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Abstract
Bile acids are important and necessary for the effective lipid digestion. Recently, bile acid receptors have been detected at different tissues such as liver, placenta, lung,
spleen, breast, adrenal gland, pituitary gland, kidney, brain and skeletal muscle. TGR5 and FXR are the mostly known bile acid receptors in many tissues. Bile acids can
effect both carbohydrate and lipid metabolism, and intrauterine growth by stimulating the bile acid receptors. Bile acid receptors, especially the TGR5 and FXR may
have important roles on lots of metabolisms. Bile acid levels may be suggested in the etiopathogenesis of unexplained metabolic disorders. Future studies particularly
regarding the receptor-associated gene expression might produce new investigations for many metabolic disease therapies. Bile acid receptor-based animal studies
have shown that bile acid receptor agonists or antagonists can be used in the treatment of many diseases. Bile acid receptors such as TGR5 and FXR may also be used
as diagnostic markers in some diseases. In addition, gut microbiota contributes to the physiological and pathological activity of bile acids and salts by increasing the
diversity, and may play decisive and important roles in bile acid metabolism.

Introduction
Bile acids, 24-carbon steroids synthesized from cholesterol in the
liver, are concentrated and stored in the gall bladder, then released
into the duodenum for the digestion of fatty foods, especially after diet.
Cholesterol conversion into primary bile acids, cholic acid (CA) and
chenodeoxycholic acid (CDCA), occurs via two different pathways;
the classical pathway (more than 75% of total bile acid pool) and
the alternative pathway (less than 25% of total bile acid pool). These
primary bile acids occur in the liver by the addition of hydroxyl groups
to the 7thor 27thcarbon atom of cholesterol, modification of the sterol
ring, oxidation and shortening of the side chain, and conjugation.
In this reaction chain, the rate-limiting enzyme is cholesterol 7-α
hydroxylase (CYP7A1). Cholesterol 7-hydroxylase (CYP7A1), sterol-27
hydroxylase (CYP27A1), sterol 12-hydroxylase (CYP8B1) are the
major regulatory enzymes in the synthesis of primary bile acids. These
primary bile acids are partially re-absorbed in the small intestine, and
the portion that is not absorbed is deconjugated and metabolized by
the gut flora of the intestine, especially the colon, to the secondary bile
acids of deoxycholic acid and lithocholic acid (Figure 1). Conjugation
of bile acids with glycine and taurine in the liver results with bile salts,
which increase the solubility of bile acids in physiological fluids. The
bile salts have a stronger detergent effect than the bile acids due to the
strengthened amphipatic structure resulting from the conjugation.
The role of intestinal bacteria in the conversion of bile acids to each
other is known. However, the influence of intestinal microbiota on bile
acid and bile salt diversity has become an important and controversial
subject [1,2].

Bile acid receptors
It has recently been determined that bile acids have many
metabolic effects besides their digestive function. Endocrine and
paracrine effects of some receptors activated by bile acids have been
determined [3]. It has been shown that Farnesoid X Receptor (FXR),
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Pregnan X Receptor (PXR), Constitutive Androstane Receptor (CAR),
and Vitamin D Nuclear Receptor (VDR) are stimulated by bile acids
[4]. In addition, the membrane receptor G-Protein Coupled Receptor
(GPCR), a member of the Takeda G-Protein-Coupled Receptor 5
(TGR5) group, is also stimulated by the bile acids [5]. These receptors
are detected in the liver, placenta, lung, spleen, breast, adrenal gland,
kidney, pituitary gland, and skeletal muscle [6,7]. Bile acids show their
effects in carbohydrate and lipid metabolism, cell proliferation, liver
regeneration, cell apoptosis, homeostasis, energy metabolism and heat
modulation through these signalling molecules [8].

Bile acids in carbohydrate metabolism
Bile acids show effects on carbohydrate metabolism by stimulating
FXR and TGR5 receptors [9]. Stimulation of Glucagon Like Peptide 1
(GLP 1) released from incretin peptides as a result of TGR5 receptor
stimulation in intestinal L-cells may be shown as a concrete example
of the relationship between bile acids and diabetes. GLP1 is required to
improve blood sugar by stimulating insulin secretion and suppressing
the release of glucagon [10]. FXR expression in pancreatic β-cells is
important for the effect of bile acids on glucose metabolism [11]. It
has been shown that insulin resistance develops in FXR knockout
mice, while glucose levels decrease in obese and diabetic mice models
taking FXR agonist therapy. Moreover, increased gluconeogenesis and
lipogenesis were found in FXR deficient mice. In diabetic mice models,
when FXR agonist was given, hepatic glycogen synthesis was increased
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Figure 1. Bile acid synthesis.
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and glyconeogenesis was suppressed. These studies showed the role
of the FXR receptor in carbohydrate metabolism [12,13]. It was also
found that obesity did not develop, insulin resistance decreased, and
energy expenditure increased in mice fed with diets supplemented with
bile acids [14].

Bile acids in lipid metabolism
Bile acids effect both digestion and regulation in the lipid
metabolism via FXR receptor [15]. A proatherogenic lipid profile of
significantly elevated serum cholesterol and triglyceride levels was
observed in FXR knockout mice. Bile acids reduce FXR-dependent
triglyceride levels and lipogenesis [16]. In addition, activated FXR
is directly or indirectly involved in the transcription of many genes
that play a role in the fatty acid and triglyceride synthesis. Steroid
Regulatory Element Binding Protein 1-C stimulated by active FXR
receptor is effective in regulating the lipid metabolism. However,
hepatic FXR activation regulates CYP7A1 in negative direction [1].
In cardiovascular diseases, bile acids may be important due to their
antiatherogenic function. The vasodilator effect of the TGR5 and FXR
receptors of may be important in cardiovascular system regulation due
to the effectiveness of bile acids on the regulation of lipid metabolism,
and inhibition of the atheromatous plaque formation. Furthermore,
bile acid receptors on myocytes may affect the myocardial transmission
and contractility [17]. It has been shown that bile sequestering agents
not only reduce the LDL cholesterol and triglyceride levels, but also
reduce the risk of cardiovascular disease development, and improve the
glycemic control in type 2 diabetic patients [18].

Bile acids in liver metabolism
TGR5 is detected in kupffer cells, cholangiocytes and sinusoidal
endothelial cells. TGR5 activation is important for the intracellular
cAMP elevation and intracellular signal conduction. TGR5 has antiinflammatory effects, protects cholangiocytes from toxicity, reduces
portal perfusion pressure, and promotes cholangiocytes proliferation
and secretion. Proliferative and regenerative capacities of liver
reduce in the lack of TGR5 receptor stimulation. It has been shown
in animal studies that TGR5 receptor stimulation protects against
to some pathologies such as steatohepatitis and liver fibrosis, but
TGR5 activation may increase the risk of polycystic liver diseases and
cholangiocarcinoma [19-25]. TGR5 antagonist agents therefore may
have an important role in treatment of these pathologies. As a result,
both TGR5 receptor activation and inhibition may have important
role in different liver disease treatments [26]. The positive effect of bile
acids on liver regeneration can also be assessed in terms of FXR. Many
animal studies have shown that intrahepatic levels of bile acids increase
rapidly after resection. It has been reported that FXR, activated by
bile acids, regulates hepatic metabolism and promotes hepatocellular
proliferation. It has also been explained that effect of FXR in liver
regeneration happens by stimulating the Fibroblast Growth Factor
(FGF) 15/19 gene expression. Animal studies have demonstrated
the necessity of FXR for liver regeneration after partial hepatectomy
and acute toxic liver injury. The clarification of the relationship
between FXR and FGF 15/19 may result with the development of
hepatoprotective and proregenerative therapeutic strategies in acute
and chronic liver injuries [27].

Bile acids in renal metabolism
FXR has been shown to induce proliferation of renal
adenocarcinoma cells. In a mouse study, renal adenocarcinoma cell
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growing was suppressed by FXR knockdown without affecting normal
renal cells. The contribution of FXR to adenocarcinoma pathogenesis
has been explained by the downregulation of tumour suppressor gene
p53 and DNA repair gene p21/cip 1 mRNA [28]. Bile acid receptor
studies may be useful not only for explaining the pathogenesis of renal
cancers, but also for finding diagnostic markers and therapeutic agents.
In another experimental animal study, the effects of bile acid receptors,
FXR and TGR5, on aging and caloric restriction were investigated
in the kidney. It was found that FXR and TGR5 bile acid receptors
expression levels decrease with renal aging, and caloric restriction
blocks this dysfunction. In this study, 22 months old ames type dwarf
mice were treated with the FXR-TGR5 dual agonist INT-767 for 2
months and age-related renal disease was reduced in these mice. After
the treatment, similar effects of caloric restriction were detected in the
kidneys. The findings of proteinuria, podocyte damage, fibronectin
accumulation, TGF-β expression and mitochondrial function in mice
were also detected inversely with age. In addition, it was detected
that INT-767 inhibits increase of proinflammatory markers such as
TNF-α, Toll-Like Receptor (TLR)-2, TLR-4 in old mice podocytes.
Bile acid receptors of TGR5 and FXR may play an important role in
the regulation of age-related renal disease [29]. FXR and TGR5 studies
may also be useful for explaining the nephropathy pathogenesis and
developing the diagnostic markers and therapeutic agents.

Bile acids in bone metabolism
FXR expression was detected in calvaria and bone marrow cells.
FXR +/+ male mice were compared with FXR -/- male mice according
to the osteoblastic and osteoclastic activities. Bone mineral density was
detected 4.3-6.6% lower in FXR -/- mice following 8-20 weeks. FXR
deficiency resulted with the decrease in bone formation rate, trabecular
bone volume and thickness. Increased osteoclastic activity was also
detected in mice with FXR deficiency. It has been shown that FXR
agonists and FXR activation increase osteoblastic differentiation, and
suppress osteoclastic differentiation in the bone marrow. These results
demonstrate the importance and function of FXR in bone metabolism
[24]. Bile acid receptor studies thus may be important and hopeful
for the bone disease therapies since FXR effects the osteoblastic and
osteoclastic activities. In addition, long term chenodeoxycholic
acid treatment was shown to increase the bone mineral density in
Cerebrotendinous Xanthomatosis patients with low bone density [25].

Bile acids in brain function
TGR5, expressed in neurons and astrocytes, has been stimulated
by pregnan and allopregnanolone as a neurosteroid receptor in brain
tissue [22]. In an experimental study, the effect of TGR5 on hepatic
encephalopathy was demonstrated. The male mice were infused with
TGR5 agonist betulinic acid intracerebroventriculary for three days,
and then were given azoxymethane intraperitoneally to achieve acute
liver failure. It was seen that in this hepatic encephalopathy mouse
model the time to reach the coma was longer in the TGR5 agonist
given group. It was observed that signal transmission occurred, and
neurological deficit formation decreased in the betulinic acid given
group. After betulinic acid treatment microglia cells and neurons
decreased chemokine release of CCL2, reduced proinflammatory
cytokine production, and decreased phagocytic activity. These results
demonstrate the neuroprotective effect of TGR5 agonist on the hepatic
encephalopathy pathogenesis [23]. Therefore, antiphagocytic effect of
TGR5 expression may have important consequences in the treatment
of neurodegenerative diseases.
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Bile acids in lung cancers
It was investigated whether FXR bile acid receptor is an oncogene
or not. The results of this study showed that FXR significantly increased
in non-small cell lung cancer (NSCLC). It was seen that, in vitro cell
proliferation in NSCLC cells were inhibited by FXR knockdown, but
stimulated by FXR overexpression. The tumor suppressor role of FXR
knockdown in cancer pathogenesis is to delay G1/S transition in cell
cycle, thus uncontrolled cell proliferation is prevented. It has been
shown that FXR prevented controlled cell proliferation by increasing
the transcription of cyclin D1 which is responsible for controlled cell
proliferation in G1/S transition. It was detected that FXR and Cyclin D1
in patients with NSCLC were significantly higher than normal group,
and these two molecules showed positive correlation. In addition,
patients with over expression of both FXR and cyclin D1 had worse
prognosis than the other patients [30]. These results demonstrate that
FXR may be an effective oncogene in the pathogenesis of NSCLC, may
have an important role in the controlled cell proliferation, and may be
useful for the prognostic and therapeutic purposes.

Bile acids in intrauterin process
In the placenta, bile acid-sensitive VDR, FXR and PXR receptors
were detected. These receptors interact with the bile acids and may
play an important role in nutrient transport, mineral metabolism, cell
proliferation and differentiation. In addition, the other known receptor,
TGR5, was stimulated by bile acids, and was detected in the human and
mouse placenta. TGR5 expression in human placenta was found lower
in patients with intrahepatic cholestasis of pregnancy than in the control
group [19]. The progesterone and progesterone metabolites released
from the placenta after eight weeks of the gestation were found as the
FXR and TGR5 agonists. Progesterone released from the placenta is
thought to be effective with TGR5-associated cholestasis [20,21]. FXR
and TGR5 receptors may be considered as the potential therapeutic
targets in in patients with intrahepatic cholestasis of pregnancy.

Gut Microbiota and bile acids
The relationship between gut microbiota and bile acid metabolism
has recently been an important debate issue. Because, bile acids
are thought to encounter with gut microbial enzymes during the
enterohepatic circulation, and bile acid diversity increases as a
result of this interaction. It is known that the conversion of primary
bile acids, cholic acid and chenodeoxycholic acid, to secondary
bile acids, deoxycholic acid and lithocholic acid, happens by gut
bacteria. However, considering the increasing number of defined
bile acids today, this subject is thought to be much more complex.
Gut microbiota is thought to contribute significantly to the bile acid
diversity in the bile acid pool, since gut microbial enzymes are effective
in deconjugation and dehydroxylation reactions for the production of
secondary bile acids and unconjugated bile acids. Although microbiota
is important in the bile acid regulation, antibiotic use, age, dietary and
disease states may cause dysregulation of this collaboration. Microbial
enzyme changes can also affect the bile acid production, so that bile
acid and receptor interaction can change. These interaction changes
can lead to different physiological consequences in the body [31,32].
The interactions in microbiota may primarily be important in the
production and diversity of bile acids.

are effective in digestion and have hormonal effects in carbohydrate
and lipid metabolisms by specifically stimulating the receptors of
FXR and TGR5. Furthermore, these receptors detected in liver, lung,
brain, bone, kidney, intestinal tract and placenta have tissue specific
role, and give signals that bile acids can affect the entire endocrine
system. The role of bile acids in the treatment of diseases related to
carbohydrate and lipid metabolism disorders can be investigated by
multicentre studies. In addition, bile acid levels may be suggested in the
etiopathogenesis of unexplained metabolic diseases. Since there are bile
acid receptors on lots of systems, receptor-associated bile acid studies
may elucidate the diagnosis and treatment of many metabolic diseases.
In addition, the efficacy of treatment can be determined by testing the
different drugs acting on bile acid receptors. Future studies particularly
regarding the receptor-associated gene expression may also produce
new insights in improving medical therapies. Currently positive results
have been obtained in the experimental animal studies of bile acid
agonist and antagonist agents on. Especially the new bile acid receptor
agonist and antagonist agent investigations may contribute to the
treatment of many metabolic disease in the future. In addition, bile acid
receptors may be used as a biomarker in the diagnosis of many benign
and malign diseases. Positive results for diagnostic purposes have been
observed in studies evaluating FXR expression on different types of
cancer. Gut microbiota which increases the diversity of bile acids and
salts may be decisive and effective factor in the bile acid metabolism.
The contribution of gut microbiota to bile acid metabolism may be
important for the physiological effect of bile acid on different organs.
Gut microbiota which is a direct contributor to the bile acid diversity
must absolutely be considered when examining and understanding bile
acid metabolism and its effects on different systems. The identification
of the interaction between bile acids and gut microbiota, will give
different perspective to the scientific investigations.

Highlights
The strengths of this article are as following: First, it explains most
of the metabolisms through bile acids and bile acid receptors. This
article shows the presence of bile acid receptors in lots of tissues with
physiological or pathological mechanisms. Second, the present article
has molecular and genetic approaches for the bile acid receptors,
and their effects on different metabolisms. Third, discussion of the
relationship between bile acids and microbiota may be an important
issue for understanding the mechanisms of unexplained metabolic
disorders that may be effective for the development of new therapeutic
strategies.
The weaknesses of this article are firstly it does not mention the bile
acid assay methods, reference intervals, and whether it has circadian
rhythm or not. Secondly, the article does not deal with the factors
that influence the bile acids level in the body. Thirdly, the relationship
between bile acid levels and nutrition and synthesis has not been
explained.
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