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effects on atherosclerosis (9–12), we studied whether si-
multaneous activation of both FXR and TGR5 is required 
for the beneficial effects of INT-767.

FXR is selectively expressed in the liver, kidneys, and in-
testines (13), while TGR5 is mainly expressed in the intes-
tines and immune cells, including macrophages (14). 
Many lines of evidence have demonstrated that activation 
of FXR by FXR-specific agonists inhibits the development 
of atherosclerosis, possibly through a potent lipid-lowering 
effect (10, 11, 15). TGR5 activation by TGR5-specific agonists 
such as INT-777 also significantly blocked atherosclerotic 
formation in LDLR KO mice through the inhibition of NF-
B-mediated macrophage inflammation (12). Contrarily, 
either FXR or TGR5 deficiency did not significantly aggra-
vate atherosclerosis in LDLR KO mice, suggesting that loss 
of one bile receptor was compensated for by the other re-
ceptor (12, 16).

We previously reported that INT-767 administration sig-
nificantly blocked atherosclerotic formation in ApoE KO 
and LDLR KO mice (4), which was recently confirmed by 
another group (7). In addition, INT-767 treatment showed 
potent lipid-lowering effects and anti-inflammatory effects 
(4). In this study, we examined 1) which bile acid receptor 
mediates the anti-atherogenic, lipid-lowering, and anti- 
inflammatory effects of INT-767, 2) whether the lipid-
lowering effect, anti-inflammatory effect, or both is required 
for the anti-atherogenic effect of INT-767, and 3) whether 
simultaneous inhibition of FXR and TGR5 aggravates ath-
erosclerosis in LDLR KO mice.

MATERIALS AND METHODS

Animals
FXR/ and LDLR/ mice on a C57BL/6J background were 

obtained from the Jackson Laboratory (4, 17). TGR5/ mice on 
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INT-767 is a potent dual activator for farnesoid X recep-
tor (FXR) and G protein-coupled bile acid receptor 1 
(TGR5), which are two major receptors responsible for bile 
acid signaling (1). A number of recent reports showed ben-
eficial effects of INT-767 on cardiovascular and metabolic 
diseases (2–8). Because administration of several FXR-spe-
cific or TGR5-specifc molecules showed similar beneficial 
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a C57BL/6J background were kindly provided by Dr. Galya Vassi-
leva (Merck) (18). Male FXR+/; TGR5+/; LDLR/ mice were 
mated to obtain LDLR/ (LDLR KO), FXR/; LDLR/ (FXR-
DKO), TGR5/; LDLR/ (TGR5-DKO), FXR/; TGR5/; 
LDLR/ (TKO) mice. Male animals were fed a Western diet 
(TD88137) containing INT-767 (30 mg/kg body weight) for 16 
weeks. The dose (30 mg/kg body weight) of INT-767 was calcu-
lated based on weekly body weight and food intake. There was no 
difference in food intake among experimental groups. Eight ani-
mals per group were used for all experiments, unless otherwise 
mentioned. All animals were euthanized by isoflurane overdose 
after a 4 h fasting period. Animal experiments were approved by 
the Institutional Animal Care and Research Advisory Committee 
of the University of Colorado at Denver. INT-767 was kindly pro-
vided by Intercept Pharmaceuticals Inc. (New York, NY).

Histological and biochemical analysis
En face and histological analyses in the aortic sinus were per-

formed as we previously described (4). Immunofluorescence analy-
sis for CD68 (Bio-rad, Clone FA-11) and MCP1 (abcam ab25124) in 
the aortic root was performed using a Life Technologies EVOS fluo-
rescence microscope as we described previously (4). Fasted serum 
lipids samples were quantified using commercially available kits (4).

Electrophoretic mobility shift assay
Electrophoretic mobility shift assay (EMSA) analysis was per-

formed as previously described (4). The DNA binding activity of 
nuclear factor-B (NF-B) was assayed according to the protocol 
from Promega Corp. Briefly, the oligo with NF-B consensus 
binding element (Promega) was end-labeled by T4 polynucleo-
tide kinase (Promega) using [P32]ATP (BioRad). Thirty micro-
grams of total tissue extract was isolated from the aorta using 1X 
passive lysis buffer (Promega) and mixed with radio-labeled oligo 
for binding. Unlabeled cold probe was used to compete with the 
radio-labeled probe to show binding specificity. The reaction mix-
ture was loaded to a 5% polyacrylamide gel under nondenaturing 
conditions and was separated by electrophoresis at 4°C. The gel 
was then dried and exposed to X-ray film to visualize the binding 
of NF-B onto the radio-labeled probe. The binding specificity 
was shown by blockage of binding with excessive competitive cold 
probe, and the position of the NF-B p65/50 complex was con-
firmed using anti-p65 (#8242, Cell Signaling Technology) and 
anti-p50 antibodies (14-6732-81, ThermoFisher).

RNA analysis
Real-time quantitative PCR assays were performed using an Ap-

plied Biosystems StepOne qPCR instrument. Primer sequences 
that are fully validated were obtained from the Primer Bank 
(http://pga.mgh.harvard.edu/primerbank, Harvard University) 
and published previously (4).

Statistical analysis
Data were collected from more than two independent analyses 

and reported as the means ± SEM. Two-way ANOVA or one-way 
ANOVA with a Newman-Keuls posthoc test was used for multi-
group comparison. Significance was accepted at P < 0.05.

RESULTS

FXR and TGR5 simultaneous deficiency induces 
atherosclerosis and blocks the anti-atherogenic effect of 
INT-767

We previously reported that a potent FXR and TGR5 dual 
agonist, INT-767, blocked the development of atherosclerosis 

in ApoE KO and LDLR KO mice (4). A number of previous 
studies have reported that either FXR or TGR5 single activa-
tion by specific agonists was sufficient to reduce the develop-
ment of atherosclerosis in mouse models such as ApoE KO 
and LDLR KO mice (10, 11, 15). FXR and TGR5 single defi-
ciency, however, was not sufficient to aggravate atherosclero-
sis in LDLR KO mice (12, 16). We have examined 1) whether 
the anti-atherogenic effect of INT-767 requires activation of 
both FXR and TGR5 or whether one receptor is sufficient 
and 2) whether lack of major bile acid signaling aggravates 
atherosclerosis in murine models of atherosclerosis. We used 
LDLR KO male mice in this study because FXR and TGR5 
dual deficiency caused embryonic lethal ApoE KO mice 
(data not shown) and INT-767 treatment was effective in pre-
venting atherosclerosis equally in ApoE KO and LDLR KO 
mice (4). To determine which bile acid receptor mediates 
the anti-atherogenic effect of INT-767, 1) LDLR single KO 
mice, 2) FXR; LDLR double KO (FXR-DKO) mice, 3) TGR5; 
LDLR double KO (TGR5-DKO) mice, and 4) FXR; TGR5; 
LDLR triple KO (TKO) mice were treated with 30 mg/kg 
body weight INT-767. En face analysis clearly showed that 
FXR and TGR5 simultaneous deficiency remarkably aggra-
vated atherosclerotic lesions of LDLR KO mice compared 
with LDLR KO, FXR-DKO, and TGR5-DKO (Fig. 1A, B). 
Consistent with a previous report (16), FXR single deficiency 
slightly reduced atherosclerotic lesions (P < 0.05 using Stu-
dent’s t-test), whereas TGR5 single deficiency did not affect 
atherosclerosis in LDLR KO mice (Fig. 1B). In addition, ei-
ther FXR or TGR5 single deficiency did not affect the anti-
atherogenic effect of INT-767. INT-767 treatment reduced 
atherosclerotic lesions by 84%, 75%, and 84% in LDLR KO, 
FXR-DKO, and TGR5-DKO mice, respectively (Fig. 1B). On 
the other hand, FXR and TGR5 deficiency abrogated the 
anti-atherogenic effect of INT-767 (Fig. 1A, B). These data 
demonstrate that the anti-atherogenic effect of INT-767 oc-
curs through activation of both FXR and TGR5.

FXR mediates the lipid-lowering effect of INT-767
Consistent with our previous report (4), INT-767 elicited 

the potent lipid-lowering effect in male LDLR KO mice. 
Levels of serum total cholesterol, triacylglyceride, LDL-cho-
lesterol, and HDL-cholesterol were reduced by 53%, 73%, 
50%, and 39%, respectively, in LDLR KO mice treated with 
INT-767 (Fig. 1). TGR5 deficiency did not affect levels of 
serum lipids or the lipid-lowering effect of INT-767. INT-
767 treatment reduced levels of serum total cholesterol, 
triacylglyceride, LDL-cholesterol, and HDL-cholesterol by 
70%, 81%, 42%, and 33%. FXR-DKO and TKO mice had 
significantly higher levels of serum total cholesterol, triacyl-
glycerides, and LDL-cholesterol compared with LDLR KO 
mice (Fig. 2). In addition, FXR single and FXR/TGR5 dual 
deficiency completely blocked the lipid-lowering effects of 
INT-767 (Fig. 2). These data suggest that INT-767 reduced 
serum lipids through FXR activation.

FXR and TGR5 simultaneous deficiency aggravates aortic 
inflammation and blocks the-anti-inflammatory effect of 
INT-767 in LDLR KO mice

We previously reported that INT-767 reduced aortic  
cytokine and chemokine expression of ApoE/ mice through 
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the attenuation of NFΒ activation (4). In this study, we 
examined which bile acid receptor mediates the anti-
inflammatory effect of INT-767. While FXR and TGR5 sin-
gle deficiency did not alter mRNA levels of cytokine and 
chemokines, FXR and TGR5 dual deficiency drastically in-
creased levels of aortic IL-1, IL-6, TNF, and MCP-1 by 
7.4-fold, 15.0-fold, 6.9-fold, and 7.4-fold (Fig. 3A–D). INT-
767 treatment significantly reduced mRNA levels of aortic 
IL-1, IL-6, TNF, and MCP-1 in LDLR KO, FXR-DKO, 
and TGR5-DKO mice, whereas FXR and TGR5 dual deficiency 
completely blocked the effect of INT-767 (Fig. 3A–D). Con-
sistent with quantitative PCR analysis, immunofluorescence 
microscopic analysis showed that FXR and TGR5 simulta-
neous deficiency but not FXR or TGR5 single deficiency, 
significantly increased C68-macrophages and MCP-1 posi-
tive areas in atherosclerotic lesions of LDLR KO mice (Fig. 
4A–C). Consistent with a previous report (4), INT-767 treat-
ment reduced CD68-macrophages and MCP-1 positive ar-
eas in atherosclerotic lesions of LDLR KO mice. While FXR 
and TGR single deficiency did not affect CD68 and MCP-1 
positive lesions, FXR and TGR5 simultaneous deficiency 
completely blocked the effect of INT-767 on macrophage 

infiltration and MCP-1 expression (Fig. 4A–C). We previ-
ously showed that the anti-inflammatory effect of INT-767 
occurs through inhibition of the aortic NFΒ pathway (4). 
INT-767 significantly reduced levels of active NFΒ p65/
p50 complexes in the aortas of LDLR KO mice (Fig. 4D). 
FXR and TGR5 simultaneous deficiency increased levels of 
aortic active NFΒ and also blocked the effect of INT-767 
(Fig. 4D).

DISCUSSION

We and other laboratories previously reported that treat-
ment with an FXR and TGR5 dual bile acid receptor ago-
nist, INT-767, reduced atherosclerotic lesions in murine 
models such as LDLR KO and ApoE KO mice (4, 7). In 
addition, INT-767 significantly reduced circulating lipids 
such as LDL-cholesterol and the expression of aortic in-
flammatory cytokines and chemokines through the inhibi-
tion of the NFΒ pathway. However, because treatment 
with either FXR- or TGR5-specific agonists was sufficient to 
reduce the development of atherosclerosis in mouse mod-
els of atherosclerosis (10–12, 15), in this study, we exam-
ined which bile acid receptor activation mediates the 
anti-atherosclerotic effect, the lipid-lowering effect, and 
the anti-inflammatory effect of INT-767. Our current study 
clearly demonstrated that FXR and TGR5 simultaneous ac-
tivation is required for the anti-atherosclerotic effect of 
INT-767. In addition, other bile acid-activated receptors, 
such as vitamin D receptor, pregnane X receptor, and mus-
carinic receptor (19–21), are not involved in the anti-ath-
erosclerotic effect of INT-767.

The anti-atherosclerotic effect of INT-767 was not re-
quired to be present for the lipid-lowering effect to occur. 
While FXR sole deficiency was sufficient to block the lipid-
lowering effect of INT-767, INT-767 was still able to reduce 
atherosclerotic formation in FXR-DKO mice, similar to 
LDLR KO mice. These results suggest that the presence of 
the anti-inflammatory effect of INT-767 is more crucial 
than the anti-atherosclerotic effect in order for the lipid-
lowering effect of INT-767 to occur. Our previous in vitro 
studies and studies from others have suggested that the anti-
inflammatory property of bile acids is mediated through 
TGR5 activation (4, 12). TGR5 is highly expressed in leuko-
cytes such as macrophages (14), whereas FXR expression is 
low or undetectable in leukocytes (4, 16, 22). While FXR or 
TGR5 single deficiency did not affect the anti-inflammatory 
effect of INT-767, FXR and TGR5 simultaneous deficiency 
completely blocked the anti-inflammatory effect. Our data 
show that FXR and TGR5 activation both contribute to the 
anti-inflammatory effect of INT-767 in vivo. Because bone 
marrow cell transplants lacking both FXR and TGR5 did 
not induce atherosclerotic formation in irradiated LDLR 
KO mice (data not shown), we need to find tissues in which 
FXR and TGR5 activation is more critical for the develop-
ment of atherosclerosis and aortic inflammation.

The current study is the first report showing that simul-
taneous inhibition of FXR and TGR5 is required for ag-
gravating atherosclerotic formation in LDLR KO mice.  

Fig.  1.  FXR and TGR5 dual deficiency accelerates atherosclerosis 
in LDLR KO mice. A: Representative picture of en face analysis  
of atherosclerosis in LDLR KO, FXR-DKO, TGR5-DKO, and TKO 
male mice treated with INT-767. B: Quantification of en face 
analysis in mice treated with INT-767 for 16 weeks. ***P < 0.001, 
****P < 0.0001.
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A number of studies have shown that either FXR or TGR5 
sole activation is sufficient to reduce the development of 
atherosclerosis. Paradoxically, however, either FXR or 
TGR5 sole deficiency was not sufficient to aggravate ath-
erosclerosis in several mouse models, including LDLR KO 
mice (16, 22). In addition, FXR sole deficiency decreased 
atherosclerotic formation in male LDLR KO mice (16). 
These results suggest that there are cross-talks, synergistic 
alterations, and compensatory alterations between FXR 
and TGR5 signaling. In the intestine, FXR activation leads 
to activation of TGR5 through the alteration of gut micro-
biota and their bile acid metabolites (23). These results 
suggest that subsequent and indirect activation of TGR5 
by FXR activation and vice versa may be required for the 
anti-atherosclerotic effects of FXR- and TGR5-specific  
agonists to occur. Hyperlipidemia and inflammation are 
major hallmarks of atherosclerosis. TKO mice showed se-
vere hyperlipidemia and aortic inflammation. However, as 

INT-767 inhibits atherosclerosis in the presence of hy-
perlipidemia in FXR-DKO mice, the induction of aortic 
NFΒ-mediated inflammation is more crucial for accler-
ating atherosclerosis by FXR and TGR5 simultaneous 
deficiency.

Our current study made four major findings: 1) Lacking 
major bile acid signaling, FXR and TGR5 aggravate aortic 
NFΒ-mediated inflammation and atherosclerosis, 2) si-
multaneous activation of FXR and TGR5 is required for 
the anti-atherosclerotic and anti-inflammatory effects of 
INT-767 to occur, 3) the lipid-lowering effect of INT-767 
occurs solely through the activation of FXR and 4) the 
anti-inflammatory effect of INT-767 is more critical than 
the lipid-lowering effect for the anti-atherosclerotic effect 
of INT-767 to occur. Taken together, these findings suggest 
that targeting both FXR and TGR5 simultaneously may be 
more effective for treatment of atherosclerosis than target-
ing either receptor alone.

Fig.  2.  FXR single deficiency is sufficient to block 
the lipid-lowering effect of INT-767. Mice were treated 
with INT-767 for 16 weeks. Total cholesterol (A), triac-
ylglycerides (B), LDL-cholesterol (C), and HDL-cho-
lesterol (D) of LDLR KO, FXR-DKO, TGR5-DKO, and 
TKO mice treated with INT-767. **P < 0.01, ***P < 0.001, 
****P < 0.0001.

Fig.  3.  FXR and TGR5 dual deficiency induces aortic 
cytokine and chemokine expression. Mice were treated 
with INT-767 for 16 weeks. mRNA levels of aortic IL-1 
(A), IL-6 (B), TNF (C), and MCP-1 (D) in LDLR KO, 
FXR-DKO, TGR5-DKO, and TKO mice treated with 
INT-767. mRNA levels were analyzed by RT-qPCR. *P < 
0.01, ***P < 0.001.
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Fig.  4.  FXR and TGR5 dual deficiency induces NFΒ-
mediated inflammation. Mice were treated with INT-767 
for 16 weeks. A: Representative picture of immunofluo-
rescence analysis of MCP-1 in the aortas of LDLR KO 
and TKO mice treated with INT-767. Quantification of 
immunofluorescence analysis of MCP-1 (B) and CD68 
(C) in the aortas of LDLRKO, FXR-DKO, TGR5-DKO, 
and TKO mice treated with INT-767. D: NFΒ bind-
ing activity in the aortas of LDLR KO and TKO mice 
treated with INT-767. Treatment with either cold probe 
competitor or antibodies against p50/p65 completely 
blocked the specific binding of p50/p65 NFΒ com-
plex to the NFΒ consensus oligonucleotide probe. 
**P < 0.01, ***P < 0.001.


