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Abstract

Accumulating data have shown that bile acids are important cell signaling molecules, which may
activate several signaling pathways to regulate biological processes. Bile acids are endogenous
ligands for the farnesoid X receptor (FXR) and TGR5, a G-protein coupled receptor. Gain- and
loss-of-function studies have demonstrated that both FXR and TGR5 play important roles in
regulating lipid and carbohydrate metabolism and inflammatory responses. Importantly, activation
of FXR or TGR5 lowers hepatic triglyceride levels and inhibits inflammation. Such properties of
FXR or TGR5 have indicated that these two bile acid receptors are ideal targets for treatment of
non-alcoholic fatty liver disease, one of the major health concerns worldwide. In this article, we
will focus on recent advances on the role of both FXR and TGRS in regulating hepatic triglyceride
metabolism and inflammatory responses under normal and disease conditions.
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1. Introduction

1.1 Nonalcoholic fatty liver disease (NAFLD)

Nonalcoholic fatty liver disease (NAFLD) is a very common disorder that affects up to 25%
of the US population. It refers to a spectrum of liver disease ranging from simple steatosis to
non-alcoholic hepatosteatosis (NASH) and liver cirrhosis. NAFLD begins with simple
steatosis, which can progress to NASH. NASH is featured by the presence of hepatocyte
ballooning and apoptosis, inflammation and pericellular fibrosis. NASH may further
progress to liver cirrhosis, eventually leading to hepatocellular carcinoma and liver failure.
When NAFLD progresses to this late stage, liver transplantation is the only option for
treatment [1, 2]

Although NAFLD is considered hepatic manifestations of insulin resistance, the
pathogenesis of NAFLD has been poorly understood to date. The simple liver steatosis is a
benign condition, about 20% of which may progress to NASH [2, 3]. Day and James
proposed a “two-hits” hypothesis for the pathogenesis of NASH, in which hepatic
triglyceride (TG) accumulation as the first hit and oxidative stress followed by subsequent
inflammation as the second hit [4]. The abnormal hepatic TG accumulation in NAFLD
results from an imbalance between TG synthesis, hydrolysis and secretion [5]. Since TG
results from esterification of free fatty acids (FFAs) and glycerol, the imbalance between
fatty acid input (which may come from dietary fats, adipose tissue and de novo lipogenesis)
and FA output (hepatic fatty acid oxidation; FAO) may result in hepatic TG accumulation.
Hepatic TG lipolysis is mediated by lipases, which releases FFA for oxidation in
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mitochondria or peroxisomes. After synthesis, hepatic TG may be stored as lipid droplets or
packaged with ApoB into very low-density lipoprotein (VLDL) and then secreted into
circulation.

Inflammation and fibrosis in NASH can be triggered by multiple factors [3]. Increased
hepatic FFA influx associated with obesity and insulin resistance produces excessive
reactive oxygen species (ROS), leading to activation of c-Jun N-terminal kinase pathway
and accumulation of harmful lipid peroxidation products [6]. A variety of cytokines also
contribute to the inflammation and fibrosis in NASH, such as TNF-q, interleukin (IL)-6,
IL-1 and TGF-B. These cytokines promote fibrosis through activating hepatic stellate cells,
which generate and secrete collagen in the liver upon stimulation [3].

By far, no efficient treatments have been established for treatment of NAFLD. Weight loss
and life style change are the only options, indicating an urgent need to develop novel
therapeutics for treatment of this common disease. An ideal therapeutic approach for
NAFLD should not only improve steatosis but also ameliorate inflammation and fibrosis.
The bile acid receptors, farnesoid X receptor (FXR) and TGR5, have been shown to improve
lipid and glucose homeostasis and inhibit inflammatory response. Therefore, these two
receptors may represent a class of promising candidates for treatment of NAFLD.

1.2. Bile acid receptors

1.2.1. Bile acid (BA) metabolism—RBile acids are important amphipathic biomolecules
which can help absorption of dietary lipids and fat-soluble vitamins in the intestine. The
synthesis of BAs from cholesterol occurs exclusively in the liver and involves two distinct
pathways—the classic pathway and alternative pathway. Chenodeoxycholic acid (CDCA)
and cholic acid (CA) represent two major primary BA products generated by these two
pathways which involve multiple steps of modification of the sterol ring, oxidation and
shortening of the side chain. Cholesterol 7a-hydroylase (CYP7AL) is the rate-limiting
enzyme of the classic pathway whereas CYP27A1 is the first enzyme of alternative
pathway. Sterol 12a-hydroxylase (CYP8B1) is the key enzyme in CA biosynthesis and
determines the relative abundance of CA versus CDCA. Once synthesized, the free BAs are
conjugated to amino acids (taurine or glycine) and then secreted to the bile canaliculi and
stored in gallbladder. Upon ingestion of a meal, cholecystokinin (CCK) simulates
gallbladder to secrete bile into intestinal lumen, where BAs facilitate the absorption of
dietary fats through forming micelles. In the intestine, the gut flora further metabolize
primary BAs to secondary bile acids by dehydroxylation and deconjugation of primary BAs
to form lithocholic acid (LCA) and deoxycholic acid (DCA). About 95% of BAs secreted to
the intestine are reabsorbed in the lateral ileum and transported back to the liver via
enterohepatic circulation. Only 5% of BAs are excreted into the feces. The loss of BAs in
the feces represents the principal means of eliminating cholesterol from the body [7-9].

In addition to help absorption of lipids and fat-soluble vitamins in the intestine,
accumulating data have also shown that BAs may function as signaling molecules to
regulate biological processes. For instance, BAs may regulate metabolism through binding
to the BA receptors FXR and TGR5.

1.3.1 FXR—In 1999, BAs were identified as endogenous FXR ligands with high affinity.
Both conjugated and unconjugated BAs can activate FXR. The order of potency of BAs is
CDCA>LCA=DCA>CA. UDCA cannot activate FXR. The EC50 for the most potent BA
CDCA is less than 10 pM, a dose which is comparable to the postprandial BA concentration
in the plasma. These studies have suggested for the first time that BAs may serve as
endocrine hormones to regulate metabolism via FXR [7, 8, 10]. Since bile acids may also
activate other pathways independent of FXR, the use of potent and selective FXR agonists,
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such as GW4064, INT-767 and WAY-362450 (Figure 1) has provided important insights
into to the role of FXR in metabolic control.

FXR is highly expressed in the liver, intestine, kidney and adrenal gland [7-10]. Like other
nuclear receptor members, FXR has an N-terminal activation domain (AF1) for interaction
with cofactors, a conserved DNA binding domain (DBD), a unique ligand binding domain
(LBD) allowing receptor dimerization, and a C-terminal activation domain (AF2) for co-
regulator interactions [8]. FXR binds to an FXR response element (FXRE) as a heterodimer
with RXR or as monomer to regulate gene expression [8].

Over the past decade, gain- and loss-of-function data have demonstrated that FXR is a
multipurpose nuclear receptor that plays an essential role in maintaining BA, lipid and
glucose homeostasis [8-10]. FXR is also shown to play a role in liver regeneration and in
preventing inflammation and liver or intestine tumorigenesis [8-10]. Among all these FXR-
regulated pathways, the role of FXR in BA metabolism has been well established. FXR is
now known to control every single step of BA metabolism. Since numerous review articles
on FXR have been published, we will focus on the role of FXR in lipid metabolism (Figure
2) and inflammation, particularly in NAFLD.

1.4.1. TGR5—TGRS5 is a member of the rhodopsin-like superfamily of G protein-coupled
receptors. Like FXR, it is originally regarded as an orphan receptor without known ligands
[7, 11]. Recent findings demonstrate a variety of bile acids can activate TGR5 with LCA
being the most potent ligand, followed by DCA, CDCA and CA [7, 11]. In addition, TGR5
is also activated by semi-synthetic BA derivatives such as INT-777 and INT-767 [12, 13]
(Figure 1 and 3). TGR5 is expressed in many tissues, with highest expression in gallbladder,
followed by intestine, primarily in ileum and colon. It is also expressed with lower
abundance in brown adipose tissue, liver, muscle and central nervous system. In the liver,
TGRS is expressed in sinusoidal endothelial cells and kupffer cells — the resident
macrophages of the liver, but not in hepatocytes [11].

TGRS is a typical G-protein coupled receptor (GPCR). In its inactive form, the receptor is
tightly bound to a G protein complex consisting of a, p and y subunits. Upon BA binding,
the G protein complex dissociates to form a and By protein subunits. The a protein subunit
then activates adenylate cyclase which converts ATP to cCAMP [11]. The resultant cAMP
accumulation activates protein kinase A, which in turn exerts downstream effects (Figure 3).
TGR affects several aspects of bile acid metabolism. In gallbladder, TGR5 was shown to
play a role in regulating bile composition and gallstone formation [11] as well as gallbladder
refilling [14]. Tgr5~/~ mice have been shown to have a smaller BA pool size by 21-25%
[11]. These data suggest that TGR5 plays an important role in maintaining BA homeostasis.

2. Role of FXR in lipid and glucose metabolism and inflammation

Numerous gain- and loss-of-function studies have demonstrated that FXR is an important
regulator of lipid and glucose metabolism as well as inflammatory response. Activated FXR
improves lipid and glucose homeostasis and inhibits inflammation. Such properties of FXR
suggest that FXR is an ideal target for treatment of NAFLD.

2.1. FXR and cholesterol metabolism

Since FXR plays an important role in BA metabolism, it is not surprising to find that FXR
also regulates cholesterol metabolism. It has long been known the BA sequestrants decrease
plasma LDL-cholesterol [15]. Now it is known that FXR controls several genes involved in
cholesterol and lipoprotein metabolism, such as low-density lipoprotein receptor (LDLR),
proprotein convertase subtilisin kexin type 9 (PCSK9) and scavenger receptor group B type
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| (SR-B1). CDCA treatment increases LDLR expression in human hepatocyte cell lines [16].
FXR activation suppresses the activity of PCSK9 [17], a repressor of LDLR, thus increasing
the activity of LDLR. Fxr~/~ mice display elevated levels of plasma total cholesterol level
and HDL-cholesterol [18]. In contrast, FXR ligand treatment reduces plasma HDL-
cholesterol by increasing the expression of hepatic SR-B1 [19]. Importantly, activation of
FXR increases reverse cholesterol transport [20], a process by which extra-hepatic
cholesterol is transported back to the liver for secretion to the bile and feces. Consistent with
the latter data, activation of FXR significantly inhibits the development of atherosclerosis in
Ldlr~"~ or ApoE™~ mice [21, 22].

2.2. FXR and triglyceride metabolism

The relationship between BA and TG metabolism dates back to early 1970s, when CDCA,
which was originally used for the treatment of individuals suffered from cholesterol
gallstone disease, was found to reduce plasma TG levels [23]. Accordingly, LDL-lowering
agents, BA sequestrants, such as cholestyramine, were found to increase plasma TG [24].
Such an effect of BAs on TG metabolism was found to be mediated at least partially through
FXR. Consistent with such a finding, synthetic and specific FXR agonists, such as GW4064,
INT-747 and WAY-362450, reverse the lipid disorder in various NAFLD animal models via
an FXR-dependent pathway [19, 25-27]. In contrast, Fxr~~ mice displayed significantly
elevated plasma TG levels, VLDL production and hepatic steatosis [28].

Although activation of FXR lowers hepatic TG levels, the underlying mechanism remains
elusive. SHP was thought to be an important mediator in this process through repressing the
transcription of SREBP1c, a master transcription factor that controls the expression of genes
involved in fatty acid biosynthesis. Activation of FXR is known to induce SHP expression
[10]. In Shp™~ mice, the repression on SREBP1c and its target genes by CA or GW4064
was not observed [25]. Meanwhile, the hepatic TG-lowering effect of CA or GW4064 was
lost in Shp™~ mice [25]. These data suggest that FXR lowers hepatic TG levels through an
FXR-SHP-SREBP-1c pathway [25]. However, recent findings challenge this observation.
Firstly, transgenic mice over-expressing SHP in the liver exhibited higher expression of
SREBP-1c and steatosis in the liver [29]. Secondly, Shp~'~ mice have reduced hepatic TG
level when fed a high fat diet [30]. Thirdly, knockout of Shp in ob/ob mice prevents hepatic
TG accumulation [31]. Lastly, although activation of FXR represses SREBP-1c expression,
activation of FXR does not suppress SREBP-1c target genes, such as fatty acid synthase
(FAS) [32]. These latter observations suggest that activation of FXR lowers hepatic TG
levels independent of the FXR-SHP-SREBP1 pathway (Figure 2). Thus, other yet-to-be-
determined mechanism(s) should be involved in FXR-mediated reduction in hepatic TG
levels.

Recently, FXR was found in human hepatocytes to inhibit the transcriptional activity of
carbohydrate response element-binding protein (ChREBP) [33], another master regulator
controlling hepatic glucose and lipid metabolism. FXR inhibits glucose-induced gene
expression through a trans-repressive mechanism involving recruiting co-repressor to and
releasing ChREBP from carbohydrate response element (ChORE). The induction of FAS
and ApoC-I11 by high glucose was blunted by GW4064 treatment in hepatocytes. Further in
vivo studies are needed to verify whether FXR modulates hepatic lipid metabolism through
regulating ChREBP transcriptional activity. Aldo-keto reductase 1B7 (AKR1B7), represents
another novel FXR target which may contribute to FXR-mediated amelioration of hepatic
steatosis. Originally suggested to be involved in lipid peroxidation, AKR1B7 was found to
be a direct target of FXR in both the liver and intestine. Adenovirus-mediated
overexpression of AKR1B7 in db/db mice ameliorated hepatic steatosis [34].
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Activation of FXR lowers plasma TG levels mainly though increasing plasma lipoprotein
clearance. CA feeding increased hepatic expression of ApoC-I1, a lipoprotein lipase (LPL)
activator, specifically through FXR as this effect was not observed in Fxr~'~ mice [35].
Fxr~~ mice in ob/ob background displayed elevated plasma TG and concomitant decrease
in both hepatic Apo-Cll and ApoA-V compared to control mice [36]. The expression of
ApoC-lll and angiopoietin-like 3 (ANGPTL3), both of which are LPL inhibitors, were
suppressed by FXR activation [25, 37]. In addition, FXR activation increases the expression
of VLDL receptor [38] and syndecan-1 [39], which are responsible for increased clearance
of TG-rich lipoprotein and remnant particles, respectively.

Other mechanisms may also be involved in FXR-mediated lipid lowering effects. Human
PPARa, a key regulator governing hepatic FAO, was induced after CDCA and GW4064
treatment in HepG2 cells and primary hepatocytes [40]. Fxr~'~ mice in ob/ob background
exhibited significantly reduced hepatic expression of PPARa and its target gene, carnitine
palmitoyltransferase 1a (CPT1a), a key enzyme involved in FAO [36]. GW4064 treatment
increased the expression of PDK4, a PPARa target gene involved in substrate switch, in
both hepatocytes and in vivo [41]. Recently, FGF21, an important cytokine modulating
systematic carbohydrate and lipid metabolism, was found to be a direct target of FXR.
FGF21 increases the rates of FAO and ketogenesis through increasing lipolysis in adipose
tissue [42]. FXR activation by BA or GW4064 increased the expression and secretion of
FGF21 [43]. Furthermore, FXR also up-regulated the expression of FGF21 through FGF19,
a cytokine secreted from intestine after FXR activation [43]. In Fxr~~ mice, the induction of
FGF21 by a ketogenic diet was significantly attenuated, suggesting that FXR may play an
important role in ketogenesis during fasting [43]. Increased hepatic expression of FGF21 has
been shown to reduce hepatic TG levels [11, 44, 45]. In addition, FGF21 was also reported
to inhibit lipogenesis through suppressing the transcriptional activity of SREBP-1c [46].
Thus, the FXR-FGF21 pathway may play a role in FXR-mediated decrease in hepatic TG
levels. Overall, FXR regulates hepatic and plasma TG metabolism likely through multiple
mechanisms (Figure 2).

2.3. FXR and inflammation

Inflammation plays an important role in the pathogenesis of NAFLD. Fxr~/~ mice display
elevated levels of inflammation such as elevated interferon-vy, tumor necrosis factor-a and
interleukin-1p (IL-1p), and develop spontaneous HCC at age of 9-12 months [47]. Diabetes/
insulin resistance facilitates the progression HCC when FXR is deficient [48]. The increased
levels of inflammation observed in Fxr~/~ mice may partly be explained by elevated BA
levels in these mice. In contrast, FXR activation is shown to antagonize nuclear factor kappa
B (NF-xB) pathway, including inhibition of iINOS and COX-2 in hepatocytes [49]. It
remains to be determined how activation of FXR antagonizes NF-xB function.

2.4. FXR and NAFLD

The findings that FXR plays an important role in regulating both lipid homeostasis and
inflammation suggest that FXR may modulate the progression of NAFLD. Indeed, Fxr™/~
mice have increased hepatic TG accumulation. FXR deficiency causes pathologic
manifestations of NASH in LdIr™~ mice after a high fat feeding; the liver of these mice
displayed massive steatosis, inflammatory infiltrate and fibrosis [50]. In one study on
NAFLD patients, the hepatic expression of FXR is significantly decreased, whereas the
expression of hepatic LXR, SREBP-1 and FAS are induced [51]. The reduced FXR
expression may thus play a role in the pathogenesis of human NAFLD. Another very recent
study on 113 NAFLD patients reveals a close association between BA synthesis and plasma
BA concentration and the severity of NAFLD [52]. In these patients, both CYP7AL and the
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bile acid transporter Na*/taurocholate cotransporter (NTCP) expression is increased, likely
as a result of increased FFA levels [52].

Administration of the FXR agonist WAY-362450 attenuated hepatic inflammation and
fibrosis, and lowered serum alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) levels in C57BL/6 mice fed a methionine and choline-deficient [53] diet, a well-
established nutritional model of NASH [27]. Inflammatory factors, such as keratinocyte-
derived chemokine (mKC) and monocyte chemotactic protein-1 (MCP-1) were also reduced.
WAY-362450 treatment also down-regulated hepatic fibrosis genes, such as collagen, TGF-
B1, matrix metalloproteinase 2 (MMP-2) and tissue inhibitor of metalloproteinase 1
(TIMP-1). These effects are FXR dependent since no improvement was observed in MCD-
fed Fxr~/~ mice [27].

INT-747, also known as Obeticholic acid [52], is a 6a-ethyl derivative of CDCA. It is
reported to ameliorate hepatic steatosis and inflammation on a variety of animal models.
OCA treatment improved insulin resistance and hepatic steatosis in Zucker fa/fa rats, which
is associated with decreased expression of genes involved in hepatic lipogenesis and
gluconeogenesis [54]. OCA also inhibits hepatic inflammatory responses induced by NF-xB
while maintaining or enhancing the cell survival response. This drug is under clinical trial at
present. The phase Il clinical trial in patients with type 2 diabetes and NAFLD demonstrates
that OCA treatment increased systematic insulin sensitivity as evidenced by increased
glucose infusion rate in hyperinsulinemic-euglycemic clamp study [55, 56]. There was also
a drop in plasma y-glutamyltransferase (GGT) and alanine aminotransferase (ALT) [55, 56],
suggesting reduced liver injury. Liver fibrosis, which occurred in 81% of the patients, was
also improved significantly by OCA treatment, as evidenced by reduced hyaluronic acid,
procollagen 111 amino terminal peptide, and tissue inhibitor of metalloproteinase 1 [55, 56].
The Phase I1b clinical study with NASH patients is underway.

2.5. FXR and glucose metabolism and energy expenditure

Administration of C57BL/6J mice with CA decreased hepatic transcription of PEPCK and
G6Pase as well as fasting glucose levels [57]. This effect was absent in either Fxr~~ or
Shp~~ mice, suggesting that the hypoglycemic effect of FXR is through inhibiting hepatic
gluconeogenesis via the FXR-SHP pathway [58]. In line with this report, adenovirus-
mediated constitutive activation of FXR in liver or GW4064 administration to db/db or KK-
A(y) mice reversed hyperglycemia and decreased hepatic expression of PEPCK and G6Pase
[19]. FXR activation was also reported to modulate glycogen storage [19].

Although activation of FXR results in multiple favorable effects on both glucose and lipid
metabolism, one potential adverse effect of FXR activation may warrant some attention. The
FXR agonist GW4064 attenuated energy expenditure in high fat diet (HFD)-induced obese
mice as a result of reduced BA pool size [59]. In contrast, Fxr™'~ mice showed resistance to
diet-induced obesity [60] and Fxr deficiency in ob/ob mice protects against body weight
gain and obesity [48]. This negative effect of FXR on energy expenditure may pose a
concern on the long term use of FXR agonist(s).

3. Role of TGRS in lipid and energy metabolism and inflammation

TGRS has been well recognized not only for its role in BA homeostasis but also for its role
in glucose and lipid homeostasis as well as energy expenditure (Figures 3 and 4). It regulates
the expression of genes involved in inflammation, modulates plasma glucose and lipid
levels, and increases energy expenditure in skeletal muscle and brown adipose tissue [11,
61-63].
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3.1. TGR5 and glucose and energy homeostasis

In the enteroendocrine STC-1 cell line, activation of TGR5 leads to increased secretion of
glucagon like peptide-1 (GLP-1) [64]. This TGR5-induced GLP-1 secretion has been shown
to improve pancreatic and liver function and also to improve glucose tolerance in obese
mice [62]. While the mechanism behind this is unclear, there may be an involvement of
oxidative phosphorylation. The resultant increase in the ATP/ADP ratio can induce
membrane depolarization and calcium mobilization in a similar fashion as that occurs before
insulin secretion in pancreatic f cells [62]. In contrast, Tgr5~~ mice have worse glucose
clearance as compared to their wild-type littermates.

Activation of TGR5 by BAs also leads to increased expression and activity of 2-
iodothyronine deiodinase (D2), which is able to increase mitochondrial oxidative
phosphorylation and energy expenditure in brown adipose tissue and muscle, by converting
inactive thyroxine (T4) into its active form 3,5,3-tri-iodothyronine (T3) which then binds
and activates the thyroid hormone receptor, thus inducing energy expenditure [61]. CA
attenuates body weight gain in HFD-fed wild-type mice [61]. However, it remains to be
determined whether this latter effect is through TGR5. In addition, the synthetic TGR5
agonist INT-777 is found to increase energy expenditure and prevent HFD-induced obesity
[62].

3.2. TGR5 and hepatic triglyceride metabolism

In HFD-fed mice, INT-777 treatment not only prevented body weight gain but also reduced
liver steatosis and plasma FFAs, LDH, AST and ALT [62]. In another study, it was reported
that HFD-fed male but not female knockouts of TGR5 showed significantly higher levels of
liver steatosis [65]. The above findings are counterintuitive considering that TGR5 is not
expressed in hepatocytes. One possibility is that the liver takes up less FFAs from adipose
tissue because of reduced obesity that results from increased energy expenditure in brown
fat/skeletal muscle. Additional studies are needed to explore other underlying mechanisms.

3.3. TGR5 and inflammation and atherosclerosis

It has been shown that TGRS is expressed in several immune cells, such as monocytes,
alveolar macrophages, and Kupffer cells and that BAs modulate the inflammatory response
in these cells [66, 67]. CAMP is reported to inhibit LPS-induced cytokine secretion [68].
Treatment with BAs activates TGRS and increases CAMP production in THP-1 cell [67],
resulting in attenuation of macrophage’s effector functions including reduction of
phagocytic activity as well as generation of LPS-stimulated cytokines (TNF-a, IL-1a, IL-1,
IL-6, and 1L-8) [66] (Figure 3). Agonist-induced TGR5 activation inhibits the expression of
inflammatory mediators in response to Toll-like receptor 4 (TLR4) activation by LPS in WT
but not in Tgr5~/~ mouse liver, thus identifying TGR5 as a negative regulator of liver
inflammation [69] (Figures 3 and 4)

TGRS also participates in regulation of intestinal inflammation. It is reported that the
expression of TGRS increases in response to inflammation in rodent models of colitis and in
inflamed tissues obtained from Crohn’ disease patients. Ciprofloxacin and oleanolic acid,
two TGRS ligands, attenuate colon inflammation in rodent models of colitis [70].

The inhibition of inflammation through TGR5 activation can be also beneficial for
atherosclerosis. The development and progression of atherosclerosis is accelerated by
dyslipidemia and chronic inflammation, and macrophages play a key role in this process
[71]. Macrophages scavenge modified forms of LDL, leading to the formation of foam cells
and local production of cytokines and chemokines that initiate chronic inflammation of the
vessel wall, one of the initial steps in the pathogenesis of atherosclerosis [63]. It was
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recently shown that TGRS activation inhibits the inflammatory response in the macrophage
and prevents the development of atherosclerosis. The activation of TGRS by INT-777
attenuated atherosclerosis in Ldlr”~ Tgr5*/* mice but not in Ldlr~~ Tgr5~/~ mice. The
inhibition of lesion formation was associated with decreased intraplaque inflammation and
less plague macrophage content [63].

3.4. TGR5 and the progression of NAFLD

TGRS is highly expressed in Kupffer cells and sinusoidal endothelial cells [66, 72]. These
Kupffer cells are capable of secreting proinflammatory cytokines which can in turn
contribute to the progression of NAFLD [73]. When Kupffer cells were treated with
INT-777, there was a reduction in the lipopolysaccharide (LPS)-induced production of
inflammatory cytokines through the TGR5-cAMP-dependent pathway. INT-777 treatment
blunts the expression of inflammatory mediators by antagonizing NF-xB activity in wild-
type mice but not in Tgr5~/~ mice [69]. The anti-inflammatory and anti-steatotic properties
of TGR5 suggest that TGR5 may protect against the development and progression of
NAFLD. Future studies are needed to test whether TGR5 prevents the progression of
NAFLD.

4. FXR and TGR5 dual agonists

Activation of either FXR or TGR5 has beneficial effects on lipid and glucose homeostasis.
Although BAs can activate both FXR and TGR5, BAs may also activate other pathways
independent of these two receptors [10]. Therefore, the development of specific/selective
agonist(s) that can activate both FXR and TGR5 may provide another tool for fighting lipid
disorder and diabetes.

INT-767 (6-ethyl-23(S)-methyl-3,7,12-trihydroxy-5p-cholan-24-oic acid), a bile acid derive,
is a novel and potent agonist for both FXR and TGR5 [60]. INT-767 treatment decreased
plasma total cholesterol, HDL cholesterol and TG levels in streptozotocin-treated mice that
were fed a Western diet [60]. INT-767 treatment was also shown to significantly reduce
serum liver enzyme levels and improve hepatic inflammation and biliary fibrosis in Mdr2=/~
mice [13], a murine model of chronic cholangiopathy, and to significantly improve hepatic
steatosis and inflammation in db/db mice [74]. INT-767 decreases the levels of
proinflammatory cytokines and increases IL-10 production, leading to down-regulation of
Ly6C both in vitro and in vivo. Furthermore, treatment with INT-767 increased the
proportion of intrahepatic Ly6C'°" monocytes which have anti-inflammatory property [74].
Despite these exciting data, more studies are needed to characterize the role of the dual
FXR/TGR5 agonist in lipid and carbohydrate metabolism and the benefits of its use over
FXR or TGR5 agonists.

5. Should we target FXR or TGR5, or both?

Activation of either FXR or TGR5 or both FXR and TGR5 has been shown to display
beneficial effects on hepatic triglyceride and glucose homeostasis and inflammation (Figure
4). One intriguing question is whether we should target FXR, TGR5 or both in treatment of
NAFLD or metabolic syndrome. Activated FXR or TGR5 lowers hepatic TG levels and
plasma lipids, inhibits inflammation, and improves glucose homeostasis (Figure 4). In
addition, activation of FXR reduces energy homeostasis whereas activation of TGR5
increases energy homeostasis (Figure 4). Since FXR and TGR5 may complement each other
functionally, simultaneous activation of FXR and TGR5 may receive the maximum
beneficial effect on lipid and glucose homeostasis. However, additional studies are needed
to elucidate whether this is the case and whether activation of TGR5 has any detrimental
effects.
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Although both FXR and TGRS are expressed in the liver, FXR is expressed exclusively in
hepatocytes whereas TGR5 is expressed in Kupffer cells but not hepatocytes. In the case of
NAFLD, FXR activation has a pronounced effect on lowering hepatic TG levels but less
effect on inhibition of inflammation. In contrast, TGR5 activation has a striking inhibitory
effect on inflammation but less effect on hepatic TG levels. Therefore, the use of a dual
FXR/TGR5 agonist may be a better approach for treatment of NAFLD.

6. Conclusions

Accumulating data have clearly demonstrated that both FXR and TGR5 regulate BA, lipid
and glucose homeostasis. Importantly, activation of FXR or TGR5 has beneficial effects on
lipid and glucose homeostasis and inflammatory response. Treatment with agonists for FXR
or TGRS significantly protects against NAFLD. However, the mechanism(s) underlying the
protection against liver steatosis by FXR or TGR5 remain to be determined. Since FXR and
TGR5 may function synergistically and complement each other, the utilization of a dual
FXR/TGR5 agonist may represent a new approach for treatment of NAFLD and other
metabolic disease.
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Figure 1.
Chemical structures of BAs, FXR agonists, TGR5 agonists and FXR/TGR5 dual agonists.
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Figure 2. Role of FXR in lipid metabolism

Bile acids (CA and CDCA), synthetic FXR agonists (GW4064, INT-747 and WAY -362450)
and a dual FXR/TGR5 agonist (INT-767) activate hepatic FXR, resulting in modulation of
hepatic and plasma lipid homeostasis. FXR lowers hepatic triglyceride levels likely through
multiple mechanisms. The FXR-SHP-SREBP-1c pathway does not appear to play a role in
this process [25, 29-32]. Instead, other genes/pathways, including FGF21 [43], ChREBP
[33], PPARa [36, 41], and AKR1B7 [34] may play a role in FXR-mediated reduction in
hepatic triglyceride levels. Activation of FXR regulates plasma cholesterol and triglyceride
levels through modulating several genes, including SR-BI [19], LDLR [16],
Syndecan-1[39], VLDLR [38], ApoCll, ApoCllI [37] and ANGPTL3 [25].
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Figure 3. Role of TGR5 in lipid metabolism, inflammation and ener gy homeostasis

In the absence of a ligand, TGRS is tightly bound to a G protein complex consisting of a, 8
and y subunits. Upon binding to a ligand (bile acids, synthetic TGR5 agonist (INT-777),
synthetic dual FXR/TGRS5 agonist (INT-767)), the G protein complex dissociates to form a
and Py protein subunits. The a protein subunit then activates adenylate cyclase which in turn
converts ATP to cCAMP. The resultant cAMP accumulation activates protein kinase A,
which exerts downstream effects [11]. In macrophages and hepatic Kupffer cells, TGR5
attenuates inflammatory cytokine production through antagonizing the activity of NF-xB
[69]. In intestinal L cells, TGR5 induces GLP1 secretion, which subsequently stimulates
insulin secretion from pancreatic 3 cells to regulate glucose homeostasis [62]. In skeletal
muscle and brown adipose tissue (BAT), TGR5 increases energy expenditure through
inducing mitochondrial thermogenesis via PGCla and T3 [61]. In the liver, TGR5
attenuated triglyceride accumulation through a yet-to-be-determined mechanism [62].
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Figure4. Major pathwaysregulated by FXR and TGR5
Activation of either FXR or TGR5 lowers hepatic TG levels and inhibits inflammation, thus
protecting against the development of NAFLD. Activation of either receptor also lowers
plasma lipids and improves glucose homeostasis. Activation of FXR reduces energy
expenditure. In contrast, activation of TGRS increases energy expenditure. The mechanism
by which TGRS lowers hepatic TG levels or plasma lipids remains to be determined.
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