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ARTICLE INFO ABSTRACT

Article history:

Bile acids act as signaling molecules and stimulate the G protein coupled receptor, TGR5, in addition to
nuclear farnesoid X receptor to regulate lipid, glucose and energy metabolism. Bile acid induced activa-
tion of TGR5 in the enteroendocrine cells promotes glucagon like peptide-1 (GLP-1) release, which has
insulinotropic effect in the pancreatic B cells. In the present study, we have identified the expression
of TGR5 in pancreatic B cell line MIN6 and also in mouse and human pancreatic islets. TGR5 selective
ligands, oleanolic acid (OA) and INT-777 selectively activated Gos and caused an increase in intracellular
cAMP and Ca?*. OA and INT-777 also increased phosphoinositide (PI) hydrolysis and the increase was
blocked by NF449 (a selective G inhibitor) or U73122 (PI hydrolysis inhibitor). OA, INT-777 and litho-
cholic acid increased insulin release in MIN6 and human islets and the increase was inhibited by treat-
ment with NF449, U73122 or BAPTA-AM (chelator of calcium), but not with myristoylated PKI (PKA
inhibitor), suggesting that the release is dependent on G,/cAMP/Ca%* pathway. 8-pCPT-2'-O-Me-cAMP,
a cAMP analog, which activates Epac, but not PKA also stimulated PI hydrolysis. In conclusion, our study
demonstrates that the TGR5 expressed in the pancreatic B cells regulates insulin secretion and highlights
the importance of ongoing therapeutic strategies targeting TGR5 in the control of glucose homeostasis.
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1. Introduction

Bile salts are amphipathic molecules that are derived from cho-
lesterol and are well known for their role in intestinal micelle for-
mation and lipid digestion. It is now known that the range of
physiological functions of bile salts extend far beyond lipid diges-
tion and include modulation of cholesterol and triglyceride metab-
olism, insulin sensitivity, the intestinal endocrine response to
meals and energy homeostasis [1]. Several of these functions are
mediated via the nuclear receptor farnesoid-X-receptor (FXR) and
the membrane receptor TGR5 [2,3]. FXR is widely expressed in li-
ver, adipose tissue and muscle and is the key negative regulator
of bile acid synthesis from cholesterol [4,5]. TGR5 (also known as
M-BAR, Gpbar1, GPR131 or BG37) is a member of class A, G protein
coupled receptor and is expressed ubiquitously in the liver, adipose
tissue, gall bladder, skeletal muscle and in various cells of gastroin-
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testinal tract such as smooth muscle cells, enteric neurons and
enteroendocrine cells [6,7].

TGR5s have diverse biological functions including regulation of
hepatic blood flow, anti-inflammatory responses, intestinal and
gallbladder motility and skeletal muscle iodothyronine deiodinase
(D2) activity, a key controller of metabolic homeostasis [8-11]. Re-
cently, they have been shown to mediate the release of glucagon-
like peptide-1 (GLP-1) from the intestine [12]. GLP-1 and GLP-2 are
important mediators of the intestinal endocrine response to meals
and promote insulin release from pancreatic B cells [13].

Insulin secretion under basal and post-prandial conditions plays
a critical role in energy homeostasis. Circulating glucose has been
considered to be the principal stimulus for insulin secretion [14].
Glucose metabolism within the B cell increases the ATP:ADP ratio,
which inhibits ATP sensitive K* channels leading to depolarization
of the plasma membrane and opening of voltage-gated Ca®* chan-
nels [15]. The resultant increase in cytosolic Ca%* initiates exocyto-
sis to mediate insulin release [16,17]. Glucose-dependent insulin
secretion pathway is modulated by several paracrine and endo-
crine mechanisms.

Over the last decade much has been learned about the role of
bile salts in metabolism. Bile salts can indirectly affect insulin
secretion by TGR5-mediated intestinal release of GLPs. GLP-1 and
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GLP-2 induce insulin secretion via activation of receptors coupled
to Gs/cAMP pathway [18,19]. Recently, FXR has been found in B
cells and shown to release insulin [20]. However, it is not known
if TGR5s are also present on islet cells and whether they affect
insulin secretion. Also, the potential mechanisms involved in such
effects are not known. Thus the aims of this study were to deter-
mine (1) if TGR5 was present on islet cells, (2) the effects of
TGR5 activation on insulin secretion, and (3) the mechanisms
underlying such effects.

2. Materials and methods
2.1. Materials

INT-777 (S-EMCA: 6a-ethyl-23(S)-methylcholic acid) was a
generous gift from Intercept Pharmaceuticals. Antibody to TGR5
was purchased from Abcam (Cambridge, MA), antibodies to Ga,
Gotg, Gotiy, Gotiz and Gous, and NF449 were from Santa Cruz Biotech-
nology Inc. (Santa Cruz, CA), ultrasensitive mouse insulin ELISA kit
from Crystal Chem. Inc. (Downers Grove, IL), [3°S] GTPYS, myo-[>H]
inositol and ['2°]] cAMP from Perkin Elmer (Boston, MA), Fura 2-
AM from Invitrogen (Eugene, OR), U73122 from Calbiochem (La
Jolla, CA). Oleanolic acid (OA), lithocholic acid (LCA), Dulbecco’s
Modified Eagle Medium (DMEM), 2-mercaptoethanol, 8-pCPT-2’-
0O-Me-cAMP, BAPTA-AM and all other reagents were obtained from
Sigma (St Louis, MO).

2.2. Cell culture

The insulin secreting pancreatic B cell line, MIN6, was cultured
in DMEM containing 25 mM glucose supplemented with 10% fetal
bovine serum, L-glutamine, sodium carbonate, 2.5 mM 2-mercap-
toethanol and 100 U/ml pencillin-streptomycin and incubated at
37 °C in 5% CO,.

2.3. Isolation and maintenance of mouse islets

Pancreatic islets were isolated from C57BL/6] mice as previously
described [21]. The isolated islets were maintained in RPMI-1640
medium supplemented with 10% FBS and 100 U/ml pencillin-
streptomycin and incubated at 37 °C in 5% CO,.

Human Islets were obtained from the National Human Tissue
Resource Center, Philadelphia.

2.4. RNA isolation and RT-PCR analysis

Total RNA from MING cells and islets was isolated using Ambion
RNA isolation kit following the manufacture’s instruction and the
purified RNA was reverse transcribed to single-stranded cDNA
using high capacity reverse transcription kit. The conventional
PCR and real-time PCR (TGR5 primers: forward 5-GAGCGTCGCC-
CACCACTAGG-3' and reverse 5-CGCTGATCACCCAGCCCCATG-3')
analysis was carried out as described previously [22]. Mouse GAP-
DH primers (forward 5-AGAAACCTGCCAAGTATGATG and reverse
5'-GGAGTTGCTGTTGAAGTCG-3’) were used as endogenous con-
trols. Cycle threshold (Ct) values were obtained and the relative
fold change in gene expression was calculated as 2-24¢,

2.5. Western blot analysis

Equivalent amounts of protein were resolved by SDS-PAGE and
transferred onto a nitrocellulose membrane. Blots were blocked in
5% nonfat dry milk for 1 h followed by immunoblotting with anti-
TGR5 antibody and anti-rabbit IgG horseradish peroxidase second-

ary antibody. Blots were visualized using advance ECL Western
blotting detection reagents.

2.6. Identification of activated G proteins

Membranes isolated from MIN6 cells were incubated with
60 nM [3>°S]GTPYS containing 10 mM Hepes (pH 7.4), 0.1 mM EDTA
and 10 mM MgCl, for 30 min at 37 °C in the presence or absence of
OA (10 uM) and INT-777 (25 uM). The reaction was stopped by
adding 10 volumes of 100 mM Tris/HCl (pH 8) containing 10 mM
MgCl,, 100 mM NaCl and 20 pM GTP and was then incubated in
wells precoated with specific antibodies to Gots, Golg, Gotiy, Gz
and Goys for 2 h in ice. This was then followed by washing with
PBS containing 0.05% Tween and solubilization with 0.1 N NaOH.
The radioactivity in each well was counted by liquid scintillation
and expressed in cpm/mg protein [23].

2.7. Phosphoinositide (PI) hydrolysis assay

MING cells were labeled with myo-[3H] inositol (0.5 uCi/ml) in
DMEM medium for 24 h. After 24 h, cells were washed with PBS
and treated with OA, INT-777, or a selective Epac ligand, 8-pCPT-
2'-0-Me-cAMP in the presence or absence of NF449 (a selective
Go inhibitor), or U73122 (PI hydrolysis inhibitor) for 1 min. The
reaction was terminated using 940 pl of chloroform-methanol-
HCl (50:100:1 v/v) as described previously [24]. The upper aqueous
phase was applied to the column prepared with Dowex AG-50W-
X8 resin and water (1:1) and the [H] inositol triphosphate was
eluted with 0.8 M ammonium formate plus 0.1 M formic acid.
Radioactivity was determined by liquid-scintillation counting and
the results expressed as percent increase above basal.

2.8. Measurement of intracellular calcium

MING cells cultured on glass cover slips, and mouse and human
islets were washed with PBS and then loaded with 5 pM fura2-AM
in HBSS buffer containing 3 mM glucose for 2 h at room tempera-
ture. Clusters of cells were selected for imaging and visualized as
described previously [25]. The cells were alternatively excited at
340 and 380 nm and the increase in intracellular calcium by the
TGR5 ligands (OA or LCA) was measured by determining the ratio
of the fluorescence of fura-2 at 340 and 380 nm excitation.

2.9. Measurement of insulin release

MING cells were incubated in HBSS (114 mM NacCl, 4.7 mM KCl,
1.2 mM KH,PO,4, 1.16 mM MgSO,4, 20 mM HEPES, 2.5 mM CaCl,,
25.5 mM NaHCOs, pH 7.2, 0.1% BSA) containing 3 mM glucose for
2 h at 37 °C. Cells were then treated for 30 min in HBSS containing
3 mM (basal) or 25 mM glucose (stimulated) with or without OA,
INT-777 or LCA. The supernatants were collected and assayed for
insulin using ELISA Kkit. For insulin secretion from human islets,
10 islets/condition were incubated at 37 °C for 2 h in HBSS with
3mM glucose. The same procedure as described above was
followed.

2.10. Statistical analysis

Results were calculated as mean + SEM and the experiments
were performed at least three times. Statistical significance was
analyzed using Student’s t-test and differences were considered
significant at p < 0.05.
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3. Results

3.1. Expression of TGR5 in human and murine pancreatic islets and in
pancreatic f cells

Expression of TGR5 mRNA was detected in all three pancreatic B
cell lines (MIN6, INS1, and 823/13), however, expression was
nearly 11 fold higher in MING6 cells compared to INS1 and 2.5 fold
higher compared to 823/13 cells (Fig. 1A). Analysis of TGR5 mRNA
expression in islets from mouse and human demonstrated amplifi-
cation of a product of predicted size (104 bp and 277 bp, respec-
tively) (Fig. 1B and C). Analysis of TGR5 protein expression by
Western blot using a selective TGR5 antibody also demonstrated
a band of expected size (35 kDa) in homogenates isolated from
both MIN6 and mouse islets (Fig. 1B lower panel).

3.2. Stimulation of insulin secretion by TGR5 ligands

To investigate the role of TGR5 in insulin release, we examined
whether basal (3 mM) and stimulated (25 mM glucose) insulin re-
lease would be modulated by activation of TGR5 receptors. The
selective TGR5 ligand OA dose-dependently (10-50 uM) aug-
mented both basal and stimulated insulin secretion (Fig. 2A). LCA
(10 uM) also caused an increase in basal and glucose-mediated
insulin secretion in MIN6 cells (Fig. 2A). Treatment of cells with
the TGRS specific ligand INT-777 (25 pM) or the FXR specific ligand
INT-747 (25 uM) augmented both basal (33-34% increase) and
stimulated insulin release (27-30% increase). However, treatment
of cells with both ligands had no significant additive effect (basal:
30% increase; stimulated: 27% increase).

Both basal and stimulated insulin release from human islets
were also significantly augmented by OA (25 uM), LCA (25 uM)
or INT-777 (25 pM) and the extent of increase was similar with
all three ligands (Fig. 2B).

3.3. Mechanisms of TGR5-mediated insulin secretion

3.3.1. Activation of Gs and adenylyl cyclase by TGR5 selective ligands

Incubation of cell membranes with OA or INT-777 caused a sig-
nificant increase in the binding of [*>S]GTPYS selectively to Goi
(300% increase above basal levels), but not to Goyg, Gotiy, GOz or
Goys (Fig. 3A). These results suggest that TGR5 receptors are
preferentially coupled to activation of Goy in pancreatic B cells.

A B

The results are consistent with the selective activation of Goy by
OA in enteroendocrine cells and gastric smooth muscle cells [26].
Consistent with the activation of Goy proteins, incubation of
MIN6 cells with OA (25 puM) or INT-777 (25 uM) stimulated
adenylyl cyclase activity (56% and 75% increase in cAMP levels
above basal levels, respectively).

3.3.2. Activation of PI hydrolysis by TGR5 selective ligands

Previous studies in enteroendocrine cells have shown that GLP-1
release by OA was mediated via PKA-independent mechanism
involving sequential activation of Epac (cCAMP-dependent exchange
factor), Epac-dependent PLC-¢ and release of Ca®* [26]. Activation
of a similar pathway was examined in pancreatic 8 cells by measure-
ments of PI hydrolysis in response to TGR5 selective ligands, OA and
INT-777 and an Epac selective ligand, 8-pCPT-2'-O-Me-cAMP. Both
OA and INT-777 caused a significant and similar increase in PI hydro-
lysis (250% and 210% increase above basal levels 0of 274 + 20 cpm/mg
protein) (Fig. 3B). The increase in PI hydrolysis was blocked by the
selective PI hydrolysis inhibitor, U73122 and by a selective Go pro-
tein inhibitor, NF449. These results suggest that activation of PI
hydrolysis by OA and INT-777 was mediated via activation of Goi
proteins, probably involving activation of Epac and Epac-dependent
PLC-¢. In support to this notion, the selective Epac ligand also stimu-
lated PI hydrolysis and the extent of stimulation (210% increase
above basal level) was similar to OA and INT-777 (Fig. 3B).

3.3.3. Release of Ca?* by TGRS specific ligands

Consistent with the activation of PI hydrolysis, addition of OA or
LCA to MING cells resulted in a rapid increase in cytosolic Ca®*
(Fig. 3C). A similar increase in cytosolic Ca?* in response to OA
was demonstrated in islets isolated from mouse and human
(Fig. 3C).

3.3.4. Pathways involved in TGR5-mediated insulin secretion

To examine the mechanism involved in OA-induced insulin
secretion, MIN6 cells were preincubated with inhibitors of Goi
(NF449, 10 uM), PI hydrolysis (U73122, 10 uM), or PKA (myristoy-
lated PKI, 1 pM), or with Ca®" chelator BAPTA-AM (10 pM), and
then the insulin response to OA was measured. OA-induced in-
crease in both basal and stimulated insulin secretion was abolished
by NF449, U73122 and BAPTA-AM (Fig. 4A), but not by myristoy-
lated PKI (Fig. 4A). These results suggest that insulin release in re-
sponse to OA was mediated via activation of Go; and Epac/PLC-¢/
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Fig. 1. Expression of TGR5 in human and murine pancreatic islets and MING6 cells. (A) TGR5 mRNA level was measured in pancreatic f cell lines-INS1, 823/13 and MIN6 by
qRT-PCR. (B) Expression of TGR5 mRNA (104 bp) and TGR5 protein (35 kDa) in MIN6 and mouse pancreatic islets measured by RT-PCR using specific primers (upper panel)
and immunoblotting using TGRS selective antibody (lower panel). (C) Expression of TGR5 mRNA (277 bp) in human pancreatic islets. Values are expressed as mean + SEM of 3

experiments. *p < 0.05 vs. INS1.
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Fig. 2. TGRS5 regulates insulin secretion in pancreatic p cells. (A) MING6 cells were treated with different concentrations of OA (10, 30 or 50 M) or LCA (10 uM) for 30 min in
the presence of 3 mM or 25 mM glucose and insulin secretion was measured by ELISA as described in the methods. (B) Human pancreatic islets were incubated for 30 min
with OA (25 pM), INT-777 (25 uM) or LCA (25 uM) in the presence of 3 mM or 25 mM glucose and insulin secretion was measured. Values are expressed as mean * SEM of 3
experiments. **p < 0.01 or *p <0.05 vs. 3 mM glucose basal; **p < 0.01 or *p < 0.05 vs. 25 mM glucose basal.
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Fig. 3. (A) Selective activation of Gs by OA and INT-777. Membranes from MING cells were treated with OA (10 uM) or INT-777 (25 uM) in the presence of [>°S] GTPYS for
30 min at 37 °C. Aliquots were added to wells precoated with specific antibodies to Gots, Gotg, Gotiy, Gtz or Goyz and incubated for 2 h. The bound radioactivity was measured.
Values are expressed as mean + SEM of 4 experiments. **p < 0.01 vs. basal. (B) Activation of phosphoinositide (PI) hydrolysis by TGR5 ligands. MIN6 cells were labeled with
myo-[3H] inositol for 24 h and then treated with OA (10 pM), INT-777 (25 puM) or Epac ligand (10 pM) with or without inhibitors of Goi, (NF449, 10 uM) or PI hydrolysis
(U73122, 10 pM). PI hydrolysis was measured by ion exchange chromatography and the results are expressed as percent increase above basal levels (274 + 20 cpm/mg
protein). Values are expressed as mean + SEM of 3 experiments. **p < 0.01 significant inhibition in PI hydrolysis compared to TGR5 ligands. (C) Release of Ca%* by TGR5 ligands.
MING cells, mouse islets and human islets were loaded with fura-2AM for 2 h at room temperature and then stimulated with OA or LCA. The change in cytosolic Ca%* was
measured by monitoring the 340/380 nm fluorescence ratio. Representative traces with each ligand is shown.

Ca?* pathway (Fig. 4B). Consistent with this notion and with the in- cAMP (10 uM) also increased both basal and stimulated insulin re-
crease in PI hydrolysis, the selective Epac ligand, 8-pCPT-2’-O-Me- lease (Fig. 4A).
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Fig. 4. (A) Effect of G, PI hydrolysis and PKA inhibitors on OA-induced insulin release. MING6 cells were treated with the Epac ligand, 8-pCPT-2’-O-Me-cAMP (10 uM), or OA
(50 uM) in the presence or absence of NF449 (10 pM), U73122 (10 uM), BAPTA-AM (10 pM) or myristolylated PKI (1 uM). After 30 min, the supernatant was collected and
used to measure insulin levels by ELISA. Values are expressed as mean + SEM of 3 experiments. **p < 0.01 vs. 3 mM glucose basal; **p < 0.01 vs. 25 mM glucose basal. (B)
Schematic representation of the signaling pathway coupled to TGR5 receptors to mediate insulin release from pancreatic p cells.

4. Discussion

The regulated synthesis and secretion of insulin is one of the
center-pieces of the body’s strategy to maintain metabolic homeo-
stasis. It is therefore not surprising that pancreatic islet B cell func-
tion is modulated by neural, endocrine and paracrine factors and
cell-cell interactions [27-29]. A wide variety of ligands thus bind
their specific receptors on islet cells, which integrates these signals
to modulate its synthetic and secretory functions. Bile salts have
recently been shown to be one of the ligands that affect islet func-
tion. Specifically, via binding to FXR, bile salts have been shown to
affect insulin secretion. This study demonstrates that islet B cells
also express TGR5 receptors, which upon activation enhance glu-
cose-mediated insulin secretion. This discovery further supports
a role for bile salts, the endogenous ligands for TGR5, in the regu-
lation of metabolism.

Bile salts may impact islet function in both direct and indirect
ways. At the level of the intestine, activation of TGR5 by bile salts
enhance GLP-1 and GLP-2 release [30]. GLP-1 delays gastric empty-
ing and thus the absorption of glucose thereby flattening the post-
prandial glycemic response [31]. GLP-1 also directly functions as a
trophic factor for islet cells and promotes insulin secretion follow-
ing a glucose challenge [19,32]. The current study demonstrates
that bile salts promote glucose-mediated insulin release via TGR5
and also confirm prior observations that FXR activation can en-
hance glucose-mediated insulin secretion [20].

At a cellular level, TGR5 ligands lithocholic acid, OA and INT 777
all increased intracellular Ca?* and calcium chelation blunted the
insulin secretory response indicating that the final exocytosis of
insulin via TGR5 involved classical Ca?*-dependent pathways used
by other stimulators of insulin secretion. We further showed that
bile acid induced TGR5 receptors in the pancreatic B cells is Gois
coupled and activation of these receptors leads to stimulation of
adenylyl cyclase activity generating cAMP which in turn leads to
the activation of cAMP dependent Epac/PLC-¢ pathway stimulating
insulin secretion. This mechanism was found to be similar to that
used by the TGR5 expressed in the enteroendocrine cells which
stimulated GLP1 release [26,30].

Normally, circulating glucose is the key driver of insulin secre-
tion; islet cells sense ambient glucose levels along with fatty acids
and various amino acids and activate proinsulin synthesis and insu-
lin secretory mechanisms in response to the metabolic coupling
factors [33-35]. The observed enhancement of insulin secretion
by TGR5 ligands under low and high glucose conditions suggests
that the known insulin-sensitizing effects of bile salts may be partly
due to improved insulin secretory responses to a glucose load.
Interestingly, the simultaneous use of a FXR agonist (INT-747)
and a TGR5 agonist (INT-777) did not lead to an additive response
although both INT-747 and INT-777 stimulated glucose mediated
insulin secretion to a similar degree when used alone. This suggests
a degree of antagonism between the intracellular pathways acti-
vated by FXR and TGR5 respectively that converge on insulin secre-
tion. This however remains to be experimentally elucidated.

Under fasting conditions, circulating bile salt concentrations are
generally less than 5 pM. Under post-prandial conditions, these
concentrations may rise to 15 uM [36,37]. The precise effect of bile
salts in vivo is likely to be not only a function of its concentration
but also the nature of the circulating bile salts. For example, it is
well known that tauro-ursodeoxycholic acid is only a weak ligand
for TGR5 and FXR whereas chenodeoxycholic acid and lithocholic
acid are more potent ligands. In chronic liver disease, particularly
with cholestasis, fasting levels of bile salts are elevated and there
is a loss of secondary bile salts [38]. There is also a decrease in
intestinal exposure to bile salts, which is expected to dampen the
incretin response to meals. The contribution of these findings to
the well-known susceptibility of individuals with cirrhosis to de-
velop type 2 diabetes now need to be considered in the context
of the increasing recognition of the effects of bile salts on both
insulin secretion and also on insulin sensitivity [39].

From a public health point of view, type 2 diabetes is a leading
threat to the health of the human race. Fasting hyperinsulinemia
and eventual B cell exhaustion are hallmarks of the insulin resis-
tance syndrome and development of type 2 diabetes [40]. It is gen-
erally believed that a combination of increased exposure to
inflammatory cytokines, fatty acids and other products of lipolysis
along with increased blood sugar drive increased insulin synthesis
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and secretion in such cases [41]. The potential role of bile salts in
modulating the insulin secretory response to these factors and as
a disease modifier in the genesis of type 2 diabetes awaits
elucidation.

In summary, the current study adds to the growing body of
evidence supporting a key role for bile salts as a regulator of nutri-
tional and metabolic homeostasis. It activates the release of GLP-1,
a known stimulator of insulin secretion, in response to a meal in
the intestine by activation of TGR5 receptors [26,30]. We now
demonstrate that TGR5 receptors are present in pancreatic islet B
cells and that activation of TGR5 increases insulin secretion under
both low and high ambient glucose levels.
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