metabolism [68–70]. Excessive alcohol
intake can also disrupt bile acid homeostasis by impairing
bile acid synthesis, secretion, and metabolism [71, 72]. The
gut microbiome is integral to bile acid metabolism. Dysbio-
sis, characterized by an imbalanced gut microbial commu-
nity, can disrupt bile acid metabolism, affecting the
regulatory feedback mechanisms of bile acid synthesis.
Conditions affecting the gastrointestinal tract, like inflam-
matory bowel disease (IBD) or issues that compromise the
integrity of the intestinal barrier, can negatively impact the
absorption of bile acids [73]. Moreover, obesity and meta-
bolic syndrome are linked with altered bile acid
metabolism [74, 75].

Consequences of dysregulated bile acid
homeostasis

Dysregulated bile acid homeostasis can significantly impact
gastrointestinal health, liver function, and overall metabolic
balance [76]. The consequences of such dysregulation
encompass a spectrum of diseases, underscoring the essen-
tial role of bile acids in maintaining normal physiological
functions. One of the primary consequences of disrupted bile
acid homeostasis is liver disease. Bile acids are synthesized

Figure 7: Bile acid-mediated activation of
S1PR2. Bile acid-induced activation of S1PR2 in
hepatocytes is coupled to the activation of the
Gi protein, which in turn resulting in the
activation of the ERK1/2 and PI3K-Akt path-
ways. The activated ERK1/2 pathway leads to
activation of SphK2, resulting in the production
of S1P within the nucleus. S1P acts as a potent
inhibitor of histone deacetylase (HDAC),
leading to increased histone acetylation. This
epigenetic modification promotes the tran-
scription of essential genes involved in lipid
and glucose metabolism, inflammation, and
insulin resistance. S1PR2, sphingosine-
1-phosphate receptor 2; TCA, taurocholic acid;
GCA, glycocholic acid; GDP, guanine dinucle-
otide phosphate; GTP, guanine trinucleotide
phosphate; AC, adenylate cyclase; ERK,
extracellular signal-regulated kinase;
Sphk2, sphingosine kinase 2; HDAC, histone
deacetylase.
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in the liver, and the accumulation of bile acids due to
impaired secretion and flow can lead to hepatotoxicity.
Accumulation of hepatic bile acids can lead to liver inflam-
mation, fibrosis, and, in severe cases, cirrhosis. Further-
more, bile acid-induced hepatocyte apoptosis can induce
liver injury and dysfunction [77].

Bile acids are crucial for lipid digestion and absorption
in the intestine. Dysregulated bile acid homeostasis can lead
to malabsorption syndromes and nutritional de-
ficiencies [78]. In addition, an imbalance in bile acid regu-
lation can contribute to the development of IBD, such as
Crohn’s disease andulcerative colitis, where altered bile acid
composition and levels, as well as signaling pathways, may
exacerbate intestinal inflammation and barrier dysfunc-
tion [79]. Certain secondary bile acids have been implicated
in promoting carcinogenesis and increased risk of colorectal
cancer [80–83].

Bile acids are not only important for digestion but also
act as signaling molecules that regulate metabolism.
Changes in bile acid metabolism can influence the growth
and function of specific microbial populations, leading to
dysbiosis. The altered microbial balance can further impact
bile acid homeostasis and intestinal barrier function,
creating a feedback loop that exacerbates homeostatic
disruption of bile acidmetabolism, contributing tometabolic
diseases, obesity, and T2DM [84–86].

Bile acids and metabolic diseases

Obesity: role of bile acids in fat metabolism
and energy expenditure

Obesity, a global metabolic epidemic, is intricately linked
with dysregulation of bile acid metabolism [74, 87, 88]. Bile
acids play an essential role in regulating fat metabolism and
energy expenditure. It has been reported that key genes in
bile acid synthesis are significantly elevated, showing a shift
towards a 12α-hydroxylated bile acid profile in obese
individuals [89]. The postprandial rise in serum bile acids is
notably blunted in obesity, suggesting altered bile acid
signaling. The hepatic DCA to CA ratios tended to be posi-
tively correlated with the GLP-1 serum concentrations,
inversely related to hepatic triglyceride levels [90]. This
suggests that increased DCA may enhance GLP-1 levels,
potentially reducing hepatic steatosis [91]. Interestingly,
hyocholic acid (HCA), a predominant bile acid in pigs, which
is known for its exceptional resistance to spontaneous
development of diabetic phenotypes, has been observed to
have lower serum concentrations in individualswith obesity

and diabetes [92]. Bile acid binding resins (BARs) have shown
promise in obesity management by binding intestinal bile
acid, thus lowering serum cholesterol. In animal studies,
BARs have been shown to prevent obesity and boost energy
expenditure in HFD-induced obesity in mice, partially by
modulating intestinal microbiota [93]. In humans, Roux-en-Y
gastric bypass (RYGB) surgery and exogenous CDCA
administration have been linked to enhanced GLP-1 and
glucagon secretion but not insulin secretion. However, the
BA-sequestrant colesevelam reduced CDCA-stimulated
GLP-1 secretion[94]. The rising rates of pathological obesity
are leading to a greater need for weight loss interventions,
including sleeve gastrectomy (SG). Changes in total CA and
CDCA following SG have been directly linked to improve-
ments in glycemic control and insulin resistance, as
measured by the Homeostatic Model Assessment for Insulin
Resistance (HOMA-IR)[95]. Lee and colleagues discovered
that the accumulation of bile acids in the liver triggers the
liver-specific expression of Orosomucoid (also known as
alpha-1-acid glycoprotein), an acute-phase protein produced
primarily in the liver. Furthermore, bile acid-induced
secretion of Orosomucoid inhibits the differentiation of ad-
ipocytes, suggesting a potential mechanism through which
bile acids might exert anti-obesity effects [96]. Castellanos-
Jankiewicz and their team showed that activating TGR5
signaling in the brain can mitigate obesity induced by high-
fat diets, whereas inhibiting TGR5 expression in the hypo-
thalamus could contribute to obesity [97]. This mechanism
adjusts food consumption and energy expenditure via the
sympathetic nervous system, unveiling a sophisticated pro-
cess by which bile acids influence the hypothalamus to
control body weight in situations of obesity.

FXR, pivotal in cholesterol, triglyceride, and bile acid
metabolism, offers a novel therapeutic avenue for metabolic
disorders. Different from systemic treatments, the release of
bile acids during digestion specifically triggers FXR in the
intestine. Research by Fang and colleagues revealed that
fexaramine (Fex), an FXR agonist confined to the intestine,
significantly increases the production of intestinal FGF15.
This leads to alterations in bile acid composition without
influencing the activity of FXR-responsive genes in the
liver [98]. Fex was shown to migrate HFD-induced weight
gain, systemic inflammation, and hepatic glucose production
while enhancing heat production and browning in white
adipose tissue (WAT). UDCA, reported as an FXR antagonist
attenuated the high-fat diet induced obesity via enhancing
levels of non-12-OH BAs [99]. Similarly, the TGR5 agonist
INT-777 was found to stimulate mitochondrial biogenesis
and prevent renal oxidative stress and lipid accumulation,
highlighting TGR5’s potential in preventing kidney-related
complications associated with obesity and diabetes [100].
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In obesity, increased absorption of dietary fat disrupts
lipid balance, a process inwhich bile acids play a crucial role.
Specifically, ASBT is responsible for bile acid reabsorption in
the terminal ileum. Studies in rat and mouse obesity models
and human obese patients have shown an upregulation of
ASBT in the ileal villi. This increase is likely driven by
elevated expression of FXR in intestine cells during obesity,
which upregulates ASBT levels [101]. Furthermore, higher
FXR activity also upregulates proteins, such as ileal bile acid
binding protein (IBABP, also known as fatty acid binding
protein 6, FABP6) and OSTα/OSTβ, essential for bile acid
recycling from the intestine to the liver [102]. IBABP is pri-
marily expressed in the ileum and binds to bile acids within
the enterocytes, helping solubilize and transport hydro-
phobic molecules through the aqueous environment. The
dyslipidemia, associated with obesity and its resultant
complications, could be attributed to disruption of intestinal
bile acid absorption, at least partly [101]. Li et al. found that
the circulating bile acids were increased in HFD-induced
obese mice, and this increase was related to the activation of
ileal TGR5 and the promotion of ASBT translocation to the
plasma membrane, thus modulating bile acid transport,
promoting lipolysis and energy consumption [103]. Tropi-
fexor (LJN452) is a novel non-bile acid FXR agonist currently
being tested in clinical trials for various chronic liver dis-
eases. Single and multiple doses of Tropifexor showed dose-
dependent increases in FGF19 in healthy volunteers [104]. No
changes in serum lipids were observed in tropifexor- vs.
placebo-treated obese subjects. In obese individuals, the
protein levels of NTCP and BSEP were found to inversely
correlate with body mass index [104]. The study by Donkers
and colleagues demonstrated that blocking the NTCP trans-
porter with Myrcludex B in specific genetically modified
obese mice led to reduced bile acid removal from the blood
by the liver, increased secretion of the hormone GLP-1,
decreased body weight, and reduced liver fat [105].
Furthermore, Myrcludex B treatment was found to enhance
the energy excreted in feces, shedding light on the noted
weight reduction without alternations in dietary intake or
physical activity levels [105].

Münzker et al. demonstrated that the gut microbiome
plays a critical role in weight loss and metabolic success of
gastric bypass surgery using a rat model [106]. Obesity has
been associatedwith changes in gutmicrobiota composition,
particularly a notable decrease in Bacteroidetes and an
increase in Firmicutes among obese individuals [107]. Many
studies indicate that these gut bacteria can influence intes-
tinal barrier function, modulate bile acid metabolism,
regulate immune response by impacting the production of
host antigens, and can even indirectly influence dietary
choices [108, 109]. Furthermore, the gut microbiota’s

composition is essential for how nutrients are accessed and
utilized by the human body, making it a key factor in the
development and progression of obesity and related dis-
eases. The impact of these changes is also evident in the
alteration of metabolites produced by gut bacteria during
obesity’s onset. In a placebo-controlled double-blind FMT
pilot study of 22 obese patients without T2DM, MASLD, or
metabolic syndrome using FMT capsules derived from a
single lean donor, patients who received FMT were well
tolerated and had sustained changes in the intestinal
microbiome and bile acid profiles were shifted toward to
those of the lean donor [110]. Allegretti and colleagues
discovered that FMT improved the metabolism of bile acids
by gut bacteria and delayed the onset of glucose intolerance
compared to a placebo group [111]. Several candidate bac-
teria that might play a role in the metabolic improvements
with FMT were identified, but how gut bacteria metabolize
bile acids needs further functional validation [112]. Clos-
tridium scindens had a positive correlation with UDCA and
LCA. Gavage of C. scindens in mice increased the levels of
hepatic non12-OHbile acids, accompanied by elevated serum
C4 levels [99]. Treatment with Parabacteroides distasonis
significantly changed the bile acid composition, leading to
higher levels of LCA and UDCA [113]. Administering a com-
bination of LCA and UDCA through gavage was effective in
reducing hyperlipidemia by activating the FXR pathway and
improving gut barrier integrity [113]. Additionally, A com-
bination of Litesse® Ultra™ polydextrose (LU) and Bifido-
bacterium animalis subsp. lactis 420™(B420) led to an
increase in the populations of Akkermansia, Christense-
nellaceae, and Methanobrevibacter and a decrease of Para-
prevotella in overweight adults [114]. Consumption of B420
alone or in combination with LU led to changes in gut
microbiota and bile acidmetabolism. This could enhance gut
barrier function and positively affect markers related to
obesity. Consuming a Western diet along with Clostridium
spp. led to elevated levels of the secondary bile acid, DCA, in
the ileum. This increase adversely affected the function of
Paneth cells [115].

T2DM: the effect of bile acids on insulin
sensitivity and glucose metabolism

T2DM is a metabolic disease characterized by hyperglyce-
mia. Bile acids play a significant role in the regulation of
insulin sensitivity and glucose metabolism, which are crit-
ical aspects in the management of T2DM [116, 117]. Studies
have shown that individuals with T2DM often exhibit higher
levels of fasting total bile acid than those non-diabetic con-
trol subjects [118]. The fasting levels of total serum bile acids
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correlate with insulin sensitivity, the functionality of islet β
cells, and glucagon responses during glucose challenges in
patients with T2DM [118, 119]. Moreover, elevated total
serum bile acid levels have been consistently linked to a
higher risk of developing T2DM and insulin resistance, as
measured by HOMA-IR [120]. In black South African women,
early T2DM stages have shown changes in the bile acid pool,
alongside other metabolic shifts, indicating that bile acid
profiles could serve as early indicators for T2DM risk,
potentially over a decade before disease onset in this under-
researched group [121]. In a rat T2DM model, the ratio of
serum 12α-OH bile acids to non-12α-OH bile acids was
increased due to the upregulation of Cyp8b1 in the liver. In
addition, the altered bile acids negatively impact glucose
metabolism by inhibiting TGR5/FXR-signaling path-
ways [122]. A clinical study reported that middle-aged
women with gestational diabetes mellitus (GDM) with
HOMA-IR > 2.8 have altered conjugated and non-12α-OH
fractions of bile acids. However, it is not clear if the altered
bile acid metabolism is a cause or a consequence of
GDM [123].

TUDCA is an endogenous bile acid found in the bile of
some species of bears [124]. A recent study reported that
TUDCA attenuated hyperinsulinemia and improved glucose
homeostasis in aged mice by enhancing liver insulin-
degrading enzyme expression and insulin clearance [125].
In a double-blind, single-dose randomized controlled clinical
trial, oral administration of delayed-release conjugated bile
acids (ileoconic) for 28 days in patients with obesity and
T2DM exerted a small lowering of postprandial glucose
concentrations, improved LDL cholesterol, and altered fecal
bile acid levels, but did not correct the FGF19 deficiency [126].
Pigs are routinely raised on obesogenic diets yet are resistant
to the development of T2DM. Zheng et al. report that a group
of bile acids, HCA, and its derivatives, the primary bile acids
in pigs, improved serum GLP-1 secretion and glucose ho-
meostasis to a greater extent than TUDCA in T2DM mouse
model [127]. In humans, HCA and its derivatives are also
present in the blood and urine, although relatively lower
than in pigs. A recent clinical study demonstrated that serum
HCA species are strong predictors for obesity and T2DM and
can be used to assess the potential risk of developing meta-
bolic disorders [92].

Colesevelam, a non-absorbed bile acid sequestrant, in-
hibits bile acid reabsorption in the intestines and has been
used to lower cholesterol levels and control glucose levels in
T2DM patients. Beysen and their team showed that Colese-
velam increased circulating incretins and improved tissue
glucose metabolism in both the fasting and postprandial
states [128]. Elobixibat, a selective IBAT inhibitor, was
recently approved in Japan for the treatment of chronic

constipation. Elobixibat was found to benefit patients with
T2DM by improving glucose metabolism by increasing
plasma GLP-1[129].

The development of T2DM is closely related to the dis-
turbances in the gut microbiome [130]. Differences in gut
microbiota composition have been observed in both pre-
clinical animal models and patients with T2DM. Specifically,
the genera of Akkermansia, Bifidobacterium, Faecalibacte-
rium, Bacteroides, and Roseburiawere negatively associated
with T2DM, while the genera of Fusobacterium, Rumino-
coccus, and Blautia were positively associated with
T2DM [130]. Furthermore, T2DM is associated with dysre-
gulation of bile acid metabolism by gut microbiota [117].
Remodeling of the gut microbiome by antibiotic treatment
can modify the bile acid profiles. Different antibiotics have
distinct effects on the composition of the bile acid pool [131].
T2DM patients who received metformin showed a decrease
in Bacteroides fragilis accompanied by an increase of gly-
coursodeoxycholic acid (GUDCA) in the intestinal tract.
GUDCA was identified as an intestinal FXR antagonist. In-
hibition of FXR activation in the gut has a beneficial effect on
improving metabolic dysfunction, including hyperglyce-
mia [132]. GUDCA could regulate bile acids level and alter gut
microbiota and glycolipid metabolism to attenuate
T2DM [133]. The administration of GUDCA in db/db mice led
to increased TLCA levels and a greater abundance of Bac-
teroides vulgatus in the gut. This change was associated with
the activation of the TGR5 and an increased expression of
UCP-1, indicating potential anti-diabetic effects of GUDCA are
linkedwith the regulation of the bile acid and gutmicrobiota
composition [133]. The intestinal flora of Uygur T2DM pa-
tients differed from that of normal glucose-tolerant people.
FMT using Uygur T2DM patient fecal samples disrupts blood
glucose and bile acid homeostasis in mice [134]. The rela-
tionship between bile acids, insulin sensitivity, and glucose
metabolism in T2DM underscores the complexity of the
disease and highlights the potential for targeting bile acid
pathways as a therapeutic strategy. Given the intricate
interplay between bile acids, gut microbiota, and metabolic
regulation, further research is needed to fully understand
these mechanisms and their implications for T2DM
management.

MASLD and bile acid dysregulation

MASLD stands for metabolic dysfunction-associated stea-
totic liver disease and is the new name for NAFLD. The non-
alcoholic steatohepatitis, known as NASH, is now called
metabolic dysfunction-associated steatohepatitis, or MASH.
The change of NAFLD and NASH to MASLD and MASH
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emphasizes the role of metabolic risk factors, including
obesity, T2DM, insulin resistance, and dyslipidemia, in the
development of fatty liver disease [135]. Bile acid dysregu-
lation has been implicated in the pathophysiology of
MASLD [136]. Alterations of bile acid composition and con-
centration contribute to disease progression and are linked
to the severity of liver steatosis and inflammation. A recent
meta-analysis of 19 studies showed that total bile acid levels
in MASLD patients are higher than those in healthy controls.
In addition, the bile acid composition in MASLD patients
was also significantly different from that in healthy con-
trols [137]. The serum levels of total bile acids and conjugated
bile acids elevated gradually in early MAFLD patients. The
changes in ratios of glycine-conjugated bile acids to taurine-
conjugated bile acids are linked with the severity of MAFLD,
highlighting their potential role in the pathogenesis and
progression of MASLD [138–140].

Bile acid-mediated activation of FXR activation plays a
protective role by regulating lipid and glucose metabolism
and reducing inflammation in MASLD [141]. In FXR−/− mice,
HFD aggravated liver injury with diseased BSEP expression
and increased lipogenesis as well as accumulation of hepatic
bile acids and fatty acids [142]. Patients with MASLD are
often at increased risk of developing cardiovascular dis-
eases. In addition to FXR, TGR5 also plays an important role
in maintaining metabolic homeostasis. The double knockout
mice of FXR and TGR5 display hypotension and inflamma-
tion, along with disruption of intestinal barrier integrity and
dysregulated bile acid synthesis [143]. This study suggests
that a dual GPBAR1 (TGR5)/FXR ligand and atorvastatin hold
potential in the treatment of MASLD with cardiovascular
complications [143]. In a Western Diet (WD)-induced mouse
metabolic dysfunction-associated steatohepatitis (MASH)
model, INT-767, an FXR-TGR5 dual agonist, prevented the
progression of WD-induced hepatic steatosis, inflammation,
and fibrosis by modulating bile acid composition in the liver
and intestine, leading to decreases in the hydrophobicity
index of bile acids. Interestingly, the effects of INT-767 in
attenuating MASH were absent in Fxr-null mice but still
present in TGR5 null mice, indicating an FXR-dependent and
TGR-independent effect of INT-767 [144]. The intracellular
distribution of gut scavenger receptor class B type 1 (SR-B1)
was highly sensitive to insulin levels [145]. HFD feeding
impaired lipid homeostasis, including the stimulation of
SR-B1 expression and elevated chylomicron secretion.
Resveratrol intervention was reported to attenuate chylo-
micron secretion via repressing intestinal FXR-induced
expression of gut SR-B1 [146]. Interestingly, Gly-MCA, an
intestine-specific FXR antagonist, had beneficial effects on
MASH via inhibiting the intestinal FXR-ceramide axis [147].
In addition to FXR, FGFR4 is also a key regulator of hepatic

bile acid synthesis. Liver-specific FGFR4 silencing increased
bile acid production and lowered serum cholesterol. Addi-
tionally, FGFR4 knockdown improved HFD-induced liver
steatosis, primarily through activating the FXR-FGF15
pathway in intestinal cells rather than in hepatocytes [148].
Mice lacking TGR5 experienced more severe liver damage,
higher levels of inflammatory markers, and increased M1
macrophage activation due to NLRP3 inflammasome stim-
ulation. This highlights TGR5’s role in mitigating liver stea-
tosis and inflammation by inhibiting NLRP3-driven M1
macrophage polarization in MASH [149].

Inhibition of IBAT by IBATi enhances bile acid flow to
the colon, improvingMASLD by ameliorating gut microbiota
dysbiosis [150]. Elobixibat, an IBAT inhibitor, reduced the
serum bile acids, increased the fecal bile acid concentration,
and ameliorated liver inflammation and fibrosis in MCD-fed
mice [151]. Rao and colleagues found that a non-absorbable
ASBT inhibitor (ASBTi; SC-435) significantly mitigated
MASLD progression in mice on a choline-deficient, L-amino
acid-defined (CDAA) diet, evidenced by decreases in intesti-
nal fat absorption, body weight gain and hepatic lipid
accumulation [152]. Our previous studies showed that bile
acid-mediated activation of S1PR2 plays a crucial role in
hepatic lipid and glucose metabolism [56, 58, 153]. Mice
lacking S1PR2 or SphK2 showed increased susceptibility to
HFD-induced fatty liver. Furthermore, we identified that
TCA-mediated activation of S1PR2 led to the activation of
SphK2 and the production of nuclear S1P, which has been
identified as a potent inhibitor of HDACs [58, 154].

Gut microbiota and bile acid metabolism play crucial
roles in MASLD’s pathogenesis [155]. Studies have found that
patients with MASLD have different degrees of intestinal
flora disorder, which is characterized by the reduction of
Bacteroidetes and the increase of Firmicutes [156]. A
decrease in α-diversity and changes in gut microbiota
abundance, characterized by increased levels of Escherichia
and Prevotella, and decreased levels of Akkermansia muci-
niphila and Faecalibacterium were also found in patients
with MASLD. Administration of vancomycin, which targets
Gram-positive organisms, exacerbated liver damage, stea-
tohepatitis, and fibrosis, in a high-fat/cholesterol/cholate-
based diet, but not with metronidazole, which targets
anaerobic microorganisms in the same mouse mode [157]. A
recent study reported that Lactiplantibacillus plantarum
NKK20 strain (NKK20) alleviated HFD-induced MASLD in
mouse models via regulating bile acid anabolism [22].
Excessive fructose intake is closely associated with MASLD.
A recent study done by Zhang et al. showed that chronic
consumption of fructose impaired bile acid circulation with
significant changes in the Clostridium species and LCA/TLCA
levels [158]. A previous study reported that the Lactobacillus
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casei YRL577 with high BSH activity improved MASLD by
activating the intestinal bile acid FXR-FGF15 pathway[159].
Smirnova and colleagues demonstrated that circulating
levels of the secondary bile acid, DCA, are associated with
MASLD disease progression [160]. HDCA targeted intestinal
FXR and promoted beneficial gut microbiomes, such as
P. distasonis, leading to upregulation of hepatic CYP7B1,
PPARα, and FXR and improvement of MAFLD [161]. Obe-
ticholic acid (OCA), a novel bile acid derivative, has been
demonstrated to ameliorate MASLD-related manifestations,
but the mechanisms are not fully identified. A recent study
by Liu et al. reported that OCA intervention altered gut
microbiota composition with specially enriched gut mi-
crobesmodulating host bile acids, thus effectively alleviating
MASLD in the mice [162]. In addition, TUDCA has been
reported to attenuate the progression of HFD-induced
MAFLD in mice by ameliorating gut inflammation,
improving intestinal barrier function, decreasing intestinal
fat transport, and modulating intestinal microbiota compo-
sition [163]. In addition to the gut microbiome and bile acids,
the mitochondria toxic CYP27A1-derived cholesterol metab-
olites also play an important role in the disease progression
of MASH [164].

MASLD involves a complex interaction between bile
acids, gut microbiome, and different bile acid receptors.
Dysregulated bile acid metabolism and signaling contribute
to dysregulation of hepatic lipid metabolism and inflam-
mation, underscoring the importance of targeting these
pathways for effective MASLD management.

Diagnostic and therapeutic
implications

The role of bile acids as biomarkers for
metabolic diseases

Bile acids have emerged as potential biomarkers for various
metabolic diseases due to their involvement in metabolic
processes and their interactions with specific receptors and
pathways. Monitoring bile acid profiles can provide insights
into the status of liver function, lipid metabolism, and
overall metabolic health. Recent epidemiological studies
have reported that specific changes in circulating bile acid
profiles are associated with various metabolic diseases,
including T2DM and MASLD [80]. Serum HCA levels can be
used to predict the development of metabolic disorders in 5
or 10 years [92]. It has been demonstrated that elevated
serum total bile acid levels are linked to an increased risk of
developing T2DM [120]. Dysregulated bile acid metabolism

has been associated with hepatic steatosis, inflammation,
and fibrosis in MASLD. A recent clinical study with biopsy-
proven MASLD patients showed serum secondary bile acid
levels were significantly increased in MASLD, especially in
those patients with mild fibrosis [165]. A recent meta-
analysis showed that circulating levels of TCA, TDCA, TLCA,
and GLCA have the potential to differentiate MASH [137]. In
addition to serum bile acids, fecal bile acid composition and
levels as well as serum C4 concentration, can be used to
predict the disease severity of MASLD [166].

Current therapeutic strategies targeting bile
acid pathways

Bile acids are important signaling molecules and play
essential roles in maintaining metabolic homeostasis. Dys-
regulation of bile acid metabolism and enterohepatic cir-
culation is closely associated with various metabolic
diseases, including T2DM and MASLD. In the last decade,
extensive effort has been put into developing therapeutic
strategies targeting bile acid pathways for metabolic dis-
eases, focusing on modulating bile acid receptors, such as
FXR and TGR5, and bile acid synthesis and transport [167].
OCA, the first-in-class steroidal FXR agonist, has shown
promise in MASH clinical trials, particularly in managing
lipid metabolism, inflammation, and fibrosis. Its role in
MASH treatment highlights the potential of targeting bile
acid pathways for metabolic disease management. In addi-
tion to OCA, several non-steroidal FXR ligands with even
higher affinity for FXR have been developed [168–171].
Interestingly, some specific antagonists of intestinal FXR,
such as Gly-MCA [38, 147, 172] and GUDCA [132, 133, 173],
have been reported as potential therapeutic agents for
metabolic diseases. In addition, TGR5 agonists have also
shown beneficial effects on metabolic diseases. Activation of
TGR5 enhances energy expenditure, promoting GLP-1
secretion, improving insulin sensitivity, and reducing
inflammation [174–179]. In addition to modulating bile acid-
mediated signaling pathways, bile acid sequestrants, such as
cholestyramine and colesevelam, have been used for the
management of hypercholesterolemia and also has been
investigated for their potential in metabolic diseases,
including T2DM. Modulating the gut microbiota can indi-
rectly affect bile acid metabolism, as the microbiota is
involved in bile acid transformation. Exploring probiotics,
prebiotics, and FMT offers the potential for managing bile
acid-related conditions. Additionally, bariatric surgery, like
RYGB, and using IBAT inhibitors may alter bile acid circu-
lation and metabolism, potentially enhancing metabolic
health (Figure 8) [106, 150, 162, 180–184].
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Challenges and future directions

Our understanding of the role of bile acids in metabolic
diseases has expanded significantly in the past decades.
Recent studies highlight the multifaceted roles of bile acids
in regulating lipid, glucose, and energy metabolism. Despite
these advances, several challenges and problems persist in
current bile acid research.
1) Complexity of bile acid-mediated signaling pathways.

Bile acids can act as both agonists and antagonists for
various receptors. The complexity of bile acid-mediated
signaling pathways and their interconnections with
other metabolic processes make it difficult to fully
understand the precise mechanisms bywhich bile acids
impact different metabolic diseases.

2) Individual variability in bile acid metabolism. The bile
acid composition and signaling mechanisms vary
significantly among individuals, influenced by genetics,
gut microbiota, diet, and other environmental factors.
This variability makes it difficult to interpret the
research findings and the development of generalized
therapeutic strategies.

3) The role of gut microbiota. Bile acid metabolism is
intricately linked with gut microbiota. However, the
complex interactions between bile acids, gut micro-
biota, and host metabolism is not fully understood.
Disentangling these interactions is challenging but

crucial for understanding the role of bile acids in
metabolic diseases.

4) Limitation of animal models. Much of our current
knowledge about bile acid metabolism and function
comes from animal studies, particularly in rodents.
However, significant differences in bile acid composi-
tion andmetabolism between rodents and humansmay
limit the applicability of these findings to human dis-
eases. The discovery of the rodent-specific enzyme
Cyp2c70 and the development of mouse models with a
humanized bile acid pool are steps toward bridging this
gap.

5) Off-target and side effects of bile acid-targeted thera-
peutics. The development of therapies targeting bile
acid metabolic and signaling pathways, such as FXR
agonists, show promise for metabolic diseases. How-
ever, these agents often have off-target or adverse ef-
fects, which pose significant challenges in developing
bile acid-based effective therapies for metabolic
diseases.

6) Broad impact on metabolic pathways. Bile acids influ-
ence a broad range of metabolic processes, including
lipid, glucose, and energy metabolism. In order to fully
understand these interactions, more advanced and
integrative approaches are needed. Addressing these
challenges requires multidisciplinary approaches,
including molecular biology, microbiology, genetics,

Figure 8: Therapeutic strategies targeting bile
acid pathways for metabolic diseases. This
figure outlines potential therapeutic
interventions targeting bile acid receptors and
transporters, modulating gut microbiota,
utilizing bile acid sequestrants, and operating
bariatric surgery. Modulation of bile acid
metabolism and enterohepatic circulation
offers therapeutic benefits for metabolic
diseases, including obesity, T2DM and MASLD.
FXR, farnesoid X receptor; TGR5 (GPBAR1),
takeda G protein-coupled receptor 5 (G pro-
tein-coupled bile acid receptor 1); ASBT (IBAT,
SLC10A2), apical sodium-dependent bile acid
transporter; NTCP, sodium taurocholate co-
transporting polypeptide; FMT, fecal micro-
biota transplantation.
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bioinformatics, and system biology. Recent advance-
ments in these fields offer the potential to map inter-
connected metabolic networks and explore new
therapeutic approaches by modulating bile acid meta-
bolism. Moreover, the development of personalized
medicine strategies that incorporate bile acid profiling
has the potential to significantly improve treatment
outcomes and provide valuable insights into preventive
strategy. This underscores the importance of collabo-
rative efforts across multiple disciplines.
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