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Bile acids facilitate intestinal nutrient absorption and biliary cholesterol secretion to maintain bile acid homeo-
stasis, which is essential for protecting liver and other tissues and cells from cholesterol and bile acid toxicity.
Bile acid metabolism is tightly regulated by bile acid synthesis in the liver and bile acid biotransformation in
the intestine. Bile acids are endogenous ligands that activate a complex network of nuclear receptor farnesoid X
receptor and membrane G protein-coupled bile acid receptor-1 to regulate hepatic lipid and glucose metabolic
homeostasis and energy metabolism. The gut-to-liver axis plays a critical role in the regulation of enterohepatic
circulation of bile acids, bile acid pool size, and bile acid composition. Bile acids control gut bacteria over-
growth, and gut bacteria metabolize bile acids to regulate host metabolism. Alteration of bile acid metabolism
by high-fat diets, sleep disruption, alcohol, and drugs reshapes gut microbiome and causes dysbiosis, obesity,
and metabolic disorders. Gender differences in bile acid metabolism, FXR signaling, and gut microbiota have
been linked to higher prevalence of fatty liver disease and hepatocellular carcinoma in males. Alteration of
bile acid homeostasis contributes to cholestatic liver diseases, inflammatory diseases in the digestive system,
obesity, and diabetes. Bile acid-activated receptors are potential therapeutic targets for developing drugs to treat

metabolic disorders.
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INTRODUCTION

Bile acid synthesis is an important pathway for catabo-
lism of cholesterol and is tightly regulated by a complex
but integrated network of mechanisms that are not com-
pletely understood. Bile acids are detergent molecules that
can be highly toxic if accumulated in high concentrations
in the liver and other tissues. It is thus necessary to tightly
control bile acid synthesis to maintain bile acids at low
and constant levels in the circulation pool, including the
liver, gallbladder, and intestine. Recent research in mouse
models and human patient studies has revealed that bile
acids are signaling molecules that activate nuclear recep-
tors and membrane G protein-coupled bile acid receptors
to regulate not only the classic bile acid synthesis path-
way but also the alternative bile acid synthesis pathways
to maintain lipid, glucose, and energy metabolism in
the liver, intestine, and adipose tissue. Alteration of bile
acid homeostasis affects hepatic metabolic homeostasis,
causes inflammation, and contributes to the pathogenesis

of metabolic diseases such as nonalcoholic fatty liver
disease (NAFLD), diabetes, obesity, and inflammatory
bowel diseases (IBDs). Bile acids are required for absorp-
tion of fats, steroids, and lipid-soluble vitamins in the
intestine for metabolism in the liver'” and are signaling
molecules that activate nuclear and membrane bile acid
receptors to modulate hepatic lipid, glucose, and energy
metabolism®*. It has been known for more than half a
century that bile acids are antibacterial agents in the gut
that control gut bacteria overgrowth and protect intestinal
barrier function. More recent studies of the gut-to-liver
axis in bile acid metabolism, composition and pool size,
and host metabolism have opened a new era for study-
ing bile acid biology and physiology. This review will
focus on recent advances in understanding regulation of
bile acid synthesis, metabolism, and homeostasis and
the emerging concepts on bile acid signaling crosstalk
in metabolic regulation and potential therapeutic drug
development for treating NAFLD. Most references cited
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were published in the last 10 years, and older original ref-
erences can be found in recent reviews” .

BILE ACID BIOLOGY AND PHYSIOLOGY
Enterohepatic Circulation of Bile Acids

In the liver, conversion of cholesterol to bile acids
is the major pathway for catabolism of cholesterol. The
liver synthesizes about 0.5 g of bile acids per day (80—
90 kg body weight) (Fig. 1). Bile acids are secreted into
canaliculi by active transport to form bile. Bile acids
are stored in the gallbladder and are released after meal
intake into the intestinal tract via the common bile ducts.
Small amounts of bile acids are circulated back to hepa-
tocytes via a cholangio-hepatic shunt. In the upper intes-
tine, a small amount of bile acids is passively absorbed,
but most bile acids are reabsorbed in the ileum by an
active transport system to portal blood circulation and
then to the liver. This enterohepatic circulation of bile
acids is highly efficient and recovers about 95% of bile
acids in the pool. The small amount of bile acid lost in
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feces (0.5 g/day) is replenished by de novo synthesis in
the liver. Enterohepatic circulation of bile acids occurs on
average six to eight times a day to maintain a constant bile
acid pool size of ~3 g. Bile acids (~0.5 mg/day) spilled
over into the systemic circulation are excreted into urine.

Bile Acid Synthesis

The liver is the only organ that has all the enzymes
required for bile acid synthesis (Fig. 2). There are two
pathways in the liver: the classic or neutral pathway and
the alternative or acidic pathway (all intermediates are cho-
lestenoic acids). The classic pathway starts with modifica-
tions of the steroid rings of cholesterol by hydroxylation,
isomerization, reduction, and dehydroxylation enzymes
located in the cytosol and endoplasmic reticulum, fol-
lowed by steroid side chain oxidation in the mitochondria
and oxidative cleavage of the side chain in peroxisomes.
The alternative pathway starts with oxidation of the ste-
roid side chain, then modification of the steroid rings and
oxidative cleavage of the steroid side chain.
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Figure 1. Enterohepatic circulation of bile acids. About 0.5 g of bile acids is synthesized per day in an average adult. Bile acids
are secreted into bile and stored in the gallbladder. Small amounts of bile acids are circulated from cholangiocytes to the liver via
the cholangio-hepatic shunt. After each meal, bile acids are excreted to the intestinal tract. A small amount of bile acids is passively
absorbed in the upper intestine into mesenteric and arterial blood flow to hepatocytes. Most bile acids are reabsorbed in the ileum by
active transport via apical sodium-dependent bile salt transporter (ASBT) and transported back to the liver via portal blood circulation.
A constant bile acid pool (3 g) is circulated 4 to 12 times a day. Approximately 95% of bile acids in bile are recirculated back to the
liver, and about 5% (0.5 g) lost in fecal excretion are replenished by de novo synthesis in the liver. A small amount (0.5 mg/day) of bile

acid spillover into systemic circulation is cleared in urine.
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Figure 2. Bile acid synthesis pathways. In the liver, cholesterol 7a-hydroxylase (CYP7A1) initiates the classical bile acid synthesis
pathway by hydroxylation of the steroid rings at 70-C for further modifications of the steroid rings, followed by steroid side chain
oxidation and cleavage, whereas sterol 27-hydroxylase (CYP27A1) initiates the alternative bile acid synthesis pathway by oxidation
of the steroid side chain followed by modifications of the steroid rings and cleavage of the side chain in the classic pathway. CYP27A1
is expressed in most tissues and macrophages. Sterol 25-hydroxylase (a non-CYP450 enzyme) in the liver and steroid 24-hydroxylase
(CYP46A1) in the brain also oxidize cholesterol. In the alternative pathways, a nonspecific oxysterol 7o-hydroxylase (CYP7B1)
hydroxylates 27-hydroxycholesterol and 25-hydroxycholesterol, whereas a specific sterol 7o-hydroxylase (CYP39A1) hydroxylates
24-hydroxycholesterol. Only the liver has all the enzymes required for the synthesis of cholic acid (CA) and chenodeoxycholic acid
(CDCA), the two primary bile acids synthesized in humans (shown on the left, see text for details). The oxidized steroid intermediates
(oxysterols) produced in the extrahepatic tissues can be used for bile acid synthesis in the liver. Sterol 120-hydroxylase (CYP8B1)
is required for CA synthesis. Without 12a-hydroxylation, CDCA is synthesized. Following steroid side chain cleavage, cholyl-CoA
and chenodeoxycholyl-CoA are conjugated to amino acids, either taurine or glycine. In mice, CDCA is 60-hydroxylated to form
a-muricholic acid (a-MCA) by a sterol-60-hydroxylase (Cyp2c70) catalyzed reaction. The 70-OH group in o.-MCA is epimerized
(isomerized) to a 7B-hydroxyl group to form B-MCA. The 70.-HO group in CDCA can be epimerized to 73-HO to form ursodeoxy-
cholic acid (UDCA), a highly soluble bile acid in humans and mice.

The Classic Bile Acid Synthesis Pathway 3B-hydroxy-A’-C,,-steroid dehydrogenase (HSD3B7)* .

The classic pathway of bile acid synthesis is initiated C4 is the common precursor of cholic acid (CA) and
by the rate-limiting enzyme cholesterol 7o-hydroxylase chenodeoxycholic acid (CDCA), two primary bile acids
(CYP7ALI) to specifically hydroxylate cholesterol at the synthesized in human liver. Serum C4 levels reflect the
70 position, forming 7o-hydroxycholesterol, which is con- rate of bile acid synthesis in humans'"'*. Sterol 120

verted to 70-hydroxy-4-cholesten-3-one (named C4) by hydroxylase (CYP8B1) is a branch point enzyme for CA
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synthesis. CYP8B1 catalyzes 12o-hydroxylation of C4
to 70, 120-dihydroxy-4-cholesten-3-one, which is then
converted to 5B-cholestan-3c, 70, 120-triol by two aldo-
keto-reductases (AKR1D1 and AKR1C4). Without 12a-
hydroxylation, C4 is converted to 53-cholestan-3ct, 7ci-diol
for CDCA synthesis. Mitochondrial sterol 27-hydroxylase
(CYP27AT1) catalyzes the steroid side chain oxidation
of 5B-cholestan-3a, 70, 120-triol and 5B-cholestan-3a,
7To-diol to -C,,-OH, which is subsequently converted to
C,,-OOH to form 3., 70, 120-trihydroxy-5p cholestanoic
acid (THCA) and 30, 7o-dihydroxy-5B cholestanoic
acid (DHCA), respectively. The very long chain acyl-
CoA synthase in persoxisome or sterol side chain cleav-
age occurs in the peroxisomes. Bile acid-CoA synthase
(Iyase) activates THCA and DHCA to form acyl-CoAs
for peroxisomal B-oxidation by acyl-CoA oxidase and a
bifunctional enzyme (enoyl-CoA hydratase/3-hydroxyacyl-
CoA dehydrogenase), and then a propionyl-CoA is cleaved
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by thiolase to produce trihydroxycholyl-CoA and dihy-
droxycholyl-CoA, which are subsequently conjugated
to glycine (G) or taurine (T) by bile acid CoA: amino
acid N-acyltransferase (BAAT) to form T/G-CA and
T/G-CDCA, respectively (Fig. 3A). In mouse liver, most
CDCA is converted to o-muricholic acid (a-MCA)
by a species-specific sterol 6B-hydroxylase (Cyp2c70),
and then the 70-OH group in o-MCA is epimerized to
a 7B-OH group to form B-MCA". MCAs are the pri-
mary bile acids synthesized in mouse liver. In mice and
humans, the 70-OH groups in CDCA can be isomerized
to 7B-OH to form ursodeoxycholic acid (UDCA).

The Alternative Bile Acid Synthesis Pathways

The alternative bile acid pathway in the liver is
initiated by CYP27A1, which converts cholesterol to
27-hydroxycholesterol and then to 3B-hydroxy-5-cho-
lestenoic acid. A nonspecific oxysterol 7o-hydroxylase
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Figure 3. Bile acid conjugation and transformation. (A) Bile acid conjugation. In addition to conjugation to taurine and glycine at
the C,,-carboxyl group by bile acid Co-A synthase (BACS) and bile acid CoA: amino acid N-acetyltransferase (BAAT), bile acids can
be conjugated to sulfate by bile acid sulfotransferase (SULT2A1, SULT2BS) at the C; and C, positions, or glucuronidated by UDP-
glucuronosyl transferase (UGT1A3, 2B4, and 2B7). (B) Bile acid transformation in enterocytes. Primary bile acids, CDCA, CA, and
UDCA, can be converted to other bile acids in the liver and intestine. In the liver, CDCA can be converted to a-MCA, B-MCA, and
UDCA as described in Figure 2. In the colon, bacterial bile salt hydratases (dehydroxylases) first deconjugate bile acids to free bile
acids, and then gut bacteria converts CA to deoxycholic acid (DCA). CDCA can be converted to lithocholic acid (LCA) by 7a-dehy-
droxylase and hyocholic acid by 60.-hydroxylase. LCA can be converted to hyodeoxycholic acid by 60-hydroxylase, or murideoxy-
cholic acid by 6B-hydroxylase. In rodents, LCA can be converted to UDCA by 7B-hydroxylase and UDCA can be converted to CDCA.
In the colon, 0-MCA and B-MCA can be converted to (>-MCA for fecal excretion.
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(CYP7B1) hydroxylates this cholestenoic acid to 3j,
7o-dihydroxy-5-cholestenoic acid, followed by HSD3B1/
3B2 to synthesize 7o-hydroxy-3-oxo-4-cholestenoic
acid in liver, steroidogenic tissues, and macrophages. In
mouse and human liver, sterol 25-hydroylase (CH25H),
a non-CYP450 enzyme converts cholesterol to 25-
hydroxycholesterol, followed by CYP7B1 to produce
5-cholesten-3p, 7o, 25-triol. In the brain, steroid
24-hydroxylase (CYP46A1) converts cholesterol to 24-
hydroxycholesterol, which is then converted to 5-
cholesten-3B, 7o, 24(S)-triol by a specific sterol-7-
o-hydroxylase (CYP39A1) in mouse liver. Oxidized
steroid intermediates (oxysterols) formed in the extra-
hepatic tissues can be transported to the liver for syn-
thesis of bile acids. The alternative pathways produce
not only CDCA but also CA.

The Classic Versus Alternative Bile Acid
Synthesis Pathways

The classic bile acid synthesis pathway is the major
pathway that is regulated by CYP7AI, the only rate-
limiting enzyme in bile acid synthesis. The alternative
pathways synthesize bile acids in the neonate when
CYP7AL is not expressed. After weaning, CYP7A1 is
expressed, and the classic pathway becomes the major
pathway for bile acid synthesis in adult liver. It has been
suggested that the classic pathway is the predominant
pathway for synthesis of ~80% of bile acids in human
livers, whereas the classic and alternative pathways con-
tribute about equally to bile acid synthesis in rodents.
Mutations of the CYP7AI gene in male adult patients
only caused mild hypercholesterolemia and premature
gallstone diseases, indicating that the alternative bile acid
synthesis pathways are activated to produce bile acids
when the classic pathway initiated by CYP7A1 is defec-
tive'!. Mutation of the CYP7BI gene in a neonate patient
caused severe cholestatic liver injury and accumulation
of oxysterol metabolites and monohydroxy bile acids,
supporting the notion that the alternative bile acid syn-
thesis pathway is important in the neonate".

Bile Acid Conjugation and Transformation

Bile acids form Na?* salts (bile salts), which are ion-
ized at physiological pH. Conjugation of bile acids to
glycine and taurine at C,, increases bile acid ionization,
amphipathic properties, and solubility (Fig. 3A). Bile
acids also can be conjugated to glucuronide by the UDP-
glucuronosyltransferases UGT 1A1, 2B4, and 2B7 at the
C,, C,, or C,, positions. The bile acid sulfotransferases
SULT2A1 and SULT2AS transfer a sulfate group to the C,
or C, position'®. Conjugated bile acids are secreted into bile
via the canalicular bile salt export pump (BSEP), forming
mixed micelles with cholesterol and phosphatidylcholine
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in the gallbladder to prevent precipitation of cholesterol
and to protect gallbladder epithelium cells from bile acid
toxicity. After a meal, cholecystokinin (CCK) released
from the pancreas stimulates gallbladder contraction to
release bile acids into the gastrointestinal tract. Some bile
acids are passively absorbed in the upper intestine, but
most are reabsorbed in the ileum and colon where gut
microbial bile salt hydrolase (BSH) deconjugates bile
acids to free bile acids, then bacterial 7a-dehydroxylase
activity converts CA and CDCA to deoxycholic acid (DCA)
and lithocholic acid (LCA), respectively'""® (Fig. 3B).
CDCA can be 60-hydroxylated to hyocholic acid. The
70-OH groups in CDCA can be isomerized to 73-OH
groups to UDCA, which can be converted to LCA by 73-
dehydroxylase in gut bacteria. Rodents can convert LCA
to UDCA by 7a-hydroxylase, to hyodeoxycholic acid
by 60-hydroxylase, or to murideoxycholic acid by 6B3-
hydroxylase (Fig. 3B). In the colon, o-MCA and -MCA
can be converted to ®-MCA. Secondary bile acids formed
in the intestine are excreted into feces, and some are reab-
sorbed in the colon and are circulated with CA and CDCA
in portal blood to the liver, contributing to the circulating
bile acid pool. A small amount of LCA (~1%) reabsorbed
in the liver is efficiently sulfur conjugated and excreted
into urine.

Bile Acid Pool and Bile Acid Composition

The bile acid pool is defined as the total bile acids cir-
culating in the enterohepatic circulation, including bile
acids in the liver (<1%), intestine (~85%—-90%), and gall-
bladder (~10%—15%). Bile acids spilled over from the liver
to systemic circulation are not counted in the pool. Bile
acids in gallbladder bile are from newly synthesized bile
acids and bile acids returned to the liver via enterohepatic
circulation. Thus, bile acid compositions in gallbladder
bile more closely represent bile acid composition in the
circulating bile acid pool. In the colon, most bile acids
are unconjugated DCA, and most bile acids (~95%) in
the pool are conjugated bile acids. In humans, the bile
acid pool consists of CA (~40%), CDCA (~40%), and
DCA (~20%), and the ratio of glycine (G)- to taurine
(T)-conjugated bile acids is ~3 to 1, and this bile acid
pool is highly hydrophobic. In mice, most bile acids
(95%) are taurine conjugated, and the bile acid pool con-
sists of TCA (~60%) and To.-MCA and TB-MCA (~40%)
and is highly hydrophilic. Increasing bile acid pool size
or bile acid hydrophobicity causes cholesterol gallstone
disease and cholestatic liver injury. Feeding of mice with
CA increases bile acid pool size and hydrophobicity and
causes hepatic steatosis and cholestasis. Blockage of bil-
iary bile acid secretion causes accumulation of bile acids
in hepatocytes and liver injury. On the other hand, bile
acid sequestrants reduce bile acid pool size, stimulate bile
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acid synthesis, and reduce serum cholesterol in hypercho-
lesterolemic patients and animals.

Interestingly, mice with overexpression of a Cyp7al
cDNA (Cyp7al-Tg mice) have an enlarged bile acid pool
(2.5-fold increase) consisting mostly of TCDCA (60%) and
TMCA (40%) and no TCA due to inhibition of Cyp8b1".
In the ileum and colon of Cyp7al-Tg mice, TMCAs are
increased and ceramides are reduced”. These mice are
resistant to diet-induced obesity (DIO), likely due to acti-
vation of hepatic farnesoid X receptor (FXR) by TCDCA
to inhibit lipogenesis, and antagonization of intestinal FXR
by TMCAs to reduce ceramide synthesis®'. On the other
hand, Cyp7al™" mice bred to a pure C57BL/6] genetic
background have a reduced bile acid pool size (~60% of
wild type) with a more hydrophilic bile acid pool contain-
ing reduced TCA but increased TMCA?. Interestingly,
Cyp7al™" mice also have improved glucose tolerance and
reduced triglycerides and are resistant to Western high-
fat diet (HFD)-induced insulin resistance, likely due to a
switch to the alternative bile acid synthesis pathway, less
TCA to reduce dietary cholesterol absorption, and more
TMCA synthesis to antagonize intestinal FXR activity and
reduce ceramide synthesis™. In Cyp8bhI™"~ mice, Cyp7al
expression is increased to increase bile acid pool size with
increased TMCAs, and mice are resistant to HFD (60% fat
calories)-induced hepatic steatosis®. In Cyp7bI™" mice,
bile acid pool size and composition are normal, but 25- and
27-hydroxycholesterols are accumulated™. Thus, the exis-
tence of two bile acid synthesis pathways is important for
switching between two pathways to produce a sufficient
bile acid pool size, although bile acid composition may be
altered to affect hepatic metabolism.

BILE ACID SIGNALING IN LIVER
PATHOPHYSIOLOGY

Enterohepatic circulation of bile acids reabsorbs bile
acids in the intestine to control bile acid synthesis in the
liver by a negative feedback mechanism and maintain a
constant bile acid pool. Emerging research in the last two
decades has discovered that bile acids are endogenous
signaling molecules that activate the nuclear receptors
FXR, vitamin D, receptor (VDR), pregnane X receptor
(PXR), and constitutive androstane receptor (CAR), as
well as the membrane G protein-coupled receptors Takeda
G protein receptor 5 [TGRS; aka G protein bile acid recep-
tor-1 (Gpbar-1)] and sphingosine-1-phosphate receptor 2
(S1PR2) in the gastrointestinal tract (Fig. 4). The circulat-
ing bile acid pool consists of primary and secondary bile
acids from the liver, gallbladder, and intestine. Primary
bile acids are efficacious endogenous ligands of FXR and
S1PR2 in the liver. In the intestine, TCDCA activates FXR,
whereas TLCA /LCA and DCA activate TGRS, PXR,
and VDR. TMCAs are FXR antagonists in the intestine.
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Figure 4. Bile acid-activated receptors in the gastrointestinal
system. Bile acid-activated receptors are differentially activated
by primary and secondary bile acids in the liver and intes-
tine. The bile acid pool consists both of the primary bile acids
TCDCA, TCA, To-MCA, and TR-MCA, and the secondary bile
acids TDCA and TLCA. In the liver, TCDCA activates FXR,
whereas TCA activates SIPR2. In the intestine, TCDCA and
TDCA activate FXR, whereas To.-MCA and TB-MCA antago-
nize FXR. TLCA and TDCA activate TGRS, and TLCA acti-
vates VDR and PXR.

FXR Signaling

TCDCA is the most potent endogenous FXR agonist
with an ECy, of 17 uM. In mice, TCA and TMCAs are the
predominant bile acids in the bile acid pool. However,
TCA is a very weak FXR agonist (EC;,=~590 uM), while
T-oMCA (IC4,=28 uM) and T-BMCA (IC4,=40 uM) are
potent FXR antagonists® (Fig. 4). Therefore, FXR may
not be activated in mouse hepatocytes under physiologi-
cal conditions. In the intestine, bile acid concentrations
are much higher than in hepatocytes, and TCDCA may
activate FXR to induce ileum bile acid-binding protein
(IBABP), fibroblast growth factor 15 (FGF15), and sinu-
soidal bile acid efflux transporter organic solute trans-
porter o/f heterodimer (OSTo/fB). The secondary bile
acids formed in the colon, LCA and DCA, activate TGR5
to stimulate GLP-1 secretion from enteroendocrine L
cells, which stimulates insulin secretion from (-cells and
improves insulin sensitivity®.

The role of FXR in the regulation of glucose, lipid,
and energy metabolism and in improving glucose and
insulin sensitivity and obesity has been the subject of
many recent reviews™***". Contradictory roles of FXR
in the regulation of glucose metabolism have been
reported recently. Earlier studies have shown that activa-
tion of FXR improves glucose homeostasis in diabetic
mice®. It has been suggested that activation of FXR
induces small heterodimer partner (SHP), which may
lower triglycerides by inhibiting liver X receptor (LXR)-
induced and steroid response element-binding protein-1c
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(SREBP-1c)-mediated lipogenesis®. FXR may inhibit
fatty acid synthesis by inhibiting glucose-induced
nuclear translocation of carbohydrate response element-
binding protein (Chrebp), which induces glycolytic genes
involved in the conversion of glucose to fatty acids™. In
contrast, activation of FXR has been shown to induce
fatty acid synthase, implicating bile acid signaling in the
stimulation of hepatic lipogenesis’'. Furthermore, it was
shown that activation of FXR by GW4064 increased body
weight and glucose tolerance and reduced energy expen-
diture in HFD-fed mice (DIO)*, but deficiency of FXR
improves glucose homeostasis in DIO mice”. Several
recent studies have reported that inhibition of intestinal
FXR activity by the antioxidant tempol remodeled the gut
microbiome and reduced obesity in mice*. Consistently,
deficiency of intestinal FXR protects mice from DIO and
diabetes™, and the intestine-selective FXR inhibitor gly-
cine-MCA improved obesity and diabetes in mice®. In
contrast, other recent studies report that selective intesti-
nal FXR agonists stimulate FGF15 to promote adipocyte
browning, reduce weight, and improve insulin resistance
in DIO mice”, and protect against cholestasis™. It is pos-
sible that different intestinal FXR agonists alter the gut
microbiome differently and result in opposite effects on
hepatic metabolism (see Bile Acids and Gut Microbiota,
below).

TGRS Signaling

TGRS is a Gas protein-coupled receptor activated by
the secondary bile acids TLCA (EC,,=0.3 uM) and DCA
(EC5y=1 uM). TGRS is expressed in the epithelial cells
of the gastrointestinal system, including intestine, spleen,
cholangiocytes, gallbladder, hepatic sinusoidal endothe-
lial cells, and hepatic macrophages (Kupffer cells)®".
TGRS may have different functions in different tissues.
TGRS activates cAMP/PKA signaling to stimulate energy
metabolism in brown adipose tissue® and is involved in
relaxing and refilling the gallbladder®, secreting gluca-
gon-like peptide 1 (GLP-1) from L cells”, and control-
ling GI motility* (Fig. 4). Activation of TGRS has been
shown to protect the liver from bile acid overload during
liver regeneration®. Pharmacological activation of TGRS
markedly decreased lipopolysaccharide (LPS)-induced
cytokine production in primary macrophages and pro-
tected adipose tissue from inflammation and associated
insulin resistance through the Akt/mTOR/C/EBP path-
way*’. Another study reports that activation of TGR5 by
a nonsteroidal agonist inhibits LPS-induced TNF-o and
IL-12 release in mice and primary human hepatocytes®.
In contrast, it has been reported that activation of TGRS
in macrophages promotes bile acid- or LPS-induced
inflammation®’. TGRS is highly expressed in cholan-
giocytes, and its expression levels are increased in cho-
langiocarcinoma cells. In Tgr5~" mice, CA feeding- and
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chronic bile duct ligation-induced cholangiocyte prolifer-
ation was significantly reduced, while in wild-type mice,
TLCA and TGRS5-selective agonists induced cholangio-
cyte proliferation through increased reactive oxygen spe-
cies and ERK1/2 phosphorylation'. A recent study shows
that TGRS may be involved in the regulation of CYP7B1,
a sexually dimorphic and male-predominant gene in the
alternative bile acid synthesis pathway™.

Mechanisms of Bile Acid-Activated Receptors in the
Regulation of Bile Acid Synthesis

A complex network of signaling pathways regulates
bile acid synthesis (Fig. 5). Bile acid inhibition of
CYP7AL is a classic feedback mechanism whereby the
end products of a metabolic pathway inhibit the first
enzyme in the pathway. The mechanism of bile acid
feedback regulation has been studied over 50 years, but
the molecular mechanism is still not clear. Two mecha-
nisms have been proposed (Fig. 5). In the liver, activa-
tion of FXR by agonists induces SHP to inhibit HNF4
and LRH-1 trans-activation of CYP7AI and CYP8BI
gene expression. In the intestine, activation of FXR by
agonists induces FGF15 (or human FGF19), which is
transported via portal blood circulation to hepatocytes to
activate FGF receptor 4(FGFR4)/B-Klotho complex. The
complex inhibits CYP7A 1 and CYPSB] gene transcription
via an unknown mechanism that may involve the cJun
and ERK1/2 pathways of the mitogen-activated protein
kinase (MAPK). This intestine-to-liver signaling pathway
may be a more physiologically relevant mechanism for
bile acid feedback regulation of bile acid synthesis. TCA
activation of SIPR2 may stimulate ERK1/2 signaling to
inhibit CYP7A1 and CYP8BI gene transcription, but the
role of SIPR2 in bile acid feedback regulation has not
been studied. Activation of TGRS may regulate expres-
sion of CYP7B1, and TGRS signaling in the brain may
stimulate growth hormone secretion to activate STATS
signaling in hepatocytes, which induces gene transcrip-
tion of the male-predominant CYP7B] to regulate bile
acid composition™,

CIRCADIAN RHYTHM IN BILE ACID
METABOLISM

Figure 6 illustrates the close linkage between the liver
and gut in bile acid synthesis and metabolism, which is
modulated by circadian rhythms”’. The central circadian
clock is located in the hypothalamic suprachiasmatic
nucleus (SCN), which generates biological rhythms via
a transcription—translation feedback loop of core clock
genes encoding transcriptional repressors Period 1/2/3
(Per1/2/3) and cryptochrome 1/2 (Cry1/2), and transcrip-
tional activators brain and muscle ARNT-like protein 1
(Bmall) and circadian locomotor output cycles kaput
(Clock). The central clock evolved due to the rotation of
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Figure 5. Mechanisms of bile acid regulation of bile acid synthesis. In the liver, activation of FXR by agonists induces SHP to inhibit
CYP7A1 and CYP8BI1 gene transcription. TCA activates SIPR2 and may inhibit CYP7A1 via the ERK1/2 pathway. In the intestine,
TCDCA activates FXR to induce FGF15, which is transported to hepatocytes to activate FGFR4/B-Klotho receptor, which stimulates
the JNK/cJun and ERK1/2 pathways to inhibit CYP7A1 and CYP8BI1. In the brain, growth hormone (GH) activates STATS signaling
to activate TGRS signaling to induce CYP7B1 in male mice and regulate the alternative bile acid synthesis pathway. In the intestine,
TLCA activates TGRS in L cells to stimulate GLP-1 secretion, which increases insulin sensitivity by stimulating insulin secretion from

pancreatic B-cells.

the Earth around the sun every 24 h. The peripheral clocks
are synchronized to the central clock via the core clock
genes Per/Cry and Bmall/Clock, which regulate tran-
scription of thousands of other clock-controlled genes. A
secondary regulatory loop of the core clock is composed
of reverse-erythroblastosis o (Rev-erba)) and retinoid
acid-related receptor oo (RORa). The peripheral clocks
are influenced and entrained by neuronal input to tissues,
hormones, physiological activity, and environmental fac-
tors such as diets, time of feeding, drugs, and alcohol”*™.
Rev-erba and RORao. regulate CYP7AI and CYPSBI in
bile acid synthesis to exhibit a distinct circadian rhythm
of bile acid synthesis in mice®. Fasting and refeeding
cycles and nutrients regulate bile acid synthesis. Feeding
rapidly induces Cyp7al but represses Cyp8bl, whereas
fasting represses Cyp7al but induces Cyp8bl. In rodents,
Cyp7al expression peaks 2 h into the dark phase and rap-
idly decreases in the light phase”. In humans, bile acid
synthesis shows a distinct diurnal rhythm, which peaks at
1:00 pm and 9:00 pm, and declines at midnight'. Bile acid
synthesis varies in individuals, is lower in females com-
pared to males, and is correlated to serum triglycerides

and circulating FGF19 levels®. Circulating FGF19 has
a pronounced diurnal rhythm, peaking 90-120 min after
the postprandial rise of serum bile acids®. Activation of
intestinal FXR induces FGF15 during the late postpran-
dial state®. Circadian disruptions, such as shift work or
chronic sleep disorders, contribute to cardiovascular dis-
eases®, digestive diseases®, and metabolic syndrome® .
A recent study in mice shows that even short-term sleep
disruption of 6 h during the day for 5 days significantly
suppressed core clock gene (Clock and Per1/2, Rev-erba),
the genes involved in hepatic lipid metabolism (Srebpl,
hepatocyte nuclear factor 4ov), Cyp7al regulators (hepa-
tocyte nuclear factor 4ol and D-site-binding protein), and
Cyp7al expression®. Disruption of circadian rhythms
alters bile acid homeostasis, causes liver and intestine
inflammation, and alters the gut microbiome and con-
tributes to cholestatic liver injury, NAFLD, diabetes, and
IBDs and dysbiosis*""*"",

BILE ACIDS AND THE GUT MICROBIOTA

The gut-to-liver axis plays a critical role in the regula-
tion of metabolic homeostasis and in preventing metabolic
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Figure 6. The gut-to-liver axis and circadian rhythms in bile acid metabolism. Bile acid synthesis in the liver is controlled in part
by circadian expression of CYP7A1 expression. Bile acids control the gut microbiota population, and gut bacteria regulate bile acid
metabolism, bile acid composition, and enterohepatic circulation of bile acids. Sleep disruption, high-fat diet (HFD), alcohol, and drugs
alter the central clock in the hypothalamic suprachiasmatic nucleus (SCN) of the brain to desynchronize the peripheral clocks in the
liver and intestine. Disruption of circadian rhythms alters bile acid homeostasis, causes liver and intestine inflammation and dysbiosis,
and contributes to cholestatic liver injury, nonalcoholic fatty liver disease (NAFLD), diabetes, and inflammatory bowel diseases.

diseases’”. Bile acids regulate the gut microbiome struc-
ture by controlling gut bacteria overgrowth and pro-
tecting the epithelial barrier via FXR signaling”’. FXR
signaling shapes the gut microbiota and controls hepatic
lipid metabolism’”. Gut bacteria metabolize bile acids
to regulate bile acid composition and bile acid hydropho-
bicity. Intestinal bile acids are antimicrobial agents that
control gut microbial overgrowth by altering membrane
lipid composition, solubilizing membranes, and dissociat-
ing integral membrane proteins and damaging membrane
integrity. Gut microbes deconjugate bile acids and convert
primary bile acids to secondary bile acids in the colon.
Gram-negative bacteria have a higher bile acid tolerance
than Gram-positive bacteria. BSH activity is high in Gram-
positive bacteria, such as Lactobacillus, Enterococcus,
Bacteroides, and Clostridium. BSH deconjugates glycine-
and taurine-conjugated bile acids to release glycine and
taurine, which are metabolized to ammonia and CO,, and
also sulfite from taurine. Bile acids are carbon sources
for energy metabolism in some Gram-negative anaerobic
bacteria. Feeding a CA-containing diet increases the gut
Firmicutes-to-Bacteriodetes ratio’”” and causes dysbiosis
and contributes to liver inflammation’®. Dietary saturated
fats increase TCA and promote bile-tolerant and sulfur-
producing Bilophila wadsworthia to increase proinflam-
matory cytokines and colitis in 7170”7~ mice”. Bacteria
capable of converting primary bile acids to secondary bile
acids have been isolated from humans and rodents. The

bile acid inducible (Bai) operon in bile acid dehydroxy-
lating gut bacteria have been mapped in Clostridium
scindens, Clostridium hylemonase, Clostridium hiranonis,
and Clostridium sordellii'®. The baiE gene encodes the
bile acid 7o-dehydroxylase activities, whereas the bail
gene may encode the bile acid 7B3-dehydroxylase. Bac-
terial hydroxy-steroid dehydrogenases (HSD) epimerize
the hydroxyl groups at 3-, 7-, and 12-C of bile acids.
The o~ and B-HSD activities in Clostridium absonum
epimerize the 70-HO group of CDCA to the 7B-HO
group of UDCA, increasing the solubility and decreasing
the toxicity of bile acids. However, the 7B-dehydroxylase
activities in C. scindens and Clostridium hiranonase and
Bacteroides can convert UDCA back to LCA. Antibiotics
alter the gut microbiota and impair the production of
secondary bile acids, which are protective of gut barrier
function. Bacteria with 7o-dehydroxylase activity (i.e.,
C. scindens) may be used to increase secondary bile acids
and alter gut bile acid composition to protect against
Clostridium difficile infection in patients with antibiotic-
associated diarrhea and colitis®™.

Recent studies have implicated Cyp8bl in dyslipi-
demia, insulin resistance®', and atherosclerosis®. In dia-
betic patients, bile acid pool size and the serum ratio of
120-hydroxylated bile acids to non-12a-hydroxylated
bile acids are increased. Cyp8bh1~~ mice, germ-free mice
and antibiotic-treated mice share similar metabolic pheno-
types: they all have increased Cyp7al expression and bile
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acid synthesis, enlarged bile acid pool, and are resistant
to HFD-induced hepatic steatosis due to antagonism of
intestinal FXR activity by TMCAs and increased Cyp7al
expression”*’, Antibiotics modulate the gut microbiota
and decrease Cyp8b1 expression to alter bile acid profiles
in mice and protect against diet-induced metabolic dis-
orders®. Germ-free mice have increased Cyp7b1 expres-
sion and increased TMCA®. Bile acids induce UCP-1
in brown adipose tissue to stimulate energy metabolism
in mice housed at thermoneutrality®. Reducing ambient
temperature attenuated DIO in mice by increasing brown
adipose tissue thermogenesis, reshaping gut microbiome,
and changing bile acid profile similar to germ-free mice*.
Another study reports that Cyp7b1 may play arole in cold-
induced thermogenesis”. Thus, cold-induced conversion
of cholesterol to bile acids, by increasing the alternative
pathway and altering bile acid composition, may shape
the gut microbiome and promote adaptive thermogenesis
in brown adipose tissues in mice.

Male Fxr”~ mice are more susceptible to Western
diet (WD)-induced hepatic steatosis, insulin resistance,
and obesity compared to female mice. Bile acids and
the microbiota may play a role in mediating sex differ-
ences in hepatic inflammation, dysbiosis, and NAFLD in
mice®™. The sex differences in WD-induced hepatic ste-
atosis, insulin resistance, bile acids, and microbiota pro-
files are FXR dependent®. Male Fxr~~ mice have more
severe hepatic inflammation and steatosis compared to
female mice, and WD feeding aggravates hepatic steato-
sis more in these male mice®. Normally, WD increases
biliary secretion of bile acids and reshapes the gut micro-
biota in obesity by increasing Firmicutes and decreasing
Bacteriodetes’. WD decreases Firmicutes and increases
Proteobacteria in Fxr™~ mice”. The incidence of strepto-
zotocin (STZ)-HFD-induced HCC is significantly higher
in male mice than in female mice. Metagenomic analysis
showed differences in gut bacteria that are involved in
bile acid metabolism between normal male and female
mice. STZ-HFD treatment amplified the observed sex
difference in gut microbiota. Female mice have a higher
ratio of Firmicutes to Bacteriodetes compared to male
mice. STZ-HFD treatment reduced Firmicutes and
Bacteriodetes and markedly increased Proteobacteria
in female mice, but much less so in male mice. It was
found that STZ-HFD treatment caused more intrahepatic
retention of hydrophobic bile acids (TCA, TCDCA, and
TLCA) in male mice compared to female mice. STZ-HFD
treatment strongly reduced Cyp7bl mRNA expression,
consistent with a much higher increase in TCA in male
than female mice, and an altered gut microbiota between
male and female mice.

Either activation or antagonizing intestinal FXR sig-
naling resulted in reducing weight and increasing insulin
sensitivity in DIO mice®’. The underlying mechanisms

CHIANG AND FERREL

could be different. The intestine FXR antagonist Gly-
MCA and the intestine-selective FXR agonist fexaramine
may shape the gut microbiome differently, resulting in
opposite effects on insulin resistance and obesity in
mice. It seems clear that both intestinal FXR/FGF15
signaling and TGRS5/GLP-1 signaling modulate hepatic
metabolism. The gut-to-liver axis is critically involved
in whole-body lipid, glucose, and energy metabolism.

BILE ACID SIGNALING IN LIVER
PATHOBIOLOGY

FXR and TGRS in Anti-Inflammation

Bile acids have different effects on cell proliferation
and inflammation in different cell types and tissues’’.
CA feeding causes hepatocyte proliferation. More
hydrophilic bile acids TCA and UDCA protect against
apoptosis, while the hydrophobic bile acids TLCA
and GCDCA cause hepatic apoptosis and liver injury.
Activation of FXR and TGRS signaling in mice by their
respective agonists has been shown to protect against
inflammation in the liver and intestine by inhibiting
NF-xB-induced inflammatory cytokine production and
liver inflammation®"'®, FXR agonists have been shown
to protect against inflammation in cholestasis, cirrho-
sis, atherosclerosis, and IBD and are in clinical trials to
treat NAFLD and primary biliary cirrhosis®'*"'”?, FXR
signaling also inhibits dextran sodium sulfate-induced
IBDs'™'™. TGRS agonist INT777 has been used to
reduce body weight and stimulate GLP-1 secretion to
improve insulin sensitivity®, and attenuates atheroscle-
rosis by reducing macrophage inflammation” and liver
ischemia and reperfusion injury'®. The dual FXR and
TGRS agonist INT-767 has been shown to switch M1
proinflammatory responses to M2 anti-inflammatory
responses and alleviate NAFLD in db/db mice'” and
atherosclerosis in Apoe and Ldl receptor double knock-
out mice'”.

Cholestatic Liver Diseases

Cholestasis is a pathological condition where normal
bile flow out of the liver is reduced or disrupted by tumors
or inflammation, leading to intrahepatic accumulation of
bile acids'®. Accumulation of cytotoxic bile acids acti-
vates NF-kB-mediated proinflammatory cytokine pro-
duction. High levels of toxic bile acids damage the bile
duct epithelium and elevate biliary pressure to rupture the
bile duct and expose hepatocytes to high concentrations
of bile acids, inflammatory infiltration, and leads to hepa-
tocyte cell death. Cholestasis could result from genetic
defects in canalicular transporters (i.e., BSEP), mechani-
cal obstruction of bile duct by gallstones or tumors, fac-
tors associated with pregnancy [intrahepatic cholestasis
of pregnancy (ICP)], autoimmune destruction of the bile
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ducts in and outside of the liver, or drug-induced liver
toxicity'”'"’. Mutations in the FXR gene have been shown
to cause progressive familial intrahepatic cholestasis in
human patients'"'"*. Primary biliary cholangitis (PBC)
and primary sclerosing cholangitis (PSC) are two com-
mon types of progressive chronic cholestasis diagnosed
in humans. The etiology of PBC and PSC involves
genetic, immune, and environmental factors. PBC is an
autoimmune disease with high prevalence in females and
is caused by inflammation in the small intrahepatic bile
duct and impaired hepatic bile acid secretion and accumu-
lation. PSC is an idiopathic liver disease characterized by
chronic liver inflammation and progressive destruction of
intrahepatic and extrahepatic bile ducts in men. Selective
activation of intestinal FXR has been shown to increase
FGF15, repress Cyp7al and bile acid pool, and protect
against intrahepatic cholestasis in bile duct-ligated mice
and Mdr2™" mice®.

BILE ACID THERAPY

UDCA (Ursodiol ™) has been used as a bile acid replace-
ment therapy to reduce bile acid toxicity for patients with
bile acid synthesis deficiency, gallstone dissolution, and
digestive diseases for several decades'"’. UDCA activates
PKC and MAPK signaling to alleviate liver injury in
cholestasis. UDCA increases hepatobiliary secretion and
promotes biliary HCO,™ secretion to protect hepatocytes
and cholangiocytes from hydrophobic bile acid-induced
liver injury''*"'°. However, UDCA is not effective in
treating patients with PSC. Nor-ursodeoxycholic acid
(norUDCA), a derivative of UDCA with shorter side-
chain C,;, has been shown to increase HCOS’ secretion
and improve sclerosing cholangitis in the Mdr2™~ model
of cholangiopathy''®'"’.

FXR Agonists

A synthetic CDCA derivative, 6-ethyl-CDCA (OCA,
INT-747, OCALIVA®) is a selective FXR agonist (ECy,=
0.099 uM) with therapeutic potential for treating cho-
lestasis'"*""’. OCA treatment showed effective protection
in experimental cholestasis models'”’. Recent clinical
trials reported that OCA significantly improved liver
tests in patients with PBC'*"'** and reduced serum alka-
line phosphatase, GGT, and alanine aminotransferase
activities'”'. OCA improved nonalcoholic steatohepatitis
(NASH) scores in clinical trials and is a promising ther-
apy for NASH'*'*, The intestine-restricted FXR agonist
fexaramine (EC,,=25 uM) has been shown to promote
adipose tissue browning to reduce weight and diabetes in
DIO mice”’.

TGRS Agonists

Activation of TGRS stimulates GLP-1 secretion from
enteroendocrine L cells, which leads to stimulation
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of insulin synthesis and secretion from pancreatic
B-cells'”™"*, It also protects cholangiocytes from bile
acid toxicity in cholestasis and is a potential therapy for
cholestasis'”. However, TGRS agonists may also pro-
mote proliferation, apoptosis, and progression of cholan-
giocarcinoma®. Several potent TGR5-selective agonists
are in development for treating metabolic diseases'**'”.
A synthetic bile acid derivative, INT-777 [6a-ethyl-23(S)-
methyl-CA, EC,,=0.82 uM] is a TGR5-selective agonist
and has been shown to protect intestinal barrier function
and immune response to experimental colitis®'*, reduce
macrophage inflammation by activating cAMP signaling
to inhibit NF-kB activity and inflammatory cytokine pro-
duction, and reduce plaque formation and atherosclerosis
in Ldlr”™ mice”. TGRS agonists induced NO production
and reduced monocyte adhesion in vascular endothe-
lial cells”'. A non-bile acid and potent TGR5 agonist
has been shown to stimulate GLP-1 secretion and lower
glucose*'*’. Other non-bile acid TGRS agonists have
been designed to treat type 2 diabetes' ™',

FXR and TGR5 Dual Agonist

The dual FXR and TGRS agonist INT-767 (ECy,=
0.03 uM for FXR and EC,,=0.63 uM for TGRS) is a
6-ethyl-CDCA derivative with a C,,-sulfate group. INT-
767 has been shown to improve diabetes and hepatic
steatosis and decrease inflammation in db/db and DIO
mice'*"> INT-767 reduces liver injury in Mdr2™"
mice'”’. A recent study showed that INT-767 stimulates
intracellular [Ca*] and cAMP activity to stimulate GLP-1
secretion and improve glucose and lipid metabolism'*®.
Interestingly, INT-767 reduced expression of the genes
in the classic bile acid synthesis pathway while induc-
ing those in the alternate pathway to decrease TCA and
increase TMCAs. TCA is highly efficacious in intestinal
absorption of dietary cholesterol, and TMCA antagonizes
intestinal FXR signaling. Surprisingly, OCA and INT-767
induce expression of intestinal Tgr5 and pro-hormone
convertase 1/3, which converts proglucagon to GLP-1
in the ileum. Consistently, Fxr”~ and Tgr5~" mice have
reduced GLP-1 secretion. This study uncovered a novel
mechanism in which activation of FXR induces Tgr5
gene expression and increases [Ca”*] and cAMP activ-
ity to stimulate GLP-1 secretion and improve hepatic
glucose and lipid metabolism. Another FXR and TGRS
dual agonist has been designed to reduce weight and
treat diabetes'”. Activation of both FXR and TGRS may
represent an effective therapy for treating hepatic steato-

sis, obesity, and diabetes'**.

CONCLUSIONS

Recent advances in the discovery of the role of bile
acids in cell signaling and metabolism have contributed
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enormously to the current understanding of the mecha-
nism of regulation of bile acid homeostasis and hepatic
metabolism. Bile acid signaling via FXR regulates hepatic
metabolism, and intestinal FXR and TGRS signaling cross-
talk modulates the gut microbiome, bile acid homeostasis,
and host metabolism. Gender differences in bile acids and
gut microbiome in diet-induced steatosis, NASH, and
hepatocellular carcinoma have been unveiled and need
to be further studied to identify differentially regulated
hormones, bacteria, bile acids, and metabolic pathways
responsible for increased prevalence of these diseases in
males®*. The emerging research of bile acid metabolism
and homeostasis has been translated to drug therapy tar-
geted to treating metabolic disorders. Bile acid receptors
are signaling integrators, and bile acid derivatives are in
clinical trials for treating dyslipidemia, NAFLD, diabe-
tes, and cardiovascular diseases®”®. Bariatric surgeries
are effective in reducing weight and improving insulin
resistance in obese patients, and FXR and TGRS signal-
ing have been implicated in increasing serum bile acids,
GLP-1, and FGF19 after bariatric surgery'*~'*>. However,
the underlying molecular mechanism of bile acid signal-
ing in improving diabetes after bariatric surgery is not
clear and needs to be elucidated to develop therapeutic
strategies to cure diabetes and NAFLD.
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