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Abstract

Bile acids are increasingly recognized as key regulators of systemic metabolism. While bile acids
have long been known to play important and direct roles in nutrient absorption, bile acids also
serve as signaling molecules. Bile acid interactions with the nuclear hormone receptor farnesoid X
receptor (FXR) and the membrane receptor G-protein-coupled bile acid receptor 5 (TGR5) can
regulate incretin hormone and fibroblast growth factor 19 (FGF19) secretion, cholesterol
metabolism, and systemic energy expenditure. Bile acid levels and distribution are altered in type
2 diabetes and increased following bariatric procedures, in parallel with reduced body weight and
improved insulin sensitivity and glycemic control. Thus, modulation of bile acid levels and
signaling, using bile acid binding resins, TGR5 agonists, and FXR agonists, may serve as a potent
therapeutic approach for the treatment of obesity, type 2 diabetes, and other components of the
metabolic syndrome in humans.
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Introduction

Bile is a mixture of bile acids (BAs), cholesterol, phosphatidylcholine, and bilirubin. Of
these, BAs are essential constituents and play critical roles in regulation of metabolism in
both humans and animal models. Bile acids have long been recognized to aid in the
absorption of fat and fat-soluble vitamins and modulate cholesterol levels. However, recent
data indicate that bile acids also play an important role in glucose and lipid homeostasis by
activating both the nuclear receptor LXR and the cell surface receptor G protein-coupled
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bile acid receptor 5 (TGRS5) [1-3]. Moreover, modulation of plasma bile acid levels and the
total bile acid pool can affect glycemic control, body weight, and insulin sensitivity [4-6].

In this review, we will focus on the relation between bile acids and regulation of systemic
metabolism and the potential for bile acids as a therapeutic approach for obesity, insulin
resistance, type 2 diabetes (T2D), and other components of the metabolic syndrome.

1. Bile acid synthesis and regulation

1.1. Bile acid synthesis

BAs are amphipathic molecules with a steroid backbone which are synthesized from
cholesterol in hepatocytes. It is estimated that about half of the 800 mg of cholesterol
synthesized daily is used for bile acid synthesis, totaling about 200-600 mg daily in humans

[71.

Bile acids are synthesized from cholesterol through two dominant pathways: the classic
pathway and the alternative pathway (Figure 1). In the classic (or neutral) pathway,
CYP7AL catalyzes the initial and rate-limiting step converting cholesterol into 7a-
hydroxycholesterol, with CYP8B1 subsequently regulating synthesis of 12a-hydroxysterols
including cholic acid (CA). In the alternative (or acidic) pathway, CYP27A1 first
hydroxylates the cholesterol side chain, converting cholesterol into 27-hydroxycholesterol,
which is then 7a-hydroxylated by CYP7B1 prior to CYP8B1 action. In humans, the
classical pathway produces the primary BA cholic acid (CA) and chenodeoxycholic acid
(CDCA) in roughly equal amounts, whereas the alternative pathway produces mainly CDCA
[8]. Most bile acids are conjugated with either glycine or taurine, with a 3:1 predominance
of glycine over taurine [3, 5, 9].

Synthesized BA are stored in the gall bladder and secreted into the duodenum in response to
feeding, contributing to digestion of lipids and lipid-soluble vitamins. The primary BA CA
and CDCA can be dehydroxylated at the 7a position by gut microbiota to produce the
secondary BAs, predominantly deoxycholic acid (DCA) and lithocholic acid (LCA) [10,
11]. Thus, bile acid levels and relative composition can be modulated by gut microbiota
populations [12].

In the terminal ileum, BASs are efficiently absorbed by both active transport and passive
diffusion, transported back to the liver via the portal vein, taken up at the sinusoidal
membrane of hepatocytes, and secreted into bile again. Each BA molecule may complete
4-12 cycles of this enterohepatic circulation per day [1, 13]. This process is highly efficient,
as only about 5% of bile acids are lost in feces [3, 14].

This process is similar in mice, although different bile acid species dominate. CDCA is
efficiently converted into muricholic acid (MCA), and BAs are conjugated to taurine.

Given that different BA have different structures, hydrophobicity, and affinities for
membrane and nuclear receptors, interindividual differences in BA pool composition
resulting from differential regulation of the complex BA synthesis pathway may have
functional consequences for systemic metabolism.
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1.2. Regulation of Bile Acid Synthesis

BA are potent regulators of their own synthesis, serving to limit excessive accumulation of
BA in the circulation via multiple redundant pathways. Feeding bile acids to rats strongly
reduces CYP7A1 enzyme activity and bile acid synthesis [8, 15]. This self-regulation of BA
synthesis involves activation of the nuclear receptor FXR (farnesoid X receptor, official
gene name NR1H4) [16]. FXR knockout mice have increased BA synthesis and Cyp7al
expression, verifying the central role for FXR in mediating bile acid inhibition of Cyp7al
[17]. FXR has both direct effects on Cyp7al expression as well as indirect effects, mediated
by induction of small heterodimer partner (SHP) which in turn inhibits transactivation of
CYP7AL and CYP8BL1 by the transcription factors Hepatocyte Nuclear Factor 4a (HNF4a)
and liver-related homolog-1 (LRH-1) at the bile acid response element. FXR also increases
BA conjugation and upregulates expression of several genes which promote bile acid efflux
from hepatocytes into the bile. An additional feedback repression mechanism involves FXR
regulation of several individual fibroblast growth factors (FGFs). For example, bile acid
activation of FXR results in secretion of FGF-19 from hepatocytes and enterocytes. In turn,
FGF-19 can bind to fibroblast growth factor receptor 4 (FGFR4) receptors on hepatocytes,
leading to suppression of CYP7AL expression and bile acid synthesis via a SHP-
independent, but c-Jun N-terminal kinase (JNK) dependent mechanism [18]. Consistent with
this mechanism, FGFR4 knockout mice have increased expression of CYP7A1, in parallel
with increased fecal bile acids and bile acid pool size [19]. Other nuclear receptors, such as
the pregnane X receptor (PXR)[20] and vitamin D receptor (VDR) [21], can also regulate
BA synthesis by suppressing CYP7A1. Moreover, activation of the nuclear receptor RORa
can modulate 12a-hydroxylase (CYP8BL1) expression [22, 23].

BA differ markedly in their potency to activate FXR. The hydrophobic bile acid CDCA is
the most potent BA ligand of FXR, followed by lithocholic acid (LCA), deoxycholic acid

(DCA), and CA; by contrast, the hydrophilic bile acids ursodeoxycholic acid (UDCA) and
muricholic acid (MCA) do not activate FXR [24].

BA are also regulated in response to other elements of systemic metabolism. Early studies
showed that the bile acid pool size is increased in insulin-deficient diabetic rats, with a 3-
fold increase in the cholic acid pool [25]. Conversely, insulin treatment reduces bile acid
pool size, inhibits CYP7A1 and CYP8BL1 activity, and alters bile acid composition [26].
CYP7AL1 can also be regulated by steroid hormones, activated protein kinase C, and
proinflammatory cytokines [8].

2. Bile acids and regulation of systemic metabolism

FXR and TGRS5 signaling mechanisms appear to dominate for BA effects on regulation of
glucose, lipid, and energy metabolism [1, 27-30]. As noted above, BA are natural ligands for
FXRa, a nuclear receptor highly expressed in liver, intestine, kidney and adrenal glands [17,
27]. BAs can also activate TGR5, a membrane-bound G protein-coupled BA receptor. TGR5
is expressed in many organs and tissues, with high expression in macrophages/monocytes,
placenta, gallbladder, liver and intestine [31, 32]. BA stimulation of energy expenditure in
brown adipose tissue (BAT) and skeletal muscle appears to be mediated via TGR5 [2].
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2.1. Bile acids and lipid metabolism

BAs exert an important regulatory role in cholesterol and triglyceride (TG) metabolism.
Increased bile acid synthesis increases utilization of cholesterol as substrate. Bile acid
synthesis rates are correlated with serum triglyceride levels in hyperlipidemic patients [33].
Bile acid sequestrants or other interruptions in enterohepatic circulation also increase both
bile acid and VLDL triglyceride synthesis. Conversely, CDCA-mediated increases in the BA
pool size leads to inhibition of BA synthesis and reduced serum triglycerides in
hyperlipidemic patients [34].

These effects of BA to modulate TG metabolism are likely mediated via several distinct
mechanisms, predominantly BA activation of FXR [35, 36]. FXR alters the transcription of
several genes involved in fatty acid and triglyceride synthesis and lipoprotein metabolism. In
mice, administration of FXR agonists [GW4064,6a-ethylchenodeoxycholic acid] reduces
plasma triglyceride and cholesterol levels [37-41] via repression of the lipogenic genes
sterol-regulatory-element-binding protein-1c (SREBP1c) and fatty acid synthase (FAS) in
liver [36]. FXR also induces expression of peroxisome proliferator activated receptor
(PPAR)q, a nuclear receptor that promotes lipid oxidation [42], and of pyruvate
dehydrogenase kinase, isoenzyme 4 (PDK4), leading to inhibition of pyruvate
dehydrogenase and increased fatty acid oxidation [43]. Additional FXR target genes include
the apolipoproteins A-V, C-111, apoE, syndecan-1, and the VLDL receptor [1, 44].
Conversely, FXR-null mice have higher serum TG levels and increased synthesis of
apolipoprotein (apo) B-containing lipoproteins [17]. Thus, bile acids play central roles in
lipid metabolism and in the control of TG levels, in part via FXR and downstream
transcriptional targets.

Additional effects of BA on lipid metabolism may be independent of FXR. For example, the
bile acid tauroursodeoxycholic acid (TUDCA\) also acts as a chaperone, modulating
endoplasmic reticulum stress [45]. TUDCA reduces adipogenesis in human adipocyte stem
cells [46]. Similarly, in another study, UDCA (but not TUDCA) profoundly inhibits
adipogenesis, in parallel with activation of extracellular regulated protein kinases 1 and 2
(ERK 1/2) [47].

2.2. Bile acids and glucose metabolism

Bile acids are also implicated in regulation of glucose metabolism [48-50]. Increasing
hepatic bile acid synthesis can inhibit gluconeogenesis and stimulate glycolysis. Effects on
glycogen metabolism appear complex [51]. Some studies have shown bile acids stimulate
glycogen phosphorylase (GP) and glycogen breakdown to glucose-1-P [52], while other data
indicate bile acids also activate glycogen synthesis (GS) [53]. Additional effects of BA on
glucose metabolism and insulin action may also be mediated via reductions in endoplasmic
reticulum (ER) stress, a key mediator of insulin resistance [45].

In addition to direct effects, many of the beneficial effects of BA on glucose metabolism are
mediated via FXR. FXR is an important regulator of glucose metabolism, as demonstrated
by reduced plasma glucose and reduced hepatic glycogen levels in FXR-null mice [49, 50,
54]. Conversely, activation of FXR is associated with increased phosphoenolpyruvate
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carboxykinase (PEPCK) and glucose-6-phosphatase expression and glucose output from
primary rat hepatocytes.

However, in vivo pharmacologic stimulation of FXR in two mouse models of obesity and
T2D (db/db or KKA(y) mice) causes inhibition of gluconeogenesis, hypoglycemia, and
increased insulin sensitivity [49, 50]. Thus, FXR may have a dominant effect to inhibit
gluconeogenesis in diabetes, perhaps via inhibition of PEPCK by SHP-dependent inhibition
of HNF4a and FoxO1 [55]. Activation of FXR can also stimulate the insulin/Akt pathway,
promoting glycogen synthesis in liver [55], GLUT2 activation in pancreatic p-cells [56], and
improving insulin resistance in obese ob/ob mice [57]. In this context, inhibition of
gluconeogenesis, improved insulin action, and stimulation of glycogen synthesis may
synergize to improve plasma glucose, insulin secretion, insulin sensitivity, and glucose
tolerance. In parallel, however, GW4064 increases susceptibility to high fat diet-induced
obesity and diabetes [50, 58]. These complex data highlight the importance of the specific
context in which FXR is activated.

Beneficial effects of BA on glucose metabolism may also be mediated via TGR5. TGR5 is
expressed in many organs and tissues, with highest expression in macrophages/monocytes,
placenta, gallbladder, liver and intestine [32]. Activation of TGR5 in enterocytes can
stimulate the secretion of the incretin hormone glucagon-like peptide GLP1, promoting
glucose-dependent insulin secretion [59, 60]. Moreover, BA stimulation of cell-surface
TGR5 on neurons may also modulate GLP-1 secretion [61]. In peripheral tissues, TGR5
activation may increase activation of the type 2 deiodinase, resulting in increased active
thyroid hormone, mitochondrial oxidative capacity, and energy expenditure [2]. A recent
human genetic study demonstrates that a single nucleotide polymorphism (SNP) at the
TGRS locus (rs3731859) is associated with BMI, waist circumference, intramyocellular
lipids, and fasting GLP-1 levels [62]. Furthermore, TGR5-null mice have a 25% reduction in
bile acid pool size, and female Tgr5 null mice show increased weight gain and fat
accumulation when fed a high fat diet [63]. Further support for the regulatory role of TGR5
in glucose homeostasis comes from the finding that TGR5 agonists decrease blood glucose
in animals [64].

2.3. Bile acids in humans

In healthy individuals, BA levels fluctuate with cycles of fasting and refeeding. BA robustly
increase in response to an oral glucose load [65]. Such responses are increased in insulin
sensitive individuals and are blunted in individuals with prediabetes [55], suggesting
dysregulation of bile acid pools and/or intestinal regulation in insulin resistance.

The majority of studies have analyzed bile acid levels and species distribution in the fasting
state; many of these demonstrate alterations in insulin resistance and diabetes. For example,
one study demonstrated 1.6-fold increases in deoxycholic acid (DCA) in T2D [66].
Similarly, Haeusler et al demonstrated that 12a—hydroxylated species (sum of CA, DCA,
and their conjugates) are significantly higher in patients with T2D [67]. Furthermore, ratios
of 12-hydroxylated/non-12-hydroxylated BAs are associated with key features of IR,
including higher insulin, glucose, and triglyceride (TG) levels and lower HDL cholesterol
[67]. Brufau and colleagues showed that individuals with T2D had higher cholic acid (CA)
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synthesis rates and enlarged DCA pool size [68]. Our group recently reported that
concentrations of total taurine-conjugated BA were higher in T2D and intermediate in
individuals with impaired glucose tolerance [69]. Interestingly, total taurine-BA were
positively associated with fasting and post-load glucose levels, fasting insulin, and HOMA-
IR. However, insulin-mediated glycemic improvement in T2D patients did not change
fasting serum total BA, or BA composition, suggesting dysregulation of BA levels is not
directly linked to glycemic burden but possible due to other aspects of insulin resistance or
the metabolic syndrome.

2.4. Bile acids are increased following bariatric surgery

Bariatric surgery is increasingly recognized as a robust method to not only reduce body
weight, but also to reduce glycemia and medication requirement (so called diabetes
“remission”) [70]. Bariatric surgical procedures include Roux-en-Y gastric bypass (RYGB),
vertical sleeve gastrectomy (VSG), laparoscopic adjustable gastric banding (LAGB) and
biliopancreatic diversion (BPD). In this context, it is interesting that several studies have
demonstrated that bile acids are markedly increased following bariatric surgery [5, 6, 71,
72]. Interestingly, total bile acids in post-bypass patients are correlated with improvement in
several key metabolic parameters; bile acids are inversely correlated with postprandial
glucose, triglycerides, and positively correlated with adiponectin and peak GLP1 levels
following a mixed meal test. These intriguing data suggest increased serum bile acid levels
could contribute to improvements in insulin sensitivity, incretin secretion, and postprandial
glycemia in response to bariatric surgery [6].

Despite these intriguing data, it remains uncertain whether increased BA are absolutely
essential for metabolic improvements following bariatric surgery, particularly during the
early postoperative period. For example, longitudinal studies in humans demonstrate that
increases in BA are not detected until 1 year postoperatively [73], despite improved glucose
levels and reduced hepatic glucose output within one week of surgery [74, 75]. By contrast,
increases in both fasting and postprandial BA are also observed as early as 14 days
following VSG in rodents [76, 77]. In addition, both RYGB and VSG can alter the
distribution of bile acid species [8] [78]. By contrast, circulating BA do not change
significantly after LAGB [4, 73, 79], and could contribute to reduced efficacy of this
procedure for long-term resolution of T2D as compared with RYGB or VSG. Importantly,
increased BA action, via FXR-mediated effects on both gut microbiome and transcriptional
pathways, appears to be required to achieve the metabolic effects of surgery, at least in
rodent models [77].

Intriguingly, direct modulation of small intestinal anatomy can alter bile acid levels and
composition. Mid-to-distal small intestinal resection, with preservation of the terminal
ileum, increases bile acid levels [80]. Similarly, interposition of the ileum into more
proximal segments of gut also increases bile acid levels [81]. Nonsurgical approaches may
also be effective; for example, endoluminal sleeves, which allow luminal contents to bypass
the duodenal mucosa, also increase bile acids in rodents and improve glucose metabolism
[82]. While there are many unanswered questions, these data suggest that modulation of
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segmental intestinal anatomy, and/or changes in intestinal flora which result from these
modifications, may improve systemic metabolism via BA-dependent mechanisms.

3. Modulating bile acids as a potential therapeutic approach for obesity and

T2D

The close links between plasma levels of bile acids and a host of key metabolic parameters
raise the possibility that modulation of BA could be used as a therapeutic approach for the
treatment of metabolic diseases. Dietary supplementation with cholic acid (CA) increases
energy expenditure, reducing weight gain during high-fat feeding [83]. While the precise
mechanism remains uncertain, BA increase expression and activity of the type 2
iodothyronine deiodinase (D2) via a TGR5-cCAMP-mediated pathway, thus increasing active
thyroid hormone (T3) availability and energy expenditure in tissues critical for
thermogenesis, such as BAT [10]. Similarly, CDCA has been shown to increase energy
expenditure by induction of UCP1 and activation of thermogenesis in BAT in mice [84].
Bile acid sequestrants, which increase the CA pool size (while reducing CDCA and DCA
pools), also reduce glucose, hemoglobin Alc, and cholesterol levels in patients with type 2
diabetes [85-87]. Thus, therapeutic strategies which increase circulating BA levels or
modulate relative distribution of active bile acid species could be an effective approach to
improving systemic metabolism.

3.1. Bile acid-binding resins

Bile acid binding resins (BABR) (cholestyramine, colestipol, colestimide, and colesevelam)
are positively charged nondigestible resins that bind to bile acids in the intestine to form an
insoluble complex that is excreted in the feces. BABR have been successfully employed for
the treatment of hypercholesterolemia for many years. Recently, the second-generation
BABR colestimide and colesevelam were found to improve glycemic control in patients
with T2D [86, 88-91]. Several possible mechanisms have been proposed for these effects.
BABR not only increase plasma BA but also change the composition of the BA pool [92].
These changes in BA may promote increased energy expenditure, as observed in rodents
[93]. In addition, BABRSs stimulate the expression of proglucagon and release of GLP1, thus
improving incretin-mediated insulin secretion and reducing plasma glucose [94]. This effect
of colesevelam was achieved through regulation of FXR/FGF19 and TGR5/GLP-1 signaling
pathways [89]. Colestimide also decreases postprandial plasma glucose and increases GLP-1
secretion in patients with T2D [85]. Despite these intriguing possibilities, there is not a clear
relationship between BA metabolism and improvements in glycemia, and changes in FGF19
or energy expenditure are not consistently observed in human studies [68, 95]. Nevertheless,
BA sequestrants regulate glucose homeostasis, potentially at least in part by modulating
FXR- and TGR5-mediated pathways.

3.2. FXR agonists

Since FXR modulates many of the metabolic effects of bile acids, activation of FXR could
be another approach to treat metabolic disease [96]. Treatment with the FXR ligand
GW4064 significantly decreases plasma glucose, triglycerides, and cholesterol in both wild-
type and diabetic db/db mice [50]. 6-ECDCA, another FXR agonist, can decrease glucose,
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cholesterol, free fatty acid, and triglyceride levels in Zucker fa/fa rats [54] by enhancing
glucose disposal, reducing body weight, in parallel with reduced expression of PEPCK and
glucose-6-phosphates (G6Pase) in ob/ob mice. Interestingly, these effects of FXR agonists
are achieved despite decreased bile acid levels, largely through direct activation of hepatic
FXR-SHP and intestinal FXR-FGF15/19 pathways [96]. These data again highlight the
importance of FXR pathways in mediating metabolic effects of BA.

3.3. TGR5 agonists

The cell surface receptor TGR5 represents another novel pharmacological target for the
treatment of the metabolic syndrome and related disorders [97, 98]. TGR5 can be activated
by either synthetic ligands [10, 80], or by BA in a dose-dependent manner, with potency of
activation depending on specific BA species: lithocholic acid >deoxycholic acid >
chenodeoxycholic acid > cholic acid. In rodents, synthetic TGR5 agonists decrease plasma
glucose and insulin levels and protect against weight gain induced by a high-fat diet [64].
The expression and activity of the type 2 deiodinase and energy expenditure can be
increased with incubation of skeletal muscle with a synthetic TGR5 agonist [10].

3.4. Therapeutic modulation of BA via manipulation of the intestinal tract and its resident

flora

As noted above, bariatric surgery is associated with increased plasma BA levels and
alterated composition of BA species. In turn, increased BA may contribute to enhanced FXR
and TGR5 activation, leading to reduced hepatic glucose production, increased GLP1
secretion, and increased systemic energy expenditure. In support of this concept, recent data
implicate FXR activity as a critical mediator of the beneficial effects of bariatric surgery in
rodents [85]. Given the important role of the gut microbiome in modulating bile acid pool
size, composition, and enterohepatic recirculation, it is intriguing to consider whether
modification of the gut microbiome could promote BA-mediated beneficial changes in
metabolism. This could potentially be achieved by altered dietary fatty acid composition
[99] or with probiotics which modulate gut flora [100, 101]. For example, one recent study
demonstrated that probiotics could increase BA deconjugation, increase fecal BA excretion,
and increase hepatic BA synthesis in an FGF-dependent mechanism [101]. These intriguing
data provide hope that BA action on the gut microbiome and systemic metabolism could be
harnessed to yield beneficial effects similar to those observed after bariatric surgery, but in
the absence of invasive surgery. This line of investigation will be an important question for
future studies.

4. Summary

Taken together, data from both humans and preclinical animal models demonstrate that BA
are important signaling molecules which contribute to regulation of whole-body glucose and
lipid metabolism and body weight. Such effects of BA are largely mediated by the nuclear
receptor FXR and the G protein-coupled receptor TGR5. Future research employing
proteomic, metabolomic, and lipidomic approaches are likely to help in identifying bile
acid-related biomarkers which may be useful for predicting and assessing response to BA-
related therapy for human obesity and metabolic syndrome. Moreover, novel approaches to
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altering biliary flow and enterohepatic recirculation, plasma BA levels, composition of BA
pools, and downstream effectors of BA signaling pathways should be pursued, as they may
be effective strategies for the management of obesity, insulin resistance, type 2 diabetes, and
other components of the metabolic syndrome.
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Figure 1. Bile Acid Synthesis Pathway
Cholesterol is converted to two primary bile acids in human liver, CA and CDCA. Key

regulatory enzymes in these pathways include CYP7AL, CYP8B1, CYP27A1, and CYP7BL.
CYP7AL initiates the classic (neutral) biosynthetic pathway, while CYP27A1 initiates the
alternative (acidic) pathway in liver and macrophages. CA and CDCA can be conjugated
with glycine (G) and taurine (T). In the intestine, conjugated CA and CDCA are
deconjugated and then dehydroxylated at the 7a-position to the secondary bile acids DCA
and LCA, respectively.
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