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 Introduction 

 Bile acids (BAs) are a component of bile, which also 
contains phosphatidylcholine, bilirubin and cholesterol. 
Through their detergent properties, which allow the 
emulsification of lipids, BAs facilitate the uptake of lipids 
together with the fat-soluble vitamins A, D, E and K from 
the intestine  [1] . BAs also control the intestinal microbial 
flora and play a role in the elimination of cholesterol from 
the body  [2, 3] . More recently, BAs are increasingly being 
appreciated as signaling molecules that inform cells and 
organs concerning the fasting/feeding state, thereby reg-
ulating processes ranging from BA and lipid metabolism 
to glucose and energy homeostasis  [4, 5] . This metabolic 
function is in fact not too surprising given their central 
role in dietary lipid absorption. We review here the most 
recent developments in the field of BA signaling, and the 
potential pharmaceutical repercussions in using them to 
treat various facets of the metabolic syndrome.

  Signaling Pathways Activated by BAs 

 Nuclear Receptor Signaling Pathways 
 The farnesol X receptor (FXR) is a nuclear receptor 

(NR) that controls BA homeostasis. The FXR cDNA was 
first cloned from both mouse and rat in 1995  [6, 7] . Ro-
dents have two FXR family members, FXR �  and FXR � . 
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 Abstract 
 Bile acids (BAs) are amphipathic molecules that facilitate the 
uptake of lipids, and their levels fluctuate in the intestines as 
well as in the circulation depending on food intake. Besides 
their role in dietary lipid absorption, BAs function as signal-
ing molecules that activate specific BA receptors and trigger 
downstream signaling cascades. The BA receptors and the 
signaling pathways they control are not only important in 
the regulation of BA synthesis and their metabolism, but 
they also regulate glucose homeostasis, lipid metabolism 
and energy expenditure – processes relevant in the context 
of the metabolic syndrome. In addition to the function of the 
nuclear receptor FXR �  in regulating local effects of BAs in 
the organs of the enterohepatic axis, increasing evidence 
points to a crucial role of the G-protein-coupled receptor 
TGR5 in mediating systemic actions of BAs. Here we review 
the current knowledge on BA receptors, with a strong focus 
on the cell membrane receptor TGR5, which has emerged as 
a promising target for intervention in metabolic diseases. 
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In humans only FXR �  is expressed, although FXR �  is 
still present in the genome as a nonexpressed pseudogene. 
FXR �  is most potently activated by conjugated or uncon-
jugated forms of chenodeoxycholic acid (CDCA) with an 
EC 50  in the range of 4.5–10  �  M   [8–10] , while FXR �  in 
mice is activated by lanosterol, an intermediate of BA 
synthesis  [11] .

  In addition to FXR � , other NRs directly activated by 
lithocholic acid (LCA) are the pregnane X receptor (PXR) 
and the vitamin D receptor (VDR)  [12–14]  ( fig. 1 a). PXR 
is not only activated by LCA, but also by certain BA pre-
cursors, such as 7 � -OH-4-cholesten-3-one  [15] . PXR is 
like FXR �  expressed in the liver and intestine  [12, 13] . 
One of the physiological functions of PXR is to induce 
phase I detoxification through induction of CYP3A, 
which explains the finding that PXR transgenic mice are 

protected against LCA-induced liver toxicity in a model 
of cholestasis  [12] . Like PXR, VDR plays a role in the de-
toxification of BAs through induction of CYP3A  [14] . In 
addition to their roles in detoxifying BAs, both NRs in-
hibit BA synthesis. Activation of VDR by vitamin D in-
hibits BA synthesis via the FGF19-CYP7A1 pathway  [16] , 
and activation of PXR with rifampicin, an agonist of 
hPXR, inhibits BA synthesis through a pathway involv-
ing HNF4 �   [17] . It should be noted that high concentra-
tions of LCA (30–100  �  M ) are required to activate VDR 
and PXR, bringing into question the physiological rele-
vance of the direct regulation of their activity by BAs.

  Kinase Signaling Pathways Regulated by BAs 
 BAs also modulate kinase signaling pathways, such as 

the JNK pathway, which also downregulate CYP7A1  [18] . 
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  Fig. 1.   a  Representation of signaling path-
ways that are modulated by BAs. Genomic 
and nongenomic actions of BAs are medi-
ated by NRs and GPCRs. The BAs that 
modulate the activity of the receptor are 
indicated in the arrows and sorted by de-
creasing potency (left: high, right: low). 
Arrows in dark grey indicate agonistic ac-
tions, white indicates antagonistic/inhibi-
tory actions and light grey indicates a 
modulatory effect, either agonistic or an-
tagonistic. Receptors for which only a lim-
ited number of BAs were tested are indi-
cated with dashed arrows.  * Only conju-
gated forms of LCA and deoxycholic acid 
(DCA) are reported to activate the musca-
rinic receptors. FPR = Formyl-peptide re-
ceptor.  b  Simplified overview of the TGR5-
signaling pathway leading to downstream 
signaling via cAMP induction. AC = Ad-
enylate cyclase.       
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Another study has coupled JNK activation indirectly to 
BAs as the mechanism of the FGF19-FGFR4 signaling 
pathway to suppress CYP7A1  [19] . In addition to JNK, the 
p38 mitogen-activated protein kinases, the extracellular 
signal-regulated kinase (ERK) pathway and Akt are acti-
vated by BAs  [20, 21] . Although the precise mechanisms 
remain elusive, a study indicated that phosphorylation of 
ERK1, ERK2 and Akt by BAs is induced through both 
radical oxygen species-dependent and G-protein-cou-
pled receptor (GPCR)-dependent, pathways  [21] . The ac-
tivation of these phosphorylation cascades by BAs is, be-
sides the suppression of CYP7A1, also involved in the reg-
ulation of apoptosis and cytoprotective effects  [20, 22] . It 
is also tempting to speculate that some of these signaling 
pathways may contribute to the enhanced lifespan ob-
served in yeast exposed to BAs, as yeast lack both the 
nuclear and membrane BA receptors  [23] .

  GPCR Signaling Pathways Modulated by BAs 
 Most relevant to this review is that BAs also bind and 

modulate the activity of specific GPCRs ( fig.  1 a). The 
GPCR family comprises over 800 receptors, divided into 
3 subgroups  [24] . There are currently 3 GPCRs known 
that are modulated by BAs. Based on their sequence, 
these BA-modulated GPCRs are classified as class A or in 
the rhodopsin-like receptor class, the largest subgroup of 
GPCRs. Although BAs modulate the activity of musca-
rinic receptors (also designated as acetylcholine recep-
tors)  [25, 26]  and inhibit the activity of formyl-peptide 
receptors  [27, 28] , the GPCR that has been most stud-
ied in relation to BAs is TGR5, also known as M-BAR, 
GPBAR or GPR131  [29, 30] . TGR5 is encoded by a single-
exon gene, and its conservation among vertebrates un-
derlines its physiological importance  [29] . TGR5 is acti-
vated by several BAs, with LCA being the most potent 
natural agonist with an EC 50  of 0.53  �  M   [29, 30] . Other 
BAs that activate TGR5 include conjugated and unconju-
gated forms of deoxycholic acid, CDCA and cholic acid 
with an EC 50  of 1.0, 4.4 and 7.7  �  M , respectively  [30] .

  TGR5 is abundantly expressed in gallbladder epithe-
lium  [31, 32]  and in the intestine, particularly in the ileum 
and colon  [29, 31, 33] . Also human spleen as well as hu-
man mononuclear and CD14+ white blood cells express 
high amounts of TGR5  [30] . TGR5 was also present in 
rabbit spleen and rabbit alveolar macrophages  [30] . TGR5 
is detected in several liver cells, including rat liver sinu-
soidal endothelial cells, as well as in rat Kupffer cells, 
which are resident macrophages of the liver  [34, 35] . Fur-
thermore, TGR5 is expressed in BAT, skeletal muscle and 
selected areas of the central nervous system  [36, 37] .

  The BA Receptor TGR5 

 TGR5 in BA Homeostasis and Metabolism 
 In resting conditions, GPCRs, including TGR5, are in 

a so-called low-affinity state. In response to binding of 
BAs to the ligand-binding pocket of the receptor, a com-
plex is released from TGR5 consisting of G-protein- �  s , - �  
and - �   [24, 30] . GDP is subsequently released from the 
G-protein and replaced by GTP, leading to dissociation of 
the G-protein complexes into G-protein- �  s  and - �  �  di-
mers. G-protein- �  s  then activates adenylyl cyclase induc-
ing cAMP production, and the subsequent activation of 
protein kinase A, and its downstream signaling pathways 
 [30]  ( fig.  1 b). Whether TGR5 may also bind to other 
 G-proteins, which have distinct downstream effector 
molecules, is still unresolved  [24] .

  To explore the biological role of TGR5, several groups 
have independently generated TGR5 –/–  mice  [31, 33, 38] . 
Interestingly, the total BA pool size in TGR5 –/–  mice was 
decreased  [33] , which was also observed by our lab (J.A. 
and K.S., unpubl. data). Why the BA pool decreases in 
TGR5 –/–  mice is currently unknown, but appears inde-
pendent of changes in fecal BA excretion  [33] . In addition 
to changes in the BA pool size, TGR5 –/–  mice fed a litho-
genic diet are protected against cholesterol gallstone for-
mation  [39] . Hydrophobic bile salts decrease gallbladder 
smooth muscle function potentially via stimulation of 
TGR5, which could be a contributing factor in the mani-
festation of gallstone disease  [40] . Additionally, TGR5 is 
expressed in human cholangiocytes and plays a role in 
bile composition, via the induction of chloride secretion 
in gallbladder epithelial cells  [32, 41] . Taken together, the 
physiological changes observed in mice lacking TGR5 
with regard to BA homeostasis together with expression 
of TGR5 in human tissue relevant to BA homeostasis hint 
towards a role of TGR5 in bile formation and homeostasis 
in man  [32, 41] .

  Effect of TGR5 on Body Weight 
 TGR5 activation reduces the body weight of mice fed 

a high-fat diet. We first demonstrated that dietary supple-
mentation of BAs significantly reduces body weight gain 
in C57Bl/6J mice fed a high-fat diet  [36] . Cholic acid ad-
ministration completely prevented high-fat diet-induced 
changes in adipose mass and morphology, and reversed 
120 days of diet-induced weight gain, without apparent 
toxicity  [36] . The weight-reducing effects were not due to 
reduced caloric intake, but were the consequence of en-
hanced energy expenditure. Using deiodinase-2-defi-
cient mice, the effect of cholic acid on energy expenditure 
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was shown to require the induction of deiodinase-2 
through a TGR5-cAMP-mediated pathway that was ac-
tive in murine BAT and in human skeletal muscle myo-
blasts. Importantly, this effect of BAs on energy expendi-
ture was independent of FXR, as the FXR agonist 
GW4064, did not increase cAMP levels in BAT and in-
creased diet-induced obesity in mice. Deiodinase-2 in-
creases mitochondrial oxidative phosphorylation and en-
ergy expenditure in brown adipose tissue and muscle via 
the conversion of inactive thyroxine (T4) into active 
3,5,3 � -tri-iodothyronine (T3), which activates the thyroid 
receptor and thereby induces energy expenditure  [36] . 
This effect was subsequently confirmed using the semi-
synthetic BA, 6-ethyl-23(S)methylcholic acid (6EMCA or 
INT-777), which acts as a specific TGR5, but not FXR, 
agonist  [38] .

  In agreement with our data, Maruyama et al.  [33]    ob-
served that female TGR5 –/–  mice weigh more. The latter 
effect of TGR5 was already observed in heterozygous fe-
male mice. In agreement with this observation, female 
TGR5 –/–  mice had a higher fat content, while the lean 
body weight was unaffected. Also the body composition 
of the male TGR5 –/–  mice showed a tendency towards in-
creased fat content  [33] . Interestingly, in the TGR5 –/–  
mice line that we generated in our laboratory, body weight 
was also significantly increased in males (K.S. and J.A., 
unpubl. data). These two studies contrast with another 
publication  [39] , which did not report an effect of the ab-
sence of TGR5 on body weight. This difference may very 
well be explained by different diets or by other differ-
ences in animal experimental conditions in this specific 
study. Furthermore, the mere absence of a receptor, as in 
the TGR5 –/–  mice, should not necessary translate in the 
opposite phenotype as observed after receptor activation 
by exogenous ligands. 

  Effects of TGR5 on Glucose Metabolism and Insulin 
Sensitivity 
 High circulating levels of BAs have been linked to ben-

eficial effects on glucose metabolism, and improved in-
sulin sensitivity and better postprandial glycemic control 
have been reported  [42, 43] . We have demonstrated that 
BAs regulate glucose homeostasis through activation of 
TGR5  [44] . In agreement with the report that TGR5 in-
duces GLP-1 secretion in cultured mouse enteroendo-
crine STC-1 cells  [45] , the semisynthetic BA, 6-ethyl-
23(S)methylcholic acid (6EMCA or INT-777), which is a 
specific TGR5 agonist, induces GLP-1 secretion in both 
STC-1 cells as well as in human intestinal NCI-H716 cells, 
and contributes as such to the effects of TGR5 in glucose 

homeostasis. Silencing of TGR5 in STC-1 cells using
shRNA prevented the secretion of GLP-1, illustrating the 
involvement of TGR5 in this response. Although the 
mechanism underlying TGR5-induced GLP-1 secretion 
is not yet completely established, stimulation of oxidative 
phosphorylation may be involved. The resulting increase 
in the ATP/ADP ratio can then induce membrane depo-
larization and Ca 2+  mobilization in a way reminiscent to 
the cascade of events leading to insulin release in pancre-
atic  � -cells  [38] . 

  Using obese and insulin-resistant mouse models, we 
have shown that mice with a gain-of-function of TGR5 
are more glucose-tolerant, whereas TGR5 –/–  mice have 
impaired glucose clearance. This effect was correlated 
with a healthier pancreatic islet phenotype in the TGR5 
transgenic mice, and is at least partly explained by the 
tonic increase of GLP-1 secretion by TGR5  [44] . It was 
recently reported by Poole et al.  [37]  that TGR5 is also 
expressed in inhibitory motor neurons and modulates in-
testinal motility. This effect of TGR5 could be related to 
GLP-1 induction, which is also known to inhibit intesti-
nal motility  [46] . In apparent contrast to these observa-
tions are the findings in a recent study with independent-
ly generated TGR5 –/–  mice, demonstrating that female 
and male chow-fed TGR5 –/–  mice show improved insulin 
sensitivity  [39] . However, it was also shown in this study 
that male TGR5 –/–  mice on a high-fat diet are insulin-
resistant, which is in agreement with our findings. Other 
evidence that TGR5 activation is beneficial with regard 
to diabetes comes from the observation that the triterpe-
noid oleanolic acid, a natural TGR5 agonist, also im-
proves glucose homeostasis  [47] . 

  TGR5 Modulates Immune Response 
 One of the initial studies on TGR5 examined its role 

in immune cells and linked TGR5 to the immunomodu-
latory properties of BAs  [30] . This action of TGR5 is
relevant, as low-grade inflammation contributes to the 
development of the metabolic syndrome  [48] . TGR5 is 
highly expressed in monocytes and macrophages, an ob-
servation derived from the finding that TGR5 is ex-
pressed in human spleen and human CD14+ monocytes, 
as well as in rabbit alveolar macrophages  [30, 35] . In ac-
cordance with a report that cAMP inhibits LPS-induced 
cytokine secretion  [49] , BAs capable of activating TGR5 
were found to increase cAMP production in alveolar 
macrophages  [30] . In addition, BAs reduce the phagocyt-
ic activity of these cells and inhibit LPS-induced produc-
tion of proinflammatory cytokines such as tumor necro-
sis factor- �  (TNF- � ), interleukin (IL)-1 � , IL-1 � , IL-6 and 
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IL-8  [30] . Human monocytic leukemia THP-1 cells trans-
fected with TGR5 exhibit increased cAMP production 
and reduced LPS-induced TNF- �  expression. These ef-
fects were not observed in untransfected THP-1 cells, 
which express low levels of TGR5, suggesting that these 
BAs effects are TGR5-dependent  [30] . Furthermore, 
stimulation of isolated rat Kupffer cells with taurolitho-
cholic acid or other TGR5 agonists, such as oleanolic acid, 
as well as cAMP stimulation reduced the expression of 
IL-1 � , IL-1 � , IL-6 and TNF- �  following LPS treatment 
 [35] .

  TGR5 in Liver Function 
 Administration of the specific TGR5 agonist INT-777 

to high-fat-diet-fed mice reduces liver steatosis and asso-
ciated hepatocyte damage, as measured by plasma liver 
enzymes LDH, ASAT and ALAT  [38] . This is correlated 
with decreased plasma triglyceride and nonesterified fat-
ty acid levels. The latter is consistent with the pronounced 
hepatosteatosis observed in male TGR5 –/–  mice fed a 
high-fat diet for 8 weeks  [39] . These data suggest that ac-
tivation of TGR5 may prevent nonalcoholic fatty liver 
disease. The precise mechanisms by which TGR5 induces 
this effect remain, however, to be dissected. Although 
TGR5 seems not expressed in hepatocytes, it is detected 
in many cell types of the liver where it could directly or 
indirectly modulate liver function and triglyceride me-
tabolism. TGR5 is, for instance, enriched in Kupffer cells, 
which are resident liver macrophages  [35]  that can secrete 
proinflammatory cytokines and as such contribute to the 
progression of nonalcoholic fatty liver disease  [50] . TGR5 
has also been shown to modulate microcirculation and 
fluid secretion in the endothelial and biliary epithelial 
cells of the liver  [34, 41] . Although the increased energy 
expenditure and GLP-1 secretion following TGR5 activa-
tion may very well explain the significant improvement 
in liver steatosis, it will be challenging to examine wheth-
er any of these other cell types in the liver contribute to 
the protective effects of TGR5 activation against steato-
sis. Cell-type-specific TGR5 –/–  mouse models will be ex-
tremely valuable for addressing these questions.

  BA Signaling as a Target for Intervention in the 
Metabolic Syndrome 

 BA Signaling as Target for Intervention 
 The significance of BAs in human triglyceride metab-

olism is underlined by findings that BA-binding resins 
increase VLDL levels and that treatment of cholesterol 

gallstones in humans with CDCA reduces hypertriglyc-
eridemia  [51–53] . In addition to the effects of BAs on hu-
man triglyceride metabolism, BAs are correlated to in-
creased insulin sensitivity in humans  [42] . Furthermore, 
patients after bariatric surgery to correct for obesity have 
higher circulating BA levels, which are positively corre-
lated to peak GLP-1 concentrations  [43] . The latter obser-
vation was recently confirmed in obese patients who have 
a decreased postprandial BA response and suboptimal 
GLP-1 secretion in comparison to subjects of normal 
weight  [54] .

  The biological properties of TGR5 described in this 
review, mostly observed in animal models, strongly indi-
cate that TGR5 is linked to the beneficial properties of 
BAs in humans. This is underlined by the findings that 
the improvements of BAs on metabolic homeostasis are, 
amongst others, linked to GLP-1, which is regulated by 
TGR5  [38, 45] . Furthermore, a recent human genetic 
study identified an association between the single nucle-
otide polymorphism rs3731859 within the human TGR5 
gene and BMI, waist circumference, intramyocellular lip-
ids and fasting GLP-1 levels  [55] . This interesting result 
warrants further studies to explore the effect of genetic 
polymorphisms in the TGR5 gene.

  Pharmacological Targeting of TGR5 
 BAs bind and activate both TGR5 and other (nuclear) 

receptors, including FXR. The binding pocket for the 
membrane BA receptor TGR5 and the nuclear BA recep-
tor FXR �  is only partially conserved since minor struc-
tural modifications on the steroid side chain of BAs can 
dictate selectivity of the ligand towards TGR5  [56, 57] . 
Therefore, this unique ligand-binding pocket of TGR5 
allows the design of receptor selective ligands, leading to 
drugs that are able to target TGR5 exclusively.

  TGR5 may be targeted by natural compounds as well 
as with synthetic agonists. Such TGR5 agonists include 
natural BAs, semisynthetic BAs (such as 6-ethyl-23(S)
methylcholic acid)  [58] , bile alcohols and triterpenoid 
compounds of plant origin, such as oleanolic acid and 
betulinic acid  [47, 59, 60] . Certain steroid hormones also 
potently activate TGR5  [59] , an observation that has been 
recently confirmed  [61] . Significant progress has also 
been made with the search for synthetic TGR5 agonists, 
as 3-aryl-4-isoxazolecarboxamides were recently identi-
fied to activate TGR5, and found to induce GLP-1 secre-
tion in canines  [62] . Furthermore, many drug companies 
have active TGR5 programs, which have already resulted 
in the publication of several patents that describe addi-
tional TGR5 ligands. 
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  Not All That Shines Is Gold – Issues with TGR5 
 Recently, several properties of TGR5 have been de-

scribed that require further investigation as they could 
potentially be at the basis of certain side effects. For ex-
ample, TGR5 has also been linked to epidermal growth 
factor receptor (EGFR) and c-Jun N-terminal kinase 
(JNK) signaling pathways in cell culture models, which 
modulates cell proliferation and apoptosis  [63, 64] . Un-
fortunately evidence of such an effect was only ascer-
tained in cultured cells and further studies in vivo are 
definitely required  [63, 64] . TGR5 agonists, including 
certain steroids  [59] , were also reported to stimulate rad-
ical oxygen species generation in cultured astrocytes  [61] , 
which also merits further investigation in vivo. TGR5 ac-
tivation has been suggested to influence cardiomyocytes 
as the TGR5-active BAs tauro-CDCA and LCA activated 
AKT and inhibited glycogen synthase kinase-3 �  in these 
cells  [65] . In view of the pleiotropic effects of BAs, it will 
be of interest to assess these effects in TGR5 –/–  mice. 

  In addition to these cellular observations, it has been 
reported that TGR5 –/–  mice have reduced severity of pan-
creatitis, induced by direct exposure of the pancreas to 
high concentrations of taurolithocholic acid 3-sulfate so-
dium salt  [66] . The fact that the pancreas in this study is 
exposed to very high concentrations of taurolithocholic 
acid 3-sulfate sodium salt, which are never reached even 
under pathological conditions, may question the physi-
ological relevance of this study. Finally, the fact that 
TGR5 –/–  mice were protected against cholelithiasis  [31] , 
could imply that TGR5 agonism predisposes to this con-
dition; however, there are no data to support a negative 
effect of TGR5 agonists on cholelithiasis. It needs to be 
stressed that many of these potential liabilities were either 
observed in cultured cells or in animal models where
extremely high nonphysiological concentrations of BAs 
were used. Further detailed studies using more physio-
logical conditions are therefore required to evaluate the 
clinical relevance of these observations. 

  Conclusions and Future Perspectives 

 The metabolic studies described above suggest that tar-
geting TGR5 could provide an exciting new therapeutic 
approach to improve several aspects of the metabolic syn-
drome. Multiple studies reveal that TGR5 has beneficial 
effects on body weight in high-fat-diet-fed mice. In addi-
tion, TGR5 activation improves glucose homeostasis and 
reduces hepatic steatosis. Beneficial effects of TGR5 on 
macrophage-driven inflammation, as evidenced by the 

reduction of proinflammatory cytokines, may also con-
tribute to a potential positive effect of TGR5 with regard 
to the metabolic syndrome. These properties of TGR5 
clearly suggest that activation of this GPCR is valuable 
within the framework of the metabolic syndrome. In view 
of the established role of BA or BA-like molecules (e.g. da-
fachronic acids) to promote longevity in yeast  [67]  and in 
the worm  Caenorhabditis elegans   [68] , it is also plausible 
that the various strategies to modulate BA signaling could 
increase lifespan through their potent hormonal activities 
that improve metabolism and reduce inflammation – two 
important contributors that determine lifespan  [69] .

  The development of several novel natural, semisyn-
thetic and synthetic TGR5 agonists is likely to further ad-
vance this receptor as a target for the metabolic syndrome. 
In addition, localized or tissue-specific gene targeting will 
shed light on ways to increase the efficacy and specificity 
of  drugs  that  target  this  BA  receptor.   Despite   the   fact   
that we are convinced targeting BA signaling pathways 
through TGR5 holds great promise for the intervention in 
metabolic diseases, much work still needs to be done, es-
pecially to make sure that such compounds are safe.
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