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Abstract

Bile acids facilitate nutrient absorption and are endogenous ligands for
nuclear receptors that regulate lipid and energy metabolism. The brain—
gut-liver axis plays an essential role in maintaining overall glucose, bile acid,
and immune homeostasis. Fasting and feeding transitions alter nutrient
content in the gut, which influences bile acid composition and pool size.
In turn, bile acid signaling controls lipid and glucose use and protection
against inflammation. Altered bile acid metabolism resulting from gene
mutations, high-fat diets, alcohol, or circadian disruption can contribute
to cholestatic and inflammatory diseases, diabetes, and obesity. Bile acids
and their derivatives are valuable therapeutic agents for treating these
inflammatory metabolic diseases.

175


mailto:jchiang@neomed.edu
https://doi.org/10.1146/annurev-nutr-082018-124344
https://www.annualreviews.org/doi/full/10.1146/annurev-nutr-082018-124344

FXR: farnesoid
X receptor

TGRS: Takeda

G protein—coupled
receptor 5; also known
as G protein—coupled
bile acid receptor-1

176

Contents

L. INTRODUCTION ...ttt ettt et et ee 176
2. BILE ACID SYNTHESIS AND BIOTRANSFORMATION .................... 177
2.1. Bile Acid Synthesis ..........cooiiiiiiiiii 177
2.2. Bile Acid Transformation in the Intestine . ...............ccooviiiiii.. 179
3. BILEACID HOMEOSTASIS . . ..ot 181
3.1. Enterohepatic Circulation of Bile Acids ..o, 181
3.2. Bile Acid-Activated Receptors in the Regulation of Bile Acid Homeostasis ... 181
3.3. The Brain—Gut-Liver Axis in Bile Acid Homeostasis........................ 183
4. NUTRIENT REGULATION OF BILE ACID HOMEOSTASIS
AND METABOLISM . ..ottt 184
4.1. Fasting and Feeding in Bile Acid, Lipid, and Glucose Metabolism............ 184
4.2. Bile Acids and Nonalcoholic Fatty Liver Disease...................oooooo.. 186
5. THE GUT MICROBIOTA AND BILE ACID METABOLISM
IN NONALCOHOLIC FATTY LIVERDISEASE .. ... 186
5.1. Bile Acids and Nonalcoholic Steatohepatitis . ..........oeuueeneiuneenaenn .. 187
5.2. Intestinal Farnesoid X Receptor in Bile Acid Metabolism.................... 187
5.3. Alcohol and Bile Acid Metabolism ............cooiiiiiiiiiiiii it 188
Sk IBAHREHE SWRHTN 2 000 000000000000000000000060000000000000000000006000000000 188
6. BILE ACID-RELATED LIVER DISEASES . ...t 189
6.1. Inborn Errors of Bile Acid Metabolism ..............coooiiiiii it 189
6.2. Cholestatic Liver Diseases ..........ooouuiiiiiiiiiiiiiiiiiiiiininneinnn.. 190
7. BILEACID THERAPY ... ..ot 191
7.1. Bile Acid Replacement Therapy.............cooooiiiiiiiiiiiiiiiii s, 191
7.2. Bile Acid Sequestrants..............iiiiiiiiiii 191
7.3. Bile Acid Therapy for Nonalcoholic Steatohepatitis......................... 192
8. CONCLUSIONS AND FUTURE PERSPECTIVES.............c.oooiiiit 193
1. INTRODUCTION

Bile acids are physiological agents that are required for nutrient absorption, distribution,
metabolism, and excretion. Bile acids also are nutrient sensors and metabolic regulators that acti-
vate nuclear farnesoid X receptor (FXR) and Takeda G protein—coupled receptor 5 (TGRS; also
known as G protein—coupled bile acid receptor-1, or GPBAR-1) signaling to integrate lipid, glu-
cose, and energy metabolism and maintain metabolic homeostasis. Bile acids are synthesized in
the liver and are secreted into the gastrointestinal tract to absorb nutrients postprandially and to
control gut microbial overgrowth; meanwhile, gut microbes metabolize bile acids, which deter-
mines the circulating bile acid composition and pool size and regulates host metabolism. Nutrient
availability, as determined by fasting and refeeding, modulates bile acid synthesis, the gut mi-
crobiome, and circulating hormones to regulate whole-body metabolic homeostasis and prevent
metabolic diseases. Activation of bile acid receptor signaling protects the gastrointestinal tract
from inflammation and injury. Dysregulation of bile acid homeostasis by mutations in genes of
bile acid synthesis and transport, high-fat diets, drugs, and circadian disruption have been linked
to cholestatic liver diseases, inflammatory bowel diseases, type 2 diabetes, obesity, and alcoholic
and nonalcoholic fatty liver diseases. Drugs targeting bile acid receptors have been developed as
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potential therapeutic treatments for metabolic syndrome. This review focuses on recent advances
in understanding bile acid homeostasis in human health and diseases, nutrient and gut microbiota
regulation of bile acid metabolism, and the use of bile acids as therapeutic agents for metabolic
diseases.

2. BILE ACID SYNTHESIS AND BIOTRANSFORMATION
2.1. Bile Acid Synthesis

Bile acids are the end products of cholesterol catabolism in the liver. There are two major bile
acid biosynthesis pathways: the classic pathway (neutral) and the alternative (acidic) pathway
(16). The classic bile acid synthesis pathway is initiated by the microsomal rate-limiting enzyme
cholesterol 7-hydroxylase (CYP7AL1), which converts cholesterol to 7-hydroxycholesterol. 7 -
hydroxycholesterol is then converted to 7x-hydroxy-4-cholesten-3-one (C4) by 3 p-hydroxyA®-
C,;-steroid dehydrogenase (HSD3B7) (Figure 1). C4 is a common serum biomarker used for
indicating bile acid synthesis and is the precursor for the two primary bile acids synthesized
in the human liver, cholic acid (CA) and chenodeoxycholic acid (CDCA). Microsomal sterol
12«-hydroxylase (CYP8B1) hydroxylates C4 to 7x,12x-dihydroxy-4-cholesten-3-one, which
is followed by the enzymatic activity of aldo-keto reductases (AKR1D1 and AKR1C4) and
the mitochondrial sterol 27-hydroxylase (CYP27A1) to form 3«,7x,12 x-trihydroxycholestanoic
acid (THCA), the precursor of CA. Without 12«-hydroxylation, C4 is converted to 3a,7x-
dihydroxycholestanoic acid (DHCA), the precursor of CDCA. THCA and DHCA are transported
into the peroxisome for steroid side chain cleavage, similar to fatty acid 3-oxidation. Bile acid-
coenzyme A (CoA) synthase (BACS, SLC27A5) first activates THCA and DHCA to form acyl-
CoA thioesters, which are then transported into the peroxisomes via the peroxisomal bile acid-acyl
transporter ABCD3, where a-methylacyl-CoA racemase (AMACR), acyl-CoA oxidase (ACOX2),
and D-bifunctional enzyme (HSD17B4) complete racemization, hydration, and dehydration steps,
and, finally, sterol carrier protein x (SCPx) cleaves a propionyl-CoA from the steroid side chain
of THCA and DHCA to form cholyl-CoA and chenodeoxycholyl-CoA, respectively. Cholyl-CoA
and chenodeoxycholyl-CoA are conjugated to taurine or glycine by bile acid-CoA:amino acid N-
acyltransferase (BAAT) to form T/G-CA and T/G-CDCA, respectively (Figure 1) (134).

In the alternative bile acid synthesis pathway, CYP27A1 initiates the conversion of cholesterol
to both 27-hydroxycholesterol and 3 3-hydroxy-5-cholestenoic acid in the liver, macrophages, and
adrenal glands. Oxysterol 7x-hydroxylase (CYP7B1) then hydroxylates the C7 position, forming
7«,27-dihydroxycholesterol and 3,7 x-dihydroxy-5-cholestenoic acid. In the brain, sterol 24-
hydroxylase (CYP46A1) converts cholesterol to 24-hydroxycholesterol, which is then hydroxy-
lated at the 7« position by a specific sterol 7o-hydroxylase (CYP39A1) in the liver. These oxys-
terols generated in extrahepatic tissues can then act as substrates for the synthesis of CDCA and
CA (detailsin 17). The classic bile acid synthesis pathway is tightly regulated by a negative feedback
mechanism (discussed in Section 3), while the alternative pathway may be constitutively active. In
humans, the classic pathway dominates bile acid synthesis, while in rodents the alternative pathway
may account for as much as 50% of bile acid synthesis. Since CYP7AL1 is not expressed in the fetal
liver, bile acids are produced via the alternative pathway in neonates. CA 3«, 7, 12) and CDCA
(3, 7x) are the two primary bile acids synthesized in the human liver. CDCA is a hydrophobic bile
acid. In mice, the majority of CDCA is further converted to a-muricholic acid («-MCA; 3, 63,
7) by the rodent-specific enzyme sterol-6-hydroxylase (Cyp2¢70), which can be epimerized to
its 7f3 epimer, p-MCA (3«x, 6B, 7f), by 7x-fB-epimerase. Cyp2c70 may also hydroxylate the gut
bacteria—produced secondary bile acid, ursodeoxycholic acid (UDCA; 3«, 78), to f-MCA (3«
6B,7B) (129). x-MCA and 3-MCA are considered as primary bile acids produced in rodent liver
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Figure 1 (Figure appears on preceding page)

Bile acid synthesis pathways. In the liver, cholesterol is catabolized to bile acids by two pathways involving ~17 enzymes. The classic
bile acid synthesis pathway is initiated by CYP7ALI in the liver, and the alternative bile acid synthesis pathway is initiated by CYP27A1
in the liver, macrophages, and adrenal glands, and CYP46A1 in the brain. Key enzymes involved in steroid ring modification,
peroxisomal (3-oxidation, cleavage of the steroid side chain, and bile acid conjugation are shown. In humans, CA and CDCA are the
primary bile acids synthesized in the liver. In mice, Cyp2c70 converts CDCA to - and 3-MCA. In the intestine, primary bile acids
undergo biotransformation. Conjugated bile acids are deconjugated by gut bacteria BSH, then bacteria 7 -dehydroxylase converts CA
and CDCA to DCA and LCA, respectively. In human intestine, a small amount of CDCA can be converted to UDCA by 7 3-HSDH.
In mice, Cyp2c70 can also convert UDCA to 3-MCA. The location of the hydroxyl group in each of the primary and secondary bile
acids are indicated. Abbreviations: 7 3-HSDH, 7 3-hydroxysteroid dehydrogenase; ABCD3, bile acid-acyl transporter 3; ACOX2,
acyl-CoA oxidase 2; AKR1D1 and AKR1C4, A*-3-oxosteroid-5 B-reductase (aldo-keto reductases); AMACR, o-methylacyl-CoA
racemase; BAAT: bile acid—-CoA:amino acid N-acyltransferase; BSH: bile salt hydrolase; C4, 7 o-hydroxy-4-cholesten-3-one; CA, cholic
acid; CDCA, chenodeoxycholic acid; Cyp2c70, sterol 6 3-hydroxylase; CYP7AL, cholesterol 7 o-hydroxylase; CYP7B1, oxysterol

7 o-hydroxylase; CYP8B1, sterol 12 o-hydroxylase; CYP27A1, sterol 27-hydroxylase; CYP39A1, sterol 7 a-hydroxylase; CYP46Al,
sterol 24-hydroxylase; DCA, deoxycholic acid; HSD3B7, 3 3-hydroxy-A’-Cy7-steroid dehydrogenase; HSD17B4, D-bifunctional
protein; LCA, lithocholic acid; MCA, muricholic acid; SCPx, sterol carrier protein x; SLC27AS5, long-chain acyl-coenzyme A synthase
[also known as bile acid-coenzyme A synthase (BACS)]; UDCA: ursodeoxycholic acid.

and are highly soluble and nontoxic bile acids. In humans, small amounts of CDCA (~2%) are
converted to its 7(3 epimer, UDCA, by bacterial 73-hydroxysteroid dehydrogenase (73-HSDH)
as a secondary bile acid, which is a highly soluble and nontoxic bile acid.

Bile acid synthesis pathways in humans and mice are remarkably similar; however, bile acid
composition in the bile acid pools is very different. In mice, CA (~50%) and - plus 3-MCAs
(~50%) are the predominant primary bile acids synthesized, whereas in the human liver, CA and
CDCA make up the majority of primary bile acids. Bile acids form sodium salts (bile salts) under
physiological pH. To increase solubility and reduce cytotoxicity, bile acids are immediately conju-
gated to taurine and glycine. In humans, bile acids are conjugated to glycine and taurine in a ratio
of 3:1, while most bile acids (~95%) are taurine conjugated in mice.

Conjugated bile acids are secreted across the canalicular membrane through active transport
via the bile salt export pump (BSEP) (Figure 2). Here, bile acids rapidly form mixed micelles
with cholesterol and phospholipids. Cholesterol is transported into bile via the adenosine triphos-
phate (ATP)-binding cassette subfamily G member 5 (ABCGS5)-ABCGS transporter protein,
while phospholipids are transported by multidrug resistance protein 3 (MDR3). Bilirubin and
glutathione are transported into bile via multidrug resistance-related protein 2 (MRP2), and typi-
cally bilirubin must be conjugated to glucuronic acid prior to excretion into bile. Bile continues to
form as bile acids, electrolytes, and bicarbonate move into the canalicular space and are eventually
secreted into the biliary tree formed by cholangiocytes. Finally, bile is secreted via the common
bile duct into the gallbladder for storage.

2.2. Bile Acid Transformation in the Intestine

Secreted bile acids are reabsorbed in the intestine, mostly in the ileum. In the ileum and colon,

gut bacterial bile salt hydrolase (BSH) deconjugates taurine- and glycine-conjugated bile acids,

forming free bile acids. BSH activity is high in the Gram-positive bacteria genera Clostridium,

Enterococcus, Bifidobacterium, and Lactobacillus, and in the Gram-negative genus Bacteroides. In the

colon, bacterial 7x-dehydroxylase, mostly originating from the Clostridium clusters Eubacterium — DCA: deoxycholic
and Clostridium XIVa, removes a 7a-HO group from CA and CDCA to form, respectively, acid

deoxycholic acid (DCA; 3«, 12«) and lithocholic acid (LCA; 3«) (Figure 1) (116). DCA and  LCA: lithocholic acid
LCA are highly insoluble and toxic. DCA concentration is high in the colon (millimolar range)

and has the strongest bactericidal activity. DCA is a promoter of colon cancer. LCA is the most

hydrophobic bile acid, and its toxicity is reduced via sulfonation in the liver and intestine by bile
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salt sulfotransferases, leading to its excretion in urine and feces. The remaining bile acids are then
reconjugated to glycine and taurine and enter portal circulation. In humans, CA, CDCA, and
DCA are present in a ratio of approximately 4:4:2, and the glycine to taurine bile acids ratio is 3:1
in the human bile acid pool, while T'CA and tauro-o-MCA plus tauro-3-MCA are present in a
ratio of approximately 1:1; ~95% of bile acids are taurine conjugated in the mouse bile acid pool.
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Figure 2 (Figure appears on preceding page)

FXR and TGRS regulation of bile acid synthesis and enterohepatic circulation of bile acids. In hepatocytes, FXR induces SHP to
inhibit CYP7A1 and CYP8BI1 gene transcription. FXR induces BSEP and MDR3, leading to the secretion into bile of, respectively, bile
acids and phospholipids. FXR inhibits bile acid uptake via NTCP. In cholangiocytes, small amounts of bile acids are reabsorbed by
ASBT and excreted via OST cand -3, and these are then recycled to hepatocytes via cholehepatic shunting. In enterocytes, 95% of bile
acids are reabsorbed via ASBT and may activate FXR, which induces FGF19. FGF19 in portal blood is circulated back to hepatocytes
to activate FGFR4 and ERK signaling, inhibiting CYP7A1 and CYP8BI transcription. Bile acids inhibit ASBT, but FXR induces OST
and -B. In enteroendocrine L cells, FXR induces TGRS to stimulate GLP-1 secretion. Abbreviations: ABCG5/G8, AT'P-binding
cassette subfamily G member 5 and 8; ASBT, apical sodium-dependent bile salt transporter; BSEP, bile salt export pump; CDCA,
chenodeoxycholic acid; DCA, deoxycholic acid; ERK, extracellular signal-regulated protein kinase; FGF19, fibroblast growth factor 19;
FGFR4, fibroblast growth factor receptor 4; FXR, farnesoid X receptor; GLP-1, glucagon-like peptide 1; LCA, lithocholic acid;
MDR3, multidrug resistance protein 3; MRP2, MDR-related protein 2; NTCP, Na*-taurocholate cotransporting polypeptide; OATP,
organic anion transport polypeptide; OST, organic solute transporter; SHP, small heterodimer partner; TGRS, Takeda

G protein—coupled receptor 5.

3. BILE ACID HOMEOSTASIS
3.1. Enterohepatic Circulation of Bile Acids

Meal ingestion triggers the release of cholecystokinin from the pancreas, which stimulates gall-
bladder contractions and releases bile acids into the gastrointestinal tract. In the ileum, bile acids
facilitate nutrient absorption and are efficiently reabsorbed by enterocytes via the apical sodium-
dependent bile salt transporter (ASBT). Bile acids are transported across the enterocyte to the
sinusoidal membrane where organic solute transporter-o and - (OST« and -3) efflux bile acids
into portal blood (Figure 2); here, they are taken up by hepatocytes via Na*-taurocholate cotrans-
porting polypeptide (NT'CP) and organic anion transporting polypeptides (OATPs). Bile acids lost
through fecal excretion are replaced by de novo synthesis in the liver. This recycling of the bile
acids occurs six to eight times per day in humans and efficiently reabsorbs about 95% of bile acids.
A small subset of unconjugated bile acids secreted into the canaliculi may be absorbed directly by
cholangiocytes and is transported back to the liver via the cholehepatic shunt (Figure 2).

3.2. Bile Acid-Activated Receptors in the Regulation of Bile Acid Homeostasis

Bile acid homeostasis is maintained through tight regulation of the synthesis, absorption, and
excretion of bile acids by specific receptors and transporters located in the liver and intestine.
Bile acids are endogenous ligands of nuclear receptors, including FXR (84), the pregnane X re-
ceptor (PXR) (44), and the vitamin D receptor (VDR) (83). Bile acids also activate TGRS (87),
sphingosine-1-phosphate receptor 2 (SIPR2) (128), and the muscarinic receptor (113).

3.2.1. Farnesoid X receptor. FXR was the first bile acid-activated nuclear receptor identified
(84). Ligand-activated FXR and retinoid X receptor heterodimers bind to an inverse repeat of the
AGGTCA sequence, with one nucleotide spacing (IR1) on the target gene promoter. It has been
proposed that FXR induces the nuclear receptor small heterodimer partner (SHP), which inhibits
hepatic nuclear factor 4 and liver-related homolog 1 to inhibit transactivation of the CYP7AI
and CYP8BI genes (Figure 2). Taurochenodeoxycholic acid (TCDCA) is the most potent en-
dogenous FXR agonist [half of the maximum effective concentration (ECsp) = 17 pM]. TCA is
a major bile acid, but it is a weak FXR agonist (ECsy = ~0.6 mM). Therefore, it is unlikely that
the physiological concentrations of TCA in hepatocytes can activate the FXR/SHP pathway to
inhibit bile acid synthesis. However, in a cholestatic disease state, bile acids accumulate in hepa-
tocytes and may activate the FXR/SHP pathway to inhibit CYP7A41 gene transcription. An early
study of bile fistula in rats showed that intraduodenal infusion, but not intravenous infusion, of
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TCA inhibited Cyp7al messenger RINA expression levels, suggesting that intestinal factors in-
duced by T'CA are required for bile acid feedback inhibition of CYP7A1 gene transcription (100).
A more recent study identified fibroblast growth factor 15 (FGF15, or human FGF19) as an in-
testinal FXR-induced hormone, which activates the hepatic FGF receptor 4 (FGFR4)—3-Klotho
complex to inhibit CYP7A1 gene transcription (Figure 2) (57). FGFR4 may activate extracellu-
lar signal-regulated protein kinase-1 and -2 (ERK1 and -2) to inhibit CYP7A41 gene transcription
(126). Bile acid concentrations are much higher in the gut compared with the liver, and this in-
testinal FXR/FGF19 (or FGF15) to liver FGFR4 /ERK1/2 signaling pathway is more likely the
physiological mechanism regulating bile acid feedback.

In the ileum, FXR induces OST« and - to efflux bile acids into the portal circulation. Bile
acids inhibit NTCP by a mechanism involving FXR/SHP-mediated repression of the retinoid
X receptor and the retinoic acid receptor.

3.2.2. Pregnane X receptor and vitamin D receptor. PXR and VDR are activated by LCA in
the intestine. PXR induces CYP3 A4 (mouse ortholog, Cyp3all), the major drug-metabolizing en-
zyme in the intestine and liver. In mice, PXR can be activated by 5f-cholestane-3x,7«,12 «-triol
(triol) to induce Cyp3all, which metabolizes triol to bile acids (28). PXR also induces sulfotrans-
ferases, which conjugate a sulfur group to LCA for detoxification and secretion. VDR is expressed
in hepatic stellate cells and in the intestine. Activation of intestinal VDR induced CYP3A4 and
reduced inflammation to protect against colonic cancer (83), while activation of VDR inhibited
hepatic stellate cell activation and protected against liver fibrosis (23). Lastly, both PXR and VDR
inhibit CYP7A1 gene transcription (49, 74).

3.2.3. Takeda G protein—coupled receptor 5. TGRS, a G4, protein—coupled receptor, is
activated by several bile acids: LCA (ECso = 0.3 uM) > DCA (EC5yp = 1 uM) > CDCA >
UDCA. TGRS is widely expressed in the epithelial cells of the gastrointestinal system, includ-
ing in the intestine, spleen, cholangiocytes, gallbladder, hepatic sinusoidal endothelial cells, and
hepatic macrophages (Kupffer cells). TGRS activates cyclic adenosine monophosphate/protein
kinase A (cAMP/PKA) signaling to stimulate energy metabolism in brown adipose tissue and
is involved in gallbladder refilling, secretion of glucagon-like peptide-1 (GLP-1) from L cells,
and control of gastrointestinal motility (5, 75, 131, 132). Activation of TGRS protects the liver
from bile acid overload during liver regeneration, markedly decreases lipopolysaccharide (LPS)-
induced cytokine production in primary macrophages, and protects adipose tissue from inflamma-
tion and associated insulin resistance. TGRS is highly expressed in cholangiocytes, and selective
agonists protect against LPS-induced inflammation. TGRS expression levels are further increased
in cholangiocarcinoma cells, and activation of TGRS by LCA increases reactive oxygen species
and ERKI and -2 phosphorylation, causing cholangiocyte proliferation. A recent study showed
that TGRS plays a key role in fasting-induced hepatic steatosis via FGF21/growth hormone/Stat5
signaling, which regulates CYP7B1, a sexually dimorphic and male-predominant gene in the
alternative bile acid synthesis pathway (25). A recent study reports that FXR and TGRS are colo-
calized in enteroendocrine cells, and FXR induces TGRS to stimulate GLP-1 secretion (103),
which stimulates insulin secretion from pancreatic 3-cells, tying bile acids to glucose regulation.
This suggests that FXR binds to the TGRS gene promoter to induce TGRS expression and pro-
vides evidence for direct FXR and TGRS cross talk in regulating insulin and glucose sensitivity.

3.2.4. Sphingosine-1-phosphate receptor 2. Tauro-conjugated bile acids are activators of
S1PR2, a G; protein—coupled receptor. It has been reported that SIPR2 activates the protein

kinase B (AKT)/insulin and ERK1 and ERK2 signaling pathways and regulates hepatic lipid
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metabolism (95, 128). SIPR2 is highly expressed in cholangiocytes, and its expression is increased
in cholangiocarcinoma (80). TCA activates SIPR2 and stimulates cholangiocarcinoma prolifera-
tion, migration, and invasion.

3.3. The Brain—-Gut-Liver Axis in Bile Acid Homeostasis

The brain—gut-liver axis refers to the bidirectional system of communication arising from the
central nervous system (CNS), which sends efferent signals to the gut lumen, and afferent signals
in the gut are transmitted through the autonomic nervous system to the CNS. Central control of
the gut is exerted via direct neuronal signaling as well as hormonal release, and it mediates food
intake, gut motility, mucosal production, glucose use in the liver, and inflammatory and immune
responses. In turn, the gut microbiome can affect neural physiology via the production of LPSs.
Chronic liver diseases, including cholestasis and cirrhosis, are often associated with hepatic en-
cephalopathy (HE) (46, 88, 118), and research indicates that gut-derived toxins and hyperammone-
mia, coupled with compromised intestinal barrier function, contribute to the pathology of HE.

Bile acids can modulate hormone release from the hypothalamus. In human patients with
cholestasis and rodent models of bile duct ligation, TCA and glycochenodeoxycholic acid cross
the blood-brain barrier and are taken up by neurons expressing ASBT, where they act to sup-
press the hypothalamic—pituitary—adrenal (HPA) axis (90). Interestingly, TCA-activated SIPR2
signaling has been shown to cause inflammation in HE (89), while other bile acids (in particular,
UDCA) have been implicated as having protective effects against neurological disorders such as
Parkinson’s, Huntington’s, and Alzheimer’s diseases. TGRS may act as a neurosteroid receptor,
and its expression was reduced in the brains of patients with HE (66), although the exact function
of TGRS in the brain is still unclear.

Circadian rhythms also modulate bile acid, lipid, and glucose homeostasis and originate
from so-called core clock genes whose rhythmic transcription and translation result in protein
accumulation and degradation that oscillates with a period of ~24 h. These neural signals then
synchronize the cellular rhythms in all peripheral tissues and coordinate cellular processes, such as
nutrient usage and the prevention of metabolically futile cycles, as well as control of whole-body
physiology, such as sleep-wake cycles, blood pressure, and body temperature. Homeostatic
maintenance of physiological timing is critical to ensuring appropriate metabolic responses to a
changing environment. Desynchronization of circadian timing, due to chronic jet lag, long-term
shift work, or sleep disorders, contributes to the development of metabolic syndrome, cardio-
vascular events, inflammatory gastrointestinal diseases, and cancer. It has been reported that
~10% of the mouse liver transcriptome (2) and ~20% of the proteome (114) exhibit circadian
rhythmicity, indicating that many aspects of liver metabolism are likely under circadian control.
In humans, the serum C4 level, an indicator of bile acid synthesis, peaks during the day (between
1:00 p.m. and 9:00 p.m.), which is opposite to the circadian rhythm of the lathosterol level that
indicates cholesterol synthesis (38). A small study of human participants reported that circulating
conjugated and unconjugated bile acids are asynchronous, and transintestinal flux of conjugated
bile acids increased serum FGF19 levels and suppressed bile acid synthesis. Interestingly, un-
conjugated bile acids peaked at night, possibly related to intestinal bacterial deconjugation (3).
Serum FGF19 levels also exhibit a diurnal rhythm, peaking 90-120 min after the postprandial
rise in serum bile acids (82), coinciding with a role for FGF19 in the physiological control of bile
acid synthesis. Short-term sleep disruption in mice resulted in widespread suppression of core
clock and clock-controlled genes, including reduced Cyp7al gene expression and altered bile acid
homeostasis (33). Chronic jet lag was shown to induce hepatocellular carcinoma in wild-type
mice, and this effect was worsened in Fxr knockout mice, indicating that bile acid and cholesterol
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homeostasis are critical in preventing nonalcoholic fatty liver disease (NAFLD) and hepatocel-
lular carcinoma (HCC) (67). Additionally, microbial BSH altered bile acid composition, host
metabolic genes involved in lipid metabolism, and circadian rhythms in the liver and intestine (63).

Delineation of chronic metabolic and inflammatory liver disease pathways is critical to under-
standing the neural changes that occur in these conditions and will open new avenues of treatment
and help to reduce side effects. Presently, drug development contrasts two approaches: broad-
spectrum drugs, such as bile acid receptor agonists, versus manipulation of the microbiome, which
is highly individualized. Large-scale and interdisciplinary studies will be required to advance our
knowledge of how bile acids and the brain-gut-liver axis function to maintain homeostasis and
how this axis can be utilized to prevent disease progression.

4. NUTRIENT REGULATION OF BILE ACID HOMEOSTASIS
AND METABOLISM

Nutrient homeostasis is maintained by the liver during fasting and feeding. Bile acids act as nu-
trient sensors and metabolic regulators of hepatic homeostatic pathways, including glucose and
lipid metabolism and the detoxification of drugs and xenobiotics. Bile acids aid in the absorption
of fats, drugs, nutrients, and vitamins, and, in turn, bile acid synthesis and homeostasis are reg-
ulated by the fasting-to-feeding transition, nutrient content and diet, and the gut microbiome.
Overnutrition and high-fat diets lead to metabolic syndrome, diabetes, and NAFLD. NAFLD is a
hepatic manifestation of metabolic syndrome, with a prevalence of ~24% in the global population
(145).

4.1. Fasting and Feeding in Bile Acid, Lipid, and Glucose Metabolism

During the immediate postprandial state, blood glucose and insulin levels are increased, and glu-
cose is transported to tissues to be utilized for energy metabolism and for glycogen synthesis in the
liver and muscle. Feeding induces CYP7A1 gene expression but suppresses CYP8BI gene expres-
sion, while fasting induces CYP8BI and suppresses CYP7AI gene expression (102). The opposing
effects of nutrient regulation on these two important genes may alter the rate of bile acid syn-
thesis and bile acid composition, which affect intestinal nutrient absorption and hepatic lipid and
glucose metabolism during fasting and refeeding cycles (Table 1). The postprandial increase in
serum insulin and glucose levels is correlated with the increase of bile acid synthesis and serum
GLP-1 and triglyceride levels. FGF19 is induced in the late postprandial states. Serum insulin
and glucose levels are decreased in postabsorptive states and during starvation, and the levels are
correlated with the decrease of bile acids and serum GLP-1 and triglycerides. In starvation states,
serum free fatty acids, FGF21, and glucagon are increased to stimulate energy metabolism, and
this induces gluconeogenesis and glucose release from glycogens to prevent hypoglycemia.

4.1.1. Metabolic hormones and nutrient sensors. Bile acids modulate glucose metabolism
via both FXR and T'GRS5: Bile acids activate intestinal FXR to produce and release FGF19, while
activation of TGRS by bile acids in intestinal L cells stimulates rapid secretion of GLP-1. GLP-1
is an incretin that stimulates insulin secretion from pancreatic 3-cells, and bile acid activation of
FXR also stimulates insulin secretion. Feeding-induced FGF19 and fasting-induced FGF21 are
metabolic regulators with different physiological functions, but they function similarly in stimu-
lating energy metabolism and insulin sensitivity, and in reducing weight via direct actions within

the CNS (71).
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Table 1 Nutrient regulation of bile acid, lipid, and glucose metabolism

Time after feeding
Hormones and Postabsorptive
metabolites Postprandial (1-5 h) (6-12 h) Fasting (12-24 h)
Insulin, glucose T l l
Bile acids
GLP-1
FGF19

Triglycerides, VLDL

Free fatty acids, FGF21

«— | —> | —| —>| —>

«— | — | — | — | — | —
— | —> | — | — | — | «—

Glucagon, glycogen l

4 indicates increase; |, indicates decrease.
Abbreviations: FGF, fibroblast growth factor; GLP-1, glucagon-like peptide 1; VLDL, very low-density lipoprotein.

4.1.2. Fibroblast growth factor 19. FXR induces FGF19, which activates the ERK pathway
and improves glucose tolerance and insulin sensitivity (69). FGF19 increased energy metabolism
and metabolic rate, and reduced weight in diet-induced obese (DIO) mice (36). When delivered
centrally, FGF19 improved glucose tolerance and insulin sensitivity independently of weight loss
and insulin signaling (85), and it may involve suppression of the hypothalamic—pituitary—adrenal
axis (107). Patients with metabolic syndrome and obesity have reduced circulating FGF19 levels.
Meanwhile, patients with type 2 diabetes are known to have increased CYP7A41 gene expression
and bile acid pool size, due to hyperglycemia, indicating a dysregulation of the FXR/FGF19
negative feedback pathway (40).

4.1.3. Glucagon-like peptide-1. GLP-1 circulates to pancreatic (3-cells and binds to the GLP-
1 receptor to stimulate the release of insulin. GLP-1 also increases hepatic glycogen production
and improves whole-body glucose tolerance. GLP-1 has a short half-life of ~2 min before its
degradation by dipeptidyl peptidase 4 (DPP4). DPP4 is altered in islets of patients with type 2
diabetes, and DDP4 inhibitor-based therapies have had moderate success in reducing glucose
intolerance and insulin resistance (137). GLP-1 receptor agonists have shown promise for the
management of type 2 diabetes and may also result in weight loss (125).

4.1.4. Fibroblast growth factor 21. FGF21 is a nutrient-sensing hormone produced in hepato-
cytes and adipose tissue in response to prolonged fasting. In fasting and starvation, glucagon stim-
ulates cAMP production to induce hormone-sensitive phospholipase A in adipose tissue, which
hydrolyzes triglycerides to release free fatty acids that circulate to the liver and muscle. In liver and
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adipose tissue, free fatty acids activate peroxisome proliferator-activated receptor « (PPAR) to
induce FGF21. FGF21 induces PPARYy coactivator 1o (PGC-1w) and stimulates gluconeogenesis
and fatty acid oxidation to improve glucose tolerance (68, 108). FGF21 also activates the FGFR—f3-
Klotho complex in hepatocytes and adipose tissue to mimic insulin action. FGF21 inhibits growth
hormone/Stat5 signaling as an adaptive response to fasting (58). FGF21 has been shown to stim-
ulate insulin sensitivity via several mechanisms. In the liver, FGF21 inhibits mechanistic target
of rapamycin complex 1 (or mTORCI) to stimulate hepatic insulin sensitivity. In adipose tissue,
FGEF21 activates PPARY to stimulate fatty acid oxidation and improve insulin sensitivity. FGF21
stimulates adiponectin secretion from adipose tissue to reduce ceramide and blood glucose and to
enhance insulin sensitivity in 0b/0b mice and DIO mice (53). FGF21 also directly regulates hep-
atic metabolism independently of PGC-1a (35). In obese human patients, circulating FGF21 is
paradoxically induced and may indicate that obesity is an FGF21-resistant state (41). However,
FGF21 may potentially be utilized as a therapeutic to treat obesity and metabolic disease (21, 37,
130).

4.2. Bile Acids and Nonalcoholic Fatty Liver Disease

NAFLD is the most common chronic liver disease, with a prevalence of ~30% in the US pop-
ulation, and it is a risk factor for type 2 diabetes, obesity, cardiovascular disease, and HCC (18,
31). Bile acid composition and pool size are altered in insulin-resistant patients, characterized
by increased hydrophobic plasma bile acids and 12«-hydroxylated bile acids (47). CYP8B1 de-
termines the ratio of 12x-hydroxylated bile acids to non-12«-hydroxylated bile acids and, thus,
the hydrophobicity of the bile acid pool. Mice deficient in Cyp8bI have an increased bile acid
pool with increased T-a-MCA and T--MCA and reduced dietary cholesterol absorption as well
as diet-induced obesity (9, 78). The loss of Cyp8bI prevents hypercholesterolemia and gallstone
formation in diabetic mice, and it prevents atherosclerosis in Apoe knockout mice (124); also, it
improves glucose homeostasis by increasing GLP-1 secretion (65). Mice overexpressing Cyp7al
have an increased bile acid pool consisting of increased TCDCA and an absence of TCA. These
mice are resistant to high-fat diet-induced obesity and glucose intolerance; this may be due to
activation of FXR signaling by TCDCA (76, 77). Hence, the bile acid pool size and bile acid com-
position affect glucose homeostasis, and modulation of bile acid synthesis and composition could
provide new avenues for the treatment of metabolic disorders.

5. THE GUT MICROBIOTA AND BILE ACID METABOLISM
IN NONALCOHOLIC FATTY LIVER DISEASE

High-fat diets, circadian disruption, time of feeding and fasting, drugs, and hormones can shape
the gut microbiota to alter bile acid homeostasis and host metabolism (136). Bile acids, especially
DCA, are potent antimicrobial agents that control bacterial overgrowth and maintain intestinal
barrier function. The biotransformation of primary bile acids into secondary bile acids occurs in
the colon (Section 2.2). Gut bacteria determine bile acid composition and pool size to modulate
intestinal FXR and TGRS signaling, which regulate host metabolism. In human feces, 90% of the
bacteria belong to two phyla: Gram-positive Firmicutes and Gram-negative Bacteroidetes. The
relative abundance of Firmicutes and Bacteroidetes is associated with obesity in mice and humans.
A higher ratio of Firmicutes to Bacteroidetes enables the gut microbiota to extract energy more
efficiently from high-fat diets, thus increasing adiposity and obesity.

An animal-based saturated-fat diet promotes dysbiosis by increasing the abundance of
bile-tolerant bacteria, decreasing the ratio of Firmicutes to Bacteroidetes (20), and significantly
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inducing TCA and DCA (22). Interestingly, a recent study demonstrated the transmission of
obese- and lean-associated metabolic phenotypes to germ-free mice via gut microbe-host inter-
actions, although the underlying mechanism of gut microbial control of host metabolism is not
clear (115).

Gut bacteria utilize bile acids, polysaccharides, cellulose, and starch to produce short-chain
fatty acids (such as acetate, butyrate, and propionate) and amino acids for energy metabolism and
growth. BSH and 7x- and 73-HSDH activities are high in the genera Clostridium, Enterococcus,
Bifidobacterium, Listeria, and Lactobacillus of the phylum Firmicutes, and in the genus Bacteroides
of the phylum Bacteroidetes. The abundance of these bacteria in the gut microbiome determines
the extent of secondary bile acid synthesis. In these anaerobic bacteria, 7~ and 73-HSDH
activities catalyze multiple steps of secondary bile acid synthesis. Microbial metabolites, bile acid
species, and bacterial BSH activity play important roles in regulating host glucose, lipid, and
energy metabolism (63). A recent study reports that bacteria of the phylum Bacteroidetes exhibit
selective BSH deconjugation of bile acids based on the hydroxyl group pattern on the steroid ring
(143). This study demonstrated that altering BSH selectivity may alter gut bile acid composition
to affect host metabolism and gene expression.

5.1. Bile Acids and Nonalcoholic Steatohepatitis

Nonalcoholic steatohepatitis (NASH) is a progressive form of NAFLD that may lead to cirrhosis
and HCC (12, 18). NASH patients have increased circulating bile acids, especially conjugated
primary bile acids, decreased secondary bile acids, and an increased ratio of conjugated CA to
CDCA (112). The cause of this alteration in circulating bile acids in NASH patients is not clear,
although the gut microbiota may play a role. CA has the lowest critical micellar concentration for
the solubilization of cholesterol in the gallbladder, and it efficiently absorbs dietary cholesterol
in the intestine (93). Diets that are high in fat, high in cholesterol, and high in fructose cause
hepatic inflammation and NASH (60, 99, 138). The molecular mechanism of progression from
simple steatosis to fibrosis is not completely understood. It is likely that dysbiosis affects bile acid
biotransformation and bile acid pool size, contributing to NASH progression and type 2 diabetes.
A recent detailed analysis demonstrated a significant increase in the minor Gram-negative phylum
Proteobacteria, while Gram-positive Firmicutes decreased in advanced fibrosis (81). It appears that
dysbiosis in the form of increased Gram-negative bacteria may precede fibrosis, and microbial
biomarkers could eventually be used as a reliable and noninvasive tool for diagnosing moderate-
to-advanced fibrosis.

5.2. Intestinal Farnesoid X Receptor in Bile Acid Metabolism

The gut microbiota and intestinal FXR interact to control metabolic homeostasis (43). Mice fed a
high-fat diet and treated with tempol, an antioxidant, had reduced Lactobacillus and BSH activity,
which increased concentrations of T-3-MCA. T-3-MCA antagonizes intestinal FXR/FGF19 sig-
naling to increase bile acid synthesis and improve DIO and diabetes (73, 120). Further studies of
intestine-specific Fx7~/~ mice and antagonism of intestinal FXR by glycine-MCA demonstrated
that intestinal FXR played a critical role in protecting against DIO and diabetes (61, 62). These
studies also indicated that intestinal FXR induced the synthesis of ceramides and stimulated hep-
atic gluconeogenesis (140). Ceramides are known to cause endoplasmic reticulum stress, cause mi-
tochondrial oxidative stress, and contribute to NAFLD (43). Paradoxically, the intestine-selective
FXR agonist fexaramine altered serum bile acid composition, promoted adipose tissue browning,
and reduced diet-induced obesity in DIO mice (30). It was later discovered that fexaramine
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treatment altered the gut microbiota by increasing the abundance of the anaerobic Gram-positive
Acetatifactor (phylum Firmicutes) and Gram-negative Bacteroides (phylum Bacteroidetes). These
bacteria have high 7x- and 73-HSDH activities, which convert CDCA and UDCA to LCA. LCA
and DCA are potent TGRS agonists in the colon and stimulate postprandial glucose-induced
GLP-1 secretion from L cells and improve insulin sensitivity in obese diabetic mice (101).
The activation of TGRS in adipose tissue promoted white adipose tissue browning and energy
metabolism and prevented obesity (101). A recent study reported that aged Azg74¢P!’¢ mice had
reduced weight compared with control Atg7” mice, but their weight became similar when they
were cohoused or received fecal transplants. Fecal RNA sequencing identified increased Bacteroides
acidifaciens in Atg74“P11* mice compared with Atg7” mice. Interestingly, C57BL/67 mice fed B.
acidifaciens gained less weight and fat mass, and they had increased serum insulin and GLP-1, sug-
gesting that B. acidifaciens may prevent obesity and improve insulin sensitivity (141). B. acidifaciens
has been isolated from human feces. It is likely that B. acidifaciens treatment stimulates intestinal
FXR/TGRS5/GLP-1 signaling to stimulate energy metabolism and increase insulin sensitivity.

5.3. Alcohol and Bile Acid Metabolism

Chronic alcohol consumption may lead to steatosis and progression to inflammation, fibrosis, or
HCC. Women have an increased risk of alcoholic fatty liver disease due to lower levels of alco-
hol dehydrogenase and higher levels of estrogen (39). Alcoholic patients exhibit increased serum
bile acids and cholestatic liver injury, and alcohol increases bile acid pool size and reduces bil-
iary bile flow and fecal excretion. A recent study showed that chronic-plus-binge alcohol feeding
reduced Cyp7al expression but increased the bile acid pool by increasing intestinal bile acid ab-
sorption, and the deficiency in Cyp7al expression exacerbated alcohol-induced liver injury (26).
The microbiome is involved in mediating the effects of alcohol in the liver and gut, and dysbio-
sis is a common result of chronic alcohol consumption in humans. Another study reported that
chronic ethanol feeding in mice induced bacterial expression of cholylglycine hydrolase and, sub-
sequently, increased levels of unconjugated bile acids. These effects and the symptoms of alcoholic
liver disease were reduced with antibiotics or the administration of an FXR-specific agonist (51).
Germ-free mice that were humanized with stool from patients with cirrhosis plus alcoholism had
increased secondary bile acids in the intestine compared with mice with stool from cirrhosis-only
patients or healthy controls (64). In humans, chronic alcohol consumption was associated with
long-term changes in colonic bacterial composition (94) and increased secondary bile acids and
expression of intestinal bile acid transporter (8).

5.4. Bariatric Surgery

Bariatric surgery is one of the most effective treatments for obesity, and evidence suggests that
bile acid physiology may play a role. Bile acid pool size and FGF19 levels are increased follow-
ing bariatric surgery, and this quickly improves insulin sensitivity and glycemic control in obese
patients (96). Interestingly, serum FGF19 increased after bariatric surgery, but not after conven-
tional diet-induced weight loss (41). Additionally, serum bile acids and GLP-1 levels also increased
following bariatric surgery (4). The mechanisms of rapid improvement of glycemic control and
diabetes remission after gastric bypass remain unknown. A recent study of serum bile acid profiles
during the 5 years following gastric bypass and duodenal switch surgeries showed substantial in-
creases in total serum bile acid concentrations (117). The greater increases in unconjugated and
glycine-conjugated primary bile acids after duodenal switch compared with gastric bypass suggest
that a constitutively increased bile acid pool may be due to shorter enterohepatic circulation of
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bile acids, which alters the gut microbiome and metabolites to improve metabolism. It is likely
that increased bile acids after bariatric bypass and duodenal switch surgeries reduce weight and
increase insulin sensitivity by activating both FXR and TGRS signaling to improve metabolic
function.

6. BILE ACID-RELATED LIVER DISEASES

Inborn errors of bile acid metabolism have been identified in neonates. Bile acid synthesis
intermediates accumulate in the liver and cause injury and cholestasis. Cholestatic liver diseases
include biliary atresia, a developmental defect of the biliary tree in neonates (11), congenital
cholestasis, and acquired cholestasis. Patients often have end-stage liver disease and require liver
transplantation.

6.1. Inborn Errors of Bile Acid Metabolism

Deficiencies of bile acid synthesis, conjugation, and secretion cause the accumulation of choles-
terol, bile acids, and toxic intermediates in hepatocytes. Of the 17 enzymes involved, inborn er-
rors of bile acid synthesis have been identified in 13 enzymes in the classic and alternative bile
acid synthesis pathways (Figure 1) (134). Deficiency of the rate-limiting enzyme CYP7A1 due
to a frameshift nonsense mutation has been reported in only one family (111). Patients with this
homozygote CYP7A1 mutation have dyslipidemia and premature gallstone and cardiovascular dis-
ease, consistent with the critical role of bile acid synthesis in maintaining whole-body cholesterol
homeostasis. Analysis of liver and stool samples indicated increased hepatic cholesterol content,
reduced biliary bile acid secretion, and induction of the alternative bile acid synthesis pathway.
Genetic linkage analysis of CYP7A1 polymorphisms in the promoter region (A-204C, A-278C)
and single nucleotide polymorphisms (rs7833904, rs8192870, rs2081687, rs3808607) have associ-
ated CYP7A1 gene mutations with increased risks of gallstones, hyperlipidemia, and cardiovascular
disease (1, 13, 59).

In contrast to mild liver and cardiovascular diseases in CYP7A1 deficiency, mutation of the
CYP7BI gene in infants causes severe neonatal cholestasis and fibrosis (122) and progressive
spastic paraplegia (133). In these infants, toxic 3 p-monohydroxy-A® bile acids accumulate and
cause cholestatic liver injury, giant cell hepatitis, and severe fibrosis and cirrhosis. Mutation of the
CYP8BI1 gene has not been reported in humans, although deletion of the Cyp8b1 gene in mice
reduces the absorption of dietary cholesterol and fat, prevents atherosclerosis, and improves glu-
cose homeostasis and NAFLD (9, 65). More than 200 mutations in the human CYP27A1 gene
have been identified in the rare lipid storage disorder cerebrotendinous xanthomatosis, which
is characterized by the accumulation of cholesterol and cholestenol (bile alcohol) in xanthomas
(xanthomatosis) and in the brain, and these occur with premature atherosclerosis and progres-
sive neurological disorders (119). Deficiency of CYP27A1 reduces CDCA and causes the accu-
mulation of cholesterol and 53-cholestane-3 «,7 «,12 ot-triol, which is converted to bile alcohols
that form xanthomas in tendons. Patients with cerebrotendinous xanthomatosis can be effectively
treated with CDCA, which inhibits CYP7AL1 and bile acid synthesis to alleviate the accumula-
tion of cholesterol metabolites and, if administered early, reverses the pathophysiological process
(6).

Progressive intrahepatic cholestasis and neonatal cholestasis can be caused by several muta-
tions in the HSD3B7 gene (54). Bile acid therapy is effective in treating HSD3B7-deficient pa-
tients. AKR1D1 is required for the synthesis of 53-reduced steroids, and AKR1D1 gene mutations
have been identified in infants with hepatitis and liver failure. The oxidation reaction that cleaves
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the three-carbon steroid side chain from steroid intermediates to form C,4 bile acids occurs in
peroxisomes. Thus, it is unsurprising that defects in peroxisome biogenesis affect seven enzymatic
and transport reactions (SLC27A5, ABCD3, AMACR, ACOX2, HSD17B4, BAAT, and SCPx)
involved in the B-oxidation of DHCA and THCA to, respectively, CDCA and CA (Figure 1).
Deficiencies in peroxisomal bile acid synthesis enzymes cause the accumulation of the cytotoxic
C,; intermediates DHCA and THCA (32).

6.2. Cholestatic Liver Diseases

Cholestasis is a chronic liver condition resulting from obstructed hepatic bile flow, leading to the
accumulation of cytotoxic bile acids in the liver and increased bile acids in the systemic circulation.
Chronic cholestasis leads to fibrosis, cirrhosis, liver failure, and a higher risk of HCC or cholangio-
carcinomas. Intrahepatic cholestasis arises from genetic mutations of bile acid transporter genes
and autoimmune destruction of small bile ductules, while extrahepatic cholestasis results from
obstruction by stones or tumors of the bile duct or pancreas (127). Biliary atresia causes extrahep-
atic cholestasis and vitamin deficiency in infants (135), and patients with cholestasis usually exhibit
malnutrition due to a lack of nutrient absorption.

6.2.1. Congenital cholestasis. Congenital cholestasis is usually early onset and is associated
with jaundice, pruritus, and growth failure. Progressive familial intrahepatic cholestasis (PFIC)
and benign recurrent intrahepatic cholestasis are autosomal recessive diseases associated with ge-
netic mutations in ATPSBI (PFIC1), BSEP (PFIC2), and ABCB4 (MDR3) (PFIC3) (27, 127). Mu-
tation of the tight junction protein 2 gene (77P2), localized to hepatic tight junctions, causes
progressive cholestasis in humans and has been referred to as PFIC4. More recently, chil-
dren with neonatal cholestasis associated with an FXR mutation have also been reported (42).
These patients had undetectable hepatic expression of BSEP, normal or near-normal serum y-
glutamyl transferase (GGT), a marker of ductular damage, and rapid progression to end-stage liver
disease.

In PFICI, the ATP8BI gene encodes a P-type cation transporter. ATP8B1 is a phospholipid
flippase, which transports phosphatidylserine from the outer to the inner leaflet of the plasma
membrane to maintain phospholipid asymmetry in the membrane, with higher phosphatidyl-
choline in the outer layer. The current hypothesis is that the loss of function of ATP8BI alters
membrane structure, resulting in impaired bile acid transport. In PFIC2, a lack of functional BSEP
at the apical hepatocyte membrane causes hepatic bile acid accumulation, giant cell hepatitis, hepa-
tocellular necrosis, and gallstone disease. In PFIC3, mutations of the ABCB4 (MDR3) gene, which
encodes the apical phospholipid transporter (a floppase, P-glycoprotein), cause the accumulation
of bile acids in hepatocytes, and biliary injury results from chronic exposure to high concentrations
of nonmicellar bile acids. Decreased phospholipid secretion results in unstable mixed micelles that
favor cholesterol crystallization and small bile duct obstruction. High serum levels of GGT are a
characteristic feature of PFIC3 and distinguish it from PFIC1 and PFIC2.

6.2.2. Acquired cholestasis. Intrahepatic cholestasis of pregnancy (ICP) affects ~1% of
pregnant women. ICP is primarily diagnosed during the third trimester, and pruritus is the
usual initial clinical presentation (24), although it is reversible and rapidly resolves after delivery.
Environmental, hormonal, and genetic factors are thought to be involved in the pathogenesis,
although ATP$§BI mutations have also been identified (92). ABCB4 and ABCBI1 mutations occur
in severe and recurrent ICP (144), and genetic variations of the BSEP gene may also be associated
with ICP (104).
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Primary biliary cholangitis (PBC), also known as primary biliary cirrhosis, is an acquired
chronic cholestasis associated with autoimmune destruction of the small bile ducts, portal infil-
tration, and fibrosis. The majority of PBC patients are middle-aged females, while primary scle-
rosing cholangitis (PSC) patients are mostly male. PSC is associated with injury to and fibrosis
of both intrahepatic and extrahepatic bile ducts, resulting in biliary strictures and obstructed bile
flow.

Infants and children receiving total parenteral nutrition often have bile acid malabsorption,
cholestasis, portal inflammation, and fibrosis (45). Total parenteral nutrition is used to treat infants
with gastrointestinal abnormalities, short bowel syndrome, malnutrition, inflammatory bowel
disease, and idiopathic diarrhea. Parenteral nutrition-associated cholestasis is associated with
mutations in ABCB4 (MDRS3) in preterm infants (142). UDCA can be used as bile acid re-
placement therapy to improve lipid absorption in patients with parenteral nutrition—associated
cholestasis.

7. BILE ACID THERAPY
7.1. Bile Acid Replacement Therapy

Bile acid replacement therapy has been used to increase bile acids and reduce the concentra-
tions of toxic bile acid intermediates that accumulate in patients with inborn errors of bile acid
metabolism (Table 2). UDCA is a highly hydrophilic bile acid that is present in low amounts in
humans. UDCA increases the hydrophilicity of the bile acid pool to decrease toxicity, and it has
been used to dissolve cholesterol gallstones (79) and to prevent cholelithiasis in pregnancy. Cur-
rently, UDCA is the approved first-line therapy for PBC (29) because it significantly improves
liver function and delays the need for liver transplantation. UDCA can also provide beneficial
effects for ICP and PFIC3 patients. UDCA stimulates bile flow and promotes biliary HCO;~
secretion (10), and it also exhibits anti-inflammatory and antapoptotic effects (10, 110). How-
ever, ~40% of PBC patients do not respond to UDCA therapy. Fibrates, which activate PPARx
to inhibit bile acid synthesis (86), are used alone or in combination with UDCA to treat PBC.
Norursodeoxycholic acid (morUDCA) is a side chain—shortened C,; homolog of UDCA, which
undergoes cholehepatic shunting to promote HCO; ™~ secretion, and it exhibits potent antic-
holestatic and anti-inflammatory effects in experimental models (48). A recent randomized con-
trolled Phase 2 trial showed that 7orUDCA significantly reduced alkaline phosphatase in a dose-
dependent manner in PSC patients after 12 weeks of treatment (34).

7.2. Bile Acid Sequestrants

Bile acid sequestrants are a class of drugs that bind negatively charged bile acids in the intestine
to prevent reabsorption and reduce the size of the bile acid pool. This results in reduced FGF19,
which increases CYP7AI gene transcription and hepatic bile acid synthesis. Bile acid sequestrants
may increase DCA in the colon to stimulate TGRS5-mediated secretion of GLP-1, which increases
insulin secretion, improves glycemic control, and stimulates thermogenesis in brown adipose tis-
sue (Table 2) (109, 123). By increasing bile acid synthesis, bile acid sequestrants increase hepatic
uptake of low-density lipoprotein (LDL) cholesterol, thus reducing hypercholesterolemia. How-
ever, bile acid sequestrants may increase serum triglycerides and cause dyslipidemia. Cholestyra-
mine and colestipol are classic bile acid sequestrants used to treat cholesterol gallstone disease and
hypercholesterolemia in human patients. Colesevelam, a second-generation bile acid sequestrant,
improves glycemic control in patients with type 2 diabetes (50).

www.annualreviews.org o Nutrient Regulation of Bile Acid Signaling

191



Table 2 Bile acid-based therapies

Type of therapy

Effects

Bile acid replacement

CDCA Treats inborn errors of bile acid synthesis; reduces
hypertriglyceridemia in gallstone patients
UDCA Dissolves gallstones; reduces bile acid cytotoxicity in circulating

pool

Bile acid sequestrants (bile acid-binding resins)

Cholestyramine, colesevelam

Dissolves gallstones; treats diabetes but increases triglycerides;
stimulates bile acid synthesis (CYP7A1); decreases FGF19;
activates TGR5/GLP-1 signaling and improves glycemic
control; stimulates thermogenesis in brown adipose tissue

FXR agonists

Obeticholic acid, INT-747 (6-ethyl-chenodeoxycholic
acid), Ocaliva (Intercept Pharmaceuticals)

Anti-inflammatory; used to treat cholestasis, NASH, diabetes,
obesity, and PBC

NorUDCA

Used to treat PBC and PSC

Fexaramine (intestine-restricted FXR agonist)

Used to treat obesity and diabetes

FXR antagonists

UDCA, glycine-MCA

Used to treat obesity and diabetes

TGRS agonists

INT-777 [6 x-ethyl-23(S)-methyl-cholic acid]

Anti-inflammatory; used to treat obesity and NASH

Dual FXR and TGRS agonists

INT-767 (6x-ethyl-3 &, 7,

Used to treat NASH

23-trihydroxy-24-nor-5 3-cholan-23-sulfate sodium salt)

Abbreviations: CDCA, chenodeoxycholic acid; CYP7A1, cholesterol 7 «c-hydroxylase; FGE, fibroblast growth factor; FXR, farnesoid X receptor; GLP-1,
glucagon-like peptide 1; MCA, muricholic acid; NASH, nonalcoholic steatohepatitis; PBC, primary biliary cirrhosis; PSC, primary sclerosing cholangitis;
TGRS, Takeda G protein—coupled receptor 55 UDCA, ursodeoxycholic acid.

7.3. Bile Acid Therapy for Nonalcoholic Steatohepatitis

Bile acid-based therapies targeting FXR and T'GRS5 have been developed to treat cholestasis and
NASH. These drug therapies are based on the anti-inflammatory effect of activation of FXR and
TGRS signaling in the liver, adipose tissue, and intestine in mouse models of cholestasis, diet-
induced obesity, insulin resistance, and NASH. Studies of the pharmacological activation of FXR
and TGRS signaling by bile acid—based compounds in mouse models have now been successfully
applied to human cholestasis and NASH patients.

7.3.1. Farnesoid X receptor agonists. Obeticholic acid (OCA; Ocaliva, Intercept Pharmaceu-
ticals), a 6a-ethyl CDCA derivative, is a selective FXR agonist (ECs5y = 0.099 uM) (105). OCA
decreases bile acid synthesis and alleviates inflammation in experimental cholestasis (105); how-
ever, increased serum LDL cholesterol and decreased high-density lipoprotein cholesterol may
result. OCA therapy improved NASH scores in PBC patients who had inadequate responses to
UDCA and in noncirrhotic NASH patients (52, 97, 98). A multinational, randomized, double-
blind, Phase 2 study of OCA monotherapy reported improvement of inflammation in PBC pa-
tients treated with OCA for 6 years (70). Pruritus is a common side effect of bile acid therapy and
was the main reason for discontinuing use of OCA at a higher dosage (50 mg). The US Food and
Drug Administration recently approved OCA for treating PBC patients who do not respond to
UDCA, and a Phase 3 clinical trial of OCA for NASH is underway.
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7.3.2. Farnesoid X receptor antagonists. UDCA is a weak FXR antagonist proven to be of
some therapeutic value in treating obese NAFLD patients (91). Antagonism of intestinal FXR sig-
naling by glycine-MCA altered the gut microbiota, reduced ceramide synthesis to reduce hepatic
inflammation and steatosis, stimulated adipose tissue beigeing, and reduced diet-induced obe-
sity (62). Caffeic acid phenethyl ester inhibits intestinal FXR-induced ceramide synthesis and de-
creases mitochondrial acetyl-CoA levels, pyruvate carboxylase activity, and gluconeogenesis (140).
Intestinal FXR antagonists may have therapeutic potential for the treatment of NASH.

7.3.3. Takeda G protein—coupled receptor 5 agonists. The TGRS5-selective agonist IN'T-
777 (6x-ethyl-23(S)-methyl-cholic acid; ECs5y = 0.82 uM) stimulates adipose tissue thermogen-
esis and energy metabolism and reduces inflammation (106). INT-777 stimulates GLP-1 secre-
tion and increases insulin sensitivity, but it does not affect serum lipids (103). INT-777 may have
anti-inflammasome effects in pancreatic acinar cells and may also reduce neuroinflammation (72,
139). UDCA analogs have been shown to activate TGRS (55, 56). BA501 (6B-3«,73-dihydroxy-
5B-cholan-24-ol), a non-bile-acid steroid derivative of UDCA, is a selective TGRS agonist and
reduces lipid deposition and vascular injury in DIO mice (121).

7.3.4. Dual farnesoid X receptor and Takeda G protein—coupled receptor 5 agonists.

INT-767 (6c-ethyl-3«,7«,23-trihydroxy-24-nor-5p3-cholan-23-sulfate sodium salt) is an FXR
(ECs0 =0.03 pM) and TGRS (EC5 = 0.63 uM) dual agonist. INT-767 is a more potent FXR ag-
onist than OCA. INT-767 inhibits bile acid synthesis, reduces liver injury, stimulates adipose tissue
browning and TGR5-mediated GLP-1 secretion, and improves insulin sensitivity in DIO mice (7,
19,103).INT-767 also prevents HCC in Abcb4 (Mdr3)-deficient mice (14). INT-767 is in a Phase 1
clinical trial for NASH. BA502, another dual FXR and TGRS agonist, promotes adipose tissue
browning, reduces hepatic steatosis in DIO mice, and reduces liver fibrosis induced by CCl, (15).

8. CONCLUSIONS AND FUTURE PERSPECTIVES

Bile acids play a critical role in nutrient absorption and metabolism in the intestine and liver, and
they regulate lipid, glucose, and energy homeostasis. Emerging trends in bile acid research must
elucidate the complex interactions between bile acids and gut microbes in homeostatic and dis-
ease conditions, and the specific targeting of hepatic FXR or intestinal FXR and T'GRS signaling
should be further developed into drug therapies for metabolic diseases.
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