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Introduction
TGR5, also known as M-BAR, GPBAR, GPR131, or BG37, is a G protein–coupled receptor containing 7 
transmembrane domains that is activated by bile acids. Upon activation, TGR5 transduces signals through 
the Gs protein and results in production of  cAMP (1, 2). Widely distributed in the gastrointestinal tract, 
the liver, the gallbladder, adipocytes, and smooth muscle and immune cells, TGR5 regulates a wide range 
of  physiological functions, including intestinal secretion, gut motility, and glucose homeostasis (3–5). Sev-
eral lines of  evidence show that TGR5 is involved in the regulation of  energy metabolism. Watanabe et 
al. showed that administration of  bile acids prevented high fat diet–induced obesity and increased energy 
expenditure in brown adipose tissue in mice (6). These effects were mediated by TGR5, which activates 
thyroid hormone–activating enzyme iodothyronine deiodinase type II in brown adipose tissue (BAT). 
Maruyama et al. observed that female TGR5–/– mice weighed more and had a higher fat content, 
compared with the WT (7). However, it is not known whether TGR5 is involved in the regulation of  
food intake.

Bile acids (BA) are secreted into the gastrointestinal tract in the postprandial period, where they 
facilitate the absorption of  lipids and fat-soluble vitamins (8). Primary BA, including cholic acid and 
chenodeoxycholic acid, are synthesized in the liver. The majority of  BA (95%) are reabsorbed in the ter-
minal ileum and transported back to the liver via the portal vein through a process termed enterohepatic 
circulation (9). In the terminal ileum and colon, small quantities of  primary BA are converted by gut 
bacteria into secondary BA, of  which the most important are deoxycholic acid (DCA) and lithocholic 
acid (10). In addition to acting as detergents for lipid digestion and absorption, BA are increasingly 
recognized as metabolic regulators. Our preliminary studies in rats showed that DCA stimulated c-Fos 
expression in the hypothalamus, raising the possibility that BA may act as a satiety signal.

The gut hormone cholecystokinin (CCK) is synthesized by the small intestinal enteroendocrine I 
cells. In response to a meal, CCK is released and mediates a number of  physiological processes, includ-
ing pancreatic enzyme secretion, stimulation of  gallbladder contraction, and induction of  satiety (11).  

The aim of this study was to elucidate the role and the pathways used by bile acid receptor 
TGR5 in transmitting satiety signals. We showed TGR5 colocalized with cholecystokinin type A 
(CCK-A) receptors in a subpopulation of rat nodose ganglia (NG) neurons. Intra-arterial injection 
of deoxycholic acid (DCA) dose-dependently increased firing rate in NG while a subthreshold 
dose of DCA and CCK-8 increased firing rates synergistically. TGR5-specific agonist oleanolic 
acid induced NG neuronal firing in a dose-dependent manner. However, the same units did not 
respond to GW4064, a nuclear receptor–specific agonist. Quantity of DCA-activated neurons in the 
hypothalamus was determined by c-Fos expression. Combining DCA and CCK-8 caused a 4-fold 
increase in c-Fos activation. In the arcuate nucleus, c-Fos–positive neurons coexpressed cocaine 
and amphetamine regulated transcript and proopiomelanocortin. DCA-induced c-Fos expression 
was eliminated following truncal vagotomy or silencing of TGR5 in the NG. Feeding studies showed 
intravenous injection of 1 μg/kg of DCA reduced food intake by 12% ± 3%, 24% ± 5%, and 32% 
± 6% in the first 3 hours, respectively. Silencing of TGR5 or CCK-A receptor in the NG enhanced 
spontaneous feeding by 18% ± 2% and 13.5% ± 2.4%, respectively. When both TGR5 and CCK-A 
receptor were silenced, spontaneous feeding was enhanced by 37% ± 4% in the first 3 hours, 
suggesting that bile acid may have a physiological role in regulating satiety. Working in concert with 
CCK, bile acid synergistically enhanced satiety signals to reduce spontaneous feeding.
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CCK also acts as a major neurotransmitter in peripheral nerves as well as the central nervous system. Sys-
temic administration of  CCK at physiological doses resulted in significant increases in satiety, including in 
human studies (12–14). This action appears to be mediated by CCK type A (CCK-A) receptors on the vagal 
afferent neurons because pretreatment of  rats with a CCK-A receptor antagonist abolished the inhibitory 
effects of  CCK on food intake (15, 16). CCK-A receptors are widely distributed in nodose ganglia (NG) and 
vagal nerve fibers (17, 18). However, whether TGR5 is expressed in vagal afferent neurons and colocalized 
with CCK-A receptor is unknown. Because the vagal NG is a principal site for mediating the satiety actions 
of  a number of  gut peptides, we hypothesize that vagal afferent neurons may coexpress both TGR5 and 
CCK-A receptors and BA may act via the vagus nerve to transmit satiety signals to the hypothalamus. We 
further propose that BA act synergistically with CCK to enhance the satiety signal following a high-fat meal.

Results
TGR5 colocalizes with CCK-A receptor in NG neurons, which are activated by bile acid and CCK-8. Double immu-
nofluorescence staining of  rat NG with antibodies against the neuronal marker Hu C/D and TGR5 or 
CCK-A receptor (CCK-AR) showed that 42% ± 4% of  neurons expressed TGR5 while 52% ± 3.8% of  
neurons expressed CCK-AR (Figure 1, A and B). Double staining using TGR5 and CCK-AR antibodies 
demonstrated that 30% ± 2% of  neurons (Hu C/D positive) expressed both TGR5 and CCK-AR (Figure 
1, C and D). Using reverse transcription PCR (RT-PCR), we showed that TGR5 mRNA was expressed in 
rat NG (Figure 1E). In addition, we showed that FXRα mRNA was also expressed in NG. However, PRX 
mRNA was not detectable (Figure 1E), The image of  the full, uncut gel is shown in Supplemental Figure 4.

We next investigated whether BA can activate vagal afferent neurons in the NG by performing in vivo 
single-unit NG recording. We showed a dose-dependent increased firing rate in 18/49 units from 5 rats in 
response to superior mesenteric artery infusion of  DCA (0.1–10 μg/kg) with a threshold dose of  0.5 μg/kg 
(Figure 2A). Analysis using Spike 2 software demonstrated that 0.5 μg, 1 μg, and 10 μg/kg DCA triggered 
a peak firing rate of  6 ± 0.5, 14 ± 1.2, and 23 ± 2 spikes per 10 seconds, respectively, compared with a basal 
firing rate of  around 1 per 10 seconds (Figure 2A, P < 0.05 for 0.5 μg/kg; P < 0.01 for 1 and 10 μg/kg, n = 5).

We then investigated whether there is a synergistic action between CCK and BA on vagal afferent 
neurons. We first identified those units in the NG that responded to both CCK-8 and DCA and showed 
that superior mesenteric artery administration of  CCK-8 (0.069 μg/kg) or DCA (10 μg/kg) each trig-
gered neuronal firing in the same unit (Supplemental Figure 1A; supplemental material available online 
with this article; https://doi.org/10.1172/jci.insight.132400DS1). We next showed that neither a sub-
threshold dose of  DCA (0.1 μg/kg) nor CCK-8 (0.0057 μg/kg) induced significant neuronal firings over 
baseline. However, when a subthreshold dose of  DCA (0.1 μg) and CCK-8 (0.0057 μg /kg, superior 
mesentery artery) was applied, the same units showed a synergistic response, resulting in an increase 
in firing rates from 1.5 ± 0.2 to 26 ± 3 spikes/10 s (n = 5, P < 0.01) (Figure 2B). Summarized data are 
shown in Figure 2B, right panel.

To demonstrate that the DCA dose used in our experiment is physiologically relevant, we measured 
the serum bile acid levels before (basal) and after DCA administration in rats fed a regular chow or after 2 
weeks of  a high-fat meal (58% kcal/2 weeks). Superior mesenteric artery injection of  1 μg DCA provided 
a plasma BA level of  38 ± 2.4 μmol/L (Figure 2C), which was similar to the basal level observed in the 
high-fat diet (HFD) group (32.3 ± 2.1 μmol/L, Figure 2D). HFD feeding also elevated serum DCA levels 
significantly (Figure 2E). DCA administration increased serum DCA levels by 3-fold (Figure 2E). 
It has been reported that 1.5–2 hours after taking a regular or high-fat meal, the serum total bile acid and 
DCA levels increase 4- and 6-fold, respectively (19, 20). These levels are within the range we observed after 
intra-arterial infusion of  DCA. Therefore, we believe that the DCA doses used in our experiments are phys-
iologically relevant. This is the range similar to that observed after 2 weeks of  HFD (Figure 2E).

TGR5 is responsible for bile acid–induced vagal afferent neuron firing. We next sought to determine whether 
the membrane receptor TGR5 or the nuclear receptor FXRα mediated DCA-induced NG neuronal firing. 
We showed that superior mesenteric artery administration of  oleanolic acid (OA, TGR5-specific agonist) 
induced NG neuron firing in a dose-dependent manner. However, the same units did not respond to 
GW4064 (FXRα agonist) at similar doses (Figure 3, A and B). Repeated administration of  OA following 
GW4064 triggered neuronal firing with the same rates, suggesting that the lack of  response to GW4064 
is not due to synaptic fatigue (Figure 3A). Moreover, silencing TGR5 in the NG abolished DCA-induced 
increase in neuronal firing (Figure 3B); however, the same units responded to CCK-8 administration.  

https://doi.org/10.1172/jci.insight.132400
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The results of  OA and GW4064 are summarized in Figure 3C. These data indicated that BA act specifi-
cally via TGR5 to activate NG neurons.

DCA-responsive vagal afferent neurons are cocaine and amphetamine regulated transcript and glutamate immunopositive. 
To identify the neurochemical phenotype of the NG neurons responding to DCA, neurobiotin-350 was injected 
into these neurons following recording and triple immunofluorescence was performed. Eight neurons were iden-
tified by neurobiotin (Figure 4 shows a representative biotin-positive neuron). The neurobiotin-positive neuron 
(Figure 4A) expressed both CART (Figure 4, B and C) and glutamate (Figure 4, D and E), as shown in the triple 
merged image (Figure 4F). We found that all the 8 responsive neurons contained CART and glutamate immuno-
reactivities, indicating that the DCA-responsive neurons are both CART and glutamate immunopositive.

Figure 1. TGR5 and CCK-ARs are coexpressed in rodent NG neurons. (A) Double immunofluorescence staining of TGR5 
and neuronal marker Hu C/D as well as merged image. (B) Staining of CCK-AR and Hu C/D as well as merged image. 
(C) Staining of TGR5 and CCK-AR as well as merged image. (D) Summarized data showing TGR5 was expressed by 42% 
± 4% of neurons, while CCK-ARs were expressed by 52% ± 3.8% of neurons; both TGR5 and CCK-ARs were expressed 
by 30% ± 2% of rodent NG neurons. Three sections per staining were counted, and in total 5 rats were used. (E) TGR5 
(left panel) as well as nuclear receptor farnesoid X (FXRα, right panel) were expressed in the NG by RT-PCR. However, 
nuclear receptor pregnane X (PRX) was not detected (right panel).

https://doi.org/10.1172/jci.insight.132400
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Neurons in the hypothalamic nuclei involved in the control of  appetite are activated by DCA and CCK-8. Because 
the hypothalamus is a key center for the regulation of  appetite, we next examined whether neural signals 
from the NG initiated by DCA and CCK are relayed to the hypothalamic nuclei involved in the control 
of  appetite. We performed c-Fos staining to investigate the activation of  neurons in the hypothalamus. 
Compared with saline control, administration of  DCA (1 μg/kg iv) induced c-Fos expression in the hypo-
thalamic arcuate nucleus (ARC, Figure 5, A and B), paraventricular nucleus (PVN, Figure 5, E and F), 

Figure 2. BA and CCK have a synergistic effect on neuronal activation in the NG. (A) Infusion of 0.1 μg, 0.5 μg, 1 μg, and 10 μg/kg DCA via the superior 
mesenteric artery showed a dose-dependent increase in the firing rate of vagal afferent neurons in NG. There was a threshold effect seen with a dose 
of 0.5 μg/kg required for neuronal firing to occur. Right panel shows summarized data. (B) A subthreshold dose of DCA (0.1 μg/kg) combined with CCK-8 
(0.0057 μg/kg) resulted in a synergistic effect on vagal afferent neuronal firing compared with either DCA (0.1 μg/kg) alone or CCK-8 (0.0057 μg/kg) alone. 
Right panel shows summarized data. A and B show representative recordings of neuronal firing; firing rates per every 10 seconds were determined by 
analysis using Spike 2 software. *P < 0.05, **P < 0.01 compared with basal firing rates. Forty-nine units from 5 rats were recorded. Mann-Whitney U test. 
(C) Total serum bile acid concentration was measured before and after different doses of DCA injection. One-way ANOVA with Tukey’s test. n = 8. (D) Total 
serum bile acid concentration was measured in rats fed with either regular chow or high-fat diet (HFD, 58% kcal fat) after fasting for 6 hours. Unpaired 
2-tailed Student’s t test. n = 8. (E) Rats were fasted for 6 hours. Serum DCA concentration was measured in rats fed with regular chow, HFD, or regular 
chow with intravenous injection of DCA (10 μg/kg, blood was withdrawn 5 minutes after injection). One-way ANOVA with Tukey’s test. n = 5. Doses of DCA 
and CCK-8 are expressed as micrograms per kilogram.
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Figure 3. TGR5 is responsible for bile acid–induced 
vagal afferent neuron firing. (A) A representative 
recording demonstrates response of vagal afferent 
neurons to oleanolic acid (OA), a TGR5 agonist, but 
not to the nuclear receptor agonist GW4064 (top 
panel), given via the superior mesenteric artery. Vagal 
afferent neurons responded to the administration 
of OA following infusion of GW4064 (bottom panel). 
Thirty-six units from 6 rats were recorded. (B) Silenc-
ing of TGR5 in NG abolished the effect of DCA on 
neuron firing; however, the same unit responded to 
CCK-8. Twenty-four units from 6 rats were recorded. 
(C) Summarized data showing administration of 
OA resulted in a dose-dependent increase in firing 
rates per 10 seconds. This effect was not seen with 
GW4064. Silencing of TGR5 abolished the effect of 
DCA on neuron firing, but the same units respond-
ed to CCK-8. All the doses of drugs are expressed 
as micrograms per kilogram. *P < 0.05, **P < 0.01 
compared with basal firing, n = 6. One-way ANOVA 
with Tukey’s test.

https://doi.org/10.1172/jci.insight.132400
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dorsomedial nucleus (DMD, Figure 5, I and J), and lateral hypothalamus (LH, Figure 5, K and L). The 
effect of  DCA administration on c-Fos expression in the hypothalamic ARC, PVN (Figure 5, C, D, G, and 
H), DMD, and LH (data not shown) was eliminated following truncal vagotomy or silencing of  TGR5 in 
the NG (Figure 5, C, D, G, and H). Summarized data are shown in Figure 5M. These results indicate that 
DCA acts via TGR5 in the vagal afferent neurons to induce c-Fos expression in the hypothalamus. Quan-
titative PCR (qPCR) showed that TGR5 mRNA was knocked down by 65% ± 2.4% (Supplemental Figure 
1C, right). Immunofluorescence staining using TGR5 antibody showed that TGR5 was reduced by 71% ± 
6% in the NG with TGR5 siRNA (Supplemental Figure 1, D and E, left).

In line with the synergistic action observed in the NG, low doses of  DCA (1 μg/kg) and CCK-8 (3.5 
μg) each evoked a modest increase in c-Fos expression in the ARC and PVN (Figure 6). However, a com-
bination of  DCA and CCK-8 at the same doses caused a 3- to 4-fold increase in c-Fos activation in the 
hypothalamic ARC and PVN (Figure 6), indicating enhanced signaling at the level of  the hypothalamus 
because of  synergistic action between CCK-8 and DCA at the NG.

To identify the neurochemical phenotype of neurons activated by DCA in the ARC and PVN of the hypo-
thalamus, we performed double immunofluorescence staining and showed that intravenous administration 
of DCA (1 μg/kg) activated c-Fos expression in a subgroup of POMC and CART neurons (Figure 7, A–F, 
arrowheads). POMC and CART neurons are well-recognized satiety-inducing neurons and have been shown 
to colocalize almost 100% in the ARC (21–23). In the PVN, administration of DCA (1 μg/kg) stimulated 
c-Fos expression in a select group of corticotropin releasing factor (CRF) neurons (Figure 7, G–I, arrowheads), 

Figure 4. Cocaine and amphetamine regulated transcript and glutamate are expressed by NG neurons. A repre-
sentative NG neuron is identified after (A) Neurobiotin-350 tracer injection following recording. (B) Cocaine and 
amphetamine regulated transcript (CART) staining; (C) merged image of neurobiotin and CART immunostaining; 
(D) glutamate staining; (E) merged image of neurobiotin and glutamate; and (F) triple merged image of neurobiotin, 
CART, and glutamate staining. Eight neurons from 3 rats were traced and stained.
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which are believed to act downstream of POMC/CART neurons (24). We did not observe any colocalization 
between c-Fos and neuropeptide Y (NPY), an orexigenic neuropeptide in the hypothalamus (Supplemental 
Figure 2). These data indicate that DCA specifically activates anorexigenic neurons in the hypothalamus.

In the hindbrain, the nucleus tractus solitarius (NTS) is an important relay station for vagal afferent 
signals. We therefore performed c-Fos staining to investigate the activation of  neurons in the NTS. Com-
pared with saline control, intravenous administration of  DCA (1 μg/kg) or CCK-8 (3.5 μg/kg) induced 
a modest increase in c-Fos expression in the NTS. A combination of  DCA and CCK-8 at the same doses 
caused a much larger increase in c-Fos expression in the NTS. This effect of  DCA was abolished after 
vagotomy or silencing TGR5 in NG (Supplemental Figure 3, A–F). Summarized data on c-Fos staining 

Figure 5. Neurons in the hypothalamus are activated by DCA. Immunofluorescence staining of c-Fos in rat hypothalamus was performed after intrave-
nous injection of saline, injection of DCA (1 μg/kg), or vagotomy + DCA (1 μg/kg) or after silencing of TGR5 (Si-TGR5) in NG + DCA (1 μg/kg). (A–D) ARC. 
(E–H) PVN. (I and J) DMD. (K and L) LH. ARC, arcuate nucleus; PVN, paraventricular nucleus; DMD, dorsal medial nucleus; LH, lateral hypothalamus; 3V, 
third ventricle. (M) Summarized data on c-Fos staining. Three sections per rat were counted, and 5 rats were used per group. One-way ANOVA with post 
hoc Tukey’s test was used for statistical analysis. *P < 0.05, **P < 0.01 vs. saline; ++P < 0.01 vs. DCA. n = 5. One-way ANOVA with Tukey’s test. 
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are shown in Supplemental Figure 3G. These findings indicate that DCA acts via TGR5 in the vagal 
afferent neurons to induce c-Fos expression in the hindbrain.

DCA inhibits spontaneous food intake via TGR5. We next performed feeding studies to explore the phys-
iological significance of  our observations. We showed that intravenous administration of  DCA (1 μg/
kg) reduced dark phase food intake significantly each hour of  the first 3 hours after injection (Figure 
8A, P < 0.05 and 0.01, n = 8). Silencing of  TGR5 in NG increased spontaneous feeding in the first 3 
hours in the dark phase by 18% ± 2% and abolished the DCA-induced (1 μg/kg) inhibition of  food intake 
(Figure 8, B and E), suggesting that TGR5 is responsible for DCA-induced suppression of  food intake.  

Figure 6. DCA and CCK-8 show a synergistic effect on c-Fos activation in the hypothalamic nuclei. (A–D) c-Fos activation in ARC. (A) Saline control. (B) 
DCA (1 μg/kg) or (C) CCK-8 (3.5 μg/kg) intravenous injection resulted in a modest increase in c-Fos expression. (D) Injection of both DCA (1 μg/kg) and CCK-
8 (3.5 μg/kg) resulted in a much more robust increase in c-Fos expression. (E) Summary bar graphs showing potentiation effects between DCA and CCK-8 
on c-Fos immunoreactivities in the hypothalamic ARC. Three sections per rat were counted, and 5 rats were used per group (n = 5). (F–J) Similar results 
were observed in the PVN. One-way ANOVA with post hoc Tukey’s test, *P < 0.05, **P < 0.01. n = 5.

https://doi.org/10.1172/jci.insight.132400
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Silencing of  CCK-AR increased spontaneous feeding in the first 3 hours by 13.5% ± 2.4% (Figure 8B). 
When both TGR5 and CCK-AR were silenced, spontaneous feeding was enhanced by 37% ± 4% in the 
first 3 hours of  the dark phase (Figure 8B, P < 0.05 and 0.01 at 1–3 hours, respectively, n = 8–13). Silencing 
of  TGR5 or CCK-AR also increased daily food intake by 8% ± 0.2% and 6% ± 0.2, respectively, while 
silencing of  both TGR5 and CCK-AR enhanced daily food intake by 14% ± 0.2% (Figure 8C, P < 0.05, n = 
6–10). Moreover, silencing of  TGR5 or CCK-AR resulted in additional body weight gains compared with 

Figure 7. Proopiomelanocortin/CART neurons in ARC and CRF neurons in the PVN are activated by DCA. Double 
immunofluorescence staining of neurons in the hypothalamic ARC showing (A) c-Fos, (B) proopiomelanocortin 
(POMC), and (C) merged imaged of c-Fos and POMC staining 1 hour after DCA (1 μg/kg) intravenous injection. 
Double immunofluorescence staining of neurons in the ARC showing (D) c-Fos, (E) CART, and (F) merged image of 
c-Fos and CART staining after DCA injection. Double immunofluorescence staining of neurons in the PVN showing 
(G) c-Fos, (H) CRF, and (I) merged image of c-Fos and CRF staining. Arrows show colocalization of c-Fos with neu-
rons. Insets show that c-Fos is located in the nucleus and neuropeptides in the cytosol of neurons. Three sections 
per rat were stained and 5 rats were used (n = 5).

https://doi.org/10.1172/jci.insight.132400
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control siRNA. Silencing both TGR5 and CCK-AR enhanced body weight gains even further (Figure 8D, P 
< 0.05, n = 6–10). These data suggest BA released postprandially may have a physiological role to regulate 
satiety and body weight.

Discussion
Although well recognized for their role in intestinal micelle formation and lipid digestion, recent studies 
have indicated that BA may also function as hormone or nutrient signaling molecules to regulate gastroin-
testinal physiology, glucose homeostasis, and energy metabolism (25). It was demonstrated that TGR5–/– 
mice gained more weight compared with WT mice (7). However, the exact mechanism responsible for this 
phenomenon is not clear.

We believe our present study is the first to report that the bile acid receptor TGR5 is present in the 
NG and colocalizes with CCK-ARs in a subpopulation of  vagal sensory neurons. Physiologically, we also 
demonstrated that BA work in concert with CCK to enhance satiety signals in the hypothalamus and 
reduce spontaneous feeding in the postprandial period. These actions appear to be mediated by TGR5 on 
the vagus nerve as silencing of  TGR5 in the NG abolished c-Fos activation in the hypothalamic nuclei.

Figure 8. DCA reduces food intake while silencing of TGR5 and CCK-ARs enhances spontaneous feeding. (A) Dark phase spontaneous food intake was 
measured hourly for 3 hours after intravenous injection of DCA (1 μg/kg). Cumulative food intake significantly decreased at 1, 2, and 3 hours after DCA 
administration compared with saline (2-way ANOVA with post hoc Tukey’s test, *P < 0.05, **P < 0.01, n = 8). (B) One- to three-hour dark phase sponta-
neous food intake 5 days after knockdown with siRNAs in NG. Silencing of TGR5 increased feeding in the first 3 hours by 18% ± 2%, silencing of CCK-AR 
increased feeding in the first 3 hours by 13.5% ± 2.4%, while silencing of both TGR5 and CCK-AR enhanced feeding by 37% ± 4% (2-way ANOVA with post 
hoc Tukey’s test, *P < 0.05, **P < 0.01, n = 8–13). (C) Twenty-four-hour food intake 5 days after siRNAs. Silencing of TGR5 or CCK-AR increased daily food 
intake by 8% ± 0.2% and 6% ± 0.2%, respectively, while silencing of both TGR5 and CCK AR enhanced daily food intake by 14% ± 0.2% (1-way ANOVA with 
post hoc Tukey’s test, *P < 0.05, **P < 0.01, n = 6–10). (D) Total body weight gain (g) 6 days after siRNAs. Silencing of TGR5 or CCK-AR resulted in addition-
al body weight gain compared with control siRNA. Silencing of both TGR5 and CCK-AR enhanced body weight gain further (1-way ANOVA with Tukey’s test 
*P < 0.05, n = 6–10). (E) Compared with control siRNA, silencing of TGR5 abolished DCA-induced (1 μg/kg, iv) inhibition of feeding, which was measured at 
day 6 after silencing (2-way ANOVA with post hoc Tukey’s test, *P < 0.05, **P < 0.01, n = 8–13).

https://doi.org/10.1172/jci.insight.132400
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It is well known that BA may act on membrane TGR5 receptors (1, 2) as well as several nuclear hor-
mone receptors, including FXRα and PRX (26–28). These nuclear receptors appear to play important roles 
in regulating bile acid synthesis, transport, and enterohepatic circulation. On the other hand, TGR5 regu-
lates a wide range of  physiological functions, such as glucose and energy metabolism (3–5).

TGR5 expressed on enteroendocrine L cells in the distal small bowel may sense BA, which results in 
the release of  peptide YY (PYY) and glucagon like peptide-1 (GLP-1) (29). Kumar et al. also demonstrat-
ed that TGR5 is expressed in the pancreatic β cell line MIN6 as well as in mouse and human pancreatic 
islets (30). Activation of  TGR5 expressed in the pancreatic β cells resulted in increased insulin release from 
human islets. Thus, BA may act indirectly to inhibit food intake by stimulating PYY, GLP-1, and insulin 
release, which can act on the hypothalamic circuits regulating appetite. We showed that vagotomy or silenc-
ing TGR5 in the NG abolished DCA-induced neuron activation in the hindbrain and hypothalamus, sug-
gesting TGR5 in vagal afferent neurons plays a key role in conveying satiety signals of  BA to the CNS. Our 
studies provide an alternative mechanism whereby BA may act directly via TGR5 receptors to stimulate 
CART- and glutamate-containing neurons of  the NG, which convey satiety signals to the hypothalamus. 
We demonstrated that silencing the expression of  TGR5 in the NG increased spontaneous feeding and 
body weight gain, showing the physiological importance of  this pathway.

To further delineate the signal transduction mechanisms responsible for the satiety effects of  BA, we 
demonstrated DCA resulted in activation of  POMC and CART neurons in the arcuate nucleus. These 
effects were abolished by vagotomy or silencing the expression of  TGR5 in the NG. Both POMC and 
CART are key neurotransmitters responsible for conveying anorexigenic signals in the hypothalamus and 
play major roles in the regulation of  satiety (21, 22). Posttranslational processing of  POMC gives rise to 
α-melanocyte stimulating hormone, which acts on melanocortin-3 and -4 receptors in the ARC and PVN to 
inhibit food intake (31, 32). Additionally, the vast majority of  POMC neurons in the ARC coexpress CART 
(23), which is another important anorexigenic peptide. Thus, it is likely that POMC and CART mediate the 
satiating effects of  BA acting via TGR5 on the NG. It is interesting to note that DCA also activates neurons 
in other hypothalamic nuclei, such as DMD, LH, and PVN. Conceivably, some of  these nuclei may be 
involved in mediating the thermogenic effects of  BA on BAT (6).

Secondary BA, such as lithocholic acid and DCA, which are converted by gut bacteria from primary 
BA in the terminal ileum and colon, are potent agonists on TGR5 with an EC50 of  0.53 and 1 μmol/L, 
respectively (33). Our studies showed that DCA (10 μg/kg, iv) administration increased serum DCA level 
to 2.5 μmol/L, which is similar to the levels observed after high-fat feeding (Figure 2E). These levels are 
in the range reported after a high-fat meal in humans (19, 20), suggesting that the doses of  DCA used in 
our studies are within physiological levels. The vagus nerve innervates the gastrointestinal tract as distal 
as the midtransverse colon. It is, however, not clear whether TGR5 is present in the terminals of  the vagus 
nerve innervating the intestinal wall. Hence we do not know whether secondary BA can act directly from 
the lumen. Our study showed that intra-arterial administration of  DCA induced firing of  vagal afferent 
neurons, suggesting that these neurons are responding at least to circulating BA.

Postprandially, BA are secreted into the proximal intestine because of  stimulation by CCK. Lipids and 
proteins are major dietary factors that stimulate CCK release (34). Physiological doses of  CCK inhibit food 
intake by reducing meal size (12–14). These actions appear to be mediated by CCK-AR on vagal afferent 
neurons (35, 36). Pretreatment of  rats with CCK-AR antagonists abolish the inhibitory effects of  CCK 
on food intake (15, 16, 37). These anorexigenic signals were previously thought to be due entirely to the 
actions of  CCK on the NG. Our current studies indicate that CCK and BA can each independently inhibit 
food intake via their actions on the vagal NG. To determine the relative contribution of  BA versus CCK 
for induction of  satiety signals, we examined the effect of  silencing the expression of  CCK-ARs and TGR5 
separately with CCK-AR and TGR5 siRNA by electroporation of  NG cells. By silencing vagal TGR5 or 
CCK-AR alone, the first 3 hours’ cumulative food intake was increased by 18% and 13%, respectively. This 
modest inhibitory action of  CCK was likely due to the small increases of  circulating CCK levels postpran-
dially. However, concurrent silencing of  both CCK-ARs and TGR5 resulted in 37% increase in 3-hour food 
intake, suggesting that TGR5 and CCK-AR act synergistically to inhibit short-term food intake. Our c-Fos 
activation studies showed that DCA and CCK act synergistically to activate neurons in the hypothalamus. 
However, the interactive effects between BA and CCK appear to be more additive than synergistic on daily 
food intake and body weight gain. This is not surprising as there are multiple factors other than BA and 
CCK that participate in the regulation of  long-term food intake and body weight. Synergistic interaction 
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between BA and CCK on the NG to enhance satiety seems to affect only the immediate postprandial 
behavior. It is conceivable that in certain conditions, such as bile acid malabsorption, the satiety signals 
generated by CCK may be weaker without the participation of  BA. This may result in hyperphagia to com-
pensate for the energy loss due to fat malabsorption.

In conclusion, we demonstrated for the first time to our knowledge that bile acid receptor TGR5 is pres-
ent on the vagal NG and approximately one-third of  the TGR5 colocalizes with CCK-ARs in the rat NG. 
DCA and CCK acts synergistically to induce satiety via the POMC/CART hypothalamic neuronal circuit. 
These satiety effects of  BA contribute substantially to the actions of  CCK, which results in inhibition of  
food intake and decreased appetite signals.

Methods
Materials. All doses are expressed as micrograms/kilogram (DCA) or micrograms/kilogram (CCK-8). 
DCA and CCK-8 were purchased from MilliporeSigma. Neurobiotin-350 tracer (SP-1151) was obtained 
from Vector Laboratories. All the primary and secondary antibodies used in this study are listed in Sup-
plemental Table 1.

Animal preparation. Experiments were performed on male Sprague-Dawley rats (220–250 g) (Charles 
River Laboratories). The rats were housed 3 per cage in a pathogen-free facility and maintained on a 
12-hour light/12-hour dark cycle. They were given food and water ad libitum and allowed to acclimate in 
the facility for 2 days before being randomly assigned to various treatment groups.

Recording of  single nodose neuronal activity. Rats were anesthetized with ketamine (90 mg/kg)/xylazine (10 
mg/kg) and were placed in a small animal stereotaxic frame (Kopf). Body temperature was maintained with 
a special heating pad. The right nodose ganglion was exposed by a short dorsal approach. Using an operating 
microscope, the ganglion sheath was removed and separated from the adjacent cervical sympathetic trunk 
and carotid artery. Protease (type XIV, 0.3 mg/mL) was applied to the ganglion for 15 minutes. The recording 
microelectrodes were pulled from glass  capillaries (A-M Systems) using a micropipette puller and microelec-
trode beveller to obtain tips between 0.08 and 0.1 μm in diameter with a resistance of  50–70 MΩ. The beveled 
glass micropipette filled with 1.0 M KCl was lowered into the nodose ganglion. Once a nodose ganglion 
neuron activated by the electrical vagal stimulation was identified, the response of  that neuron to superior 
mesentery artery injection of  CCK-8 or DCA was measured (the artery was cannulated before recording with 
PE10 polyethylene tubing, Becton Dickinson). A reference electrode was placed on a skin incision near the 
recording electrode. Recordings were taken only from gastrointestinal C-fibers, which were identified accord-
ing to the following parameters measured in response to electrical stimulation of  the abdominal vagus nerve: 
latency (60–80 ms), conduction distance between the stimulating electrode and the nodose ganglion (0.06 m), 
and conduction velocity (<1.0 m/s). Neuronal discharges recoded extracellularly were amplified by an A-M 
Systems high input-impedance preamplifier, monitored with an oscilloscope and audio monitor, displayed, 
and stored on an IBM-compatible computer using Axon tape software. The basal discharge was monitored 
for 2 minutes to confirm the stability of  the basal firing frequency. Consistent monitoring of  each neuron was 
ensured by careful study of  the firing pattern produced by each neuron and by examining the amplitude and 
waveform of each spike.

Total bile acid concentration measurement. All groups of  rats were food deprived for 6 hours and then sac-
rificed by CO2 asphyxiation. Fresh serum was collected to measure total bile acid concentration using the 
Rat Total Bile Acids Assay Kit (Crystal Chem), which is based on enzymatic technology, according to the 
manufacturer’s instructions. Serum DCA was measured at the University of  Michigan Metabolomics Core. 
Briefly, the serum was dried and resuspended for liquid chromatography-mass spectrometry separation by 
reverse phase chromatography and measured using negative ionization mode triple quadrupole multiple 
reaction monitoring methods (38).

Intravenous injection, tissue preparation, and immunohistochemistry. For intravenous injection of  DCA and 
CCK-8, the rat external jugular vein was cannulated with PE10 polyethylene tubing under anesthesia with 
ketamine/xylazine. The tubing was secured to the skin on the back by suture with the tip sealed by fire. The 
rat was allowed to recover for 7 days before experiments. For intravenous injection, rats were restrained 
slightly in a restrainer. DCA and CCK-8 were dissolved in saline and injected intravenously via the cannu-
la at the volume of  0.2–0.3 mL/rat. Control rats received an equal volume of  saline intravenously. Sixty 
minutes after injection rats were anesthetized with ketamine/xylazine and perfused via the ascending aorta 
with 200 mL of  phosphate-buffered saline (PBS), followed by 200 mL of  4% paraformaldehyde in PBS. 
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The bilateral NG and the brain were removed and placed in the same fixative for 2 hours at 22°C, and 
then in 25% sucrose in PBS (0.1 mol/L) overnight at 4°C. The tissue was embedded with 20% sucrose and 
Tissue-Tek O.C.T. (2:1, Sakura Finetek). The longitudinal ganglia sections and the coronal brain sections 
that cover the hypothalamus and the hindbrain were cut measuring 10 μm using a precision cryostat (Lei-
ca Microsystems). The sections were collected in serially ordered sets, thaw-mounted on Superfrost Plus 
slides, and stored at –70°C. In general, 45–50 sections were collected.

Double immunofluorescence staining was performed against TGR5, CCK-AR glutamate, and Hu 
C/D in NG; against c-Fos, CART, POMC, NPY, and CRF in the hypothalamus; or against c-Fos in the 
hindbrain, respectively. Briefly, the sections were washed 3 times in wash buffer (PBS containing 0.3% 
Triton X-100) and immersed in a blocking solution (5% normal serum similar to the source of  second-
ary antibody, 1% BSA, and 0.5% Triton X-100 in PBS) for 20–30 minutes to inhibit nonspecific binding. 
The sections were then incubated in a humid chamber for 48 hours at 4°C with primary antibodies. After 
incubation, the sections were washed in PBS buffer and incubated for 1 hour at room temperature with 
species-specific fluorophore-conjugated secondary antibodies. For negative control, normal IgG instead of  
primary antibody was used.

Chronic subdiaphragmatic vagotomy. A midline incision was made and the stomach was carefully manip-
ulated to expose the esophagus and gastric cardia. Both the anterior and posterior trunks of  the vagus nerve 
were transected. For the control group, a sham operation was performed where the abdominal vagal nerves 
were exposed but not cut. Rats were allowed to recover for 7 days after surgery.

RT-PCR and qPCR. Rat NG were dissected out and homogenized in TRIzol and total RNA was extract-
ed. Then, 1.5 μg RNA was transcribed into cDNA using oligo-dT primers and superscript II (Invitrogen, 
Thermo Fisher Scientific). All primer pairs span at least 1 intron. RT-PCR primers were rat TGR5: for-
ward primer with EcoRI site (underlined), 5′-GGAATTCCATGGCCCCAAGACCTACAAGAGTG-3′, 
reverse primer with KpnI site, 5′-GGGGTACCCCTGGCAAGCAGGGAGAGGAAACAAA-3′; FXRα: 
forward, 5′-GGGGCAACTGCGTGATGGAT-3′, reverse, 5′-CGACTGCGGACCCTTTGAGC-3′; and 
PRX forward, 5′-GCGGTCGGCTGGCTTACTGCT-3′, reverse, 5′-GCCGTCCGTGCTGCTGAA-
TA-3′. The PCR conditions were 95°C for 3 minutes, 1 cycle; 95°C for 30 seconds, 57°C for 30 seconds, 
72°C for 1 minute, 36 cycles; 72°C for 10 minutes, 1 cycle, with GoTaq DNA polymerase (Promega). The 
PCR product was visualized in 1% agarose; the PCR bands were cut out and purified with QIAEX II gel 
extraction kit (QIAGEN). The purified product was sent for sequencing. qPCR primers for rat TGR5 were 
forward, 5′-TGCTGTGACTCTTTGATCCTC-3′, probe, 5′-/FAM/TGACATCAT/ZEN/GGGTCTTG-
GCGCA/3IABkFQ/-3′, reverse, 5′-CTCTGGGAATGGCTGACAG-3; and CCK-AR: forward, 5′-GCG-
CCATCTGCAGACCCCTA-3′, reverse, 5′-TTGATCACGCCTTCTTGGCTA-3′. qPCR was performed 
using Bio-Rad CFX-Connect Real Time System with GoTaq DNA polymerase (Promega) for TGR5 and 
iQ SYBR Green Supermix (Bio-Rad) for CCK-AR. The qPCR conditions were 95°C for 3 minutes, 1 cycle, 
then 95°C for 15 seconds, 60°C for 1 minute, 40 cycles.

Silencing of  TGR5 and CCK-ARs in NG. Thirty minutes before the operation, rats were injected with 
the analgesic drug carprofen (5 mg/kg) subcutaneously, then anesthetized with ketamine/xylazine. NG 
were electroporated with random control siRNA (sc-37007, Santa Cruz Biotechnology), TGR5 siRNA (sc-
270404), CCK-AR siRNA (sc-108027), or both TGR5 and CCK-AR siRNAs. The in vivo electroporation 
procedure used in this experiment was previously described (39). Electroporation uses short, high-voltage 
pulses to overcome the barrier of  the cell membrane. Studies have shown that siRNA cannot enter cells 
without electroporation and that electroporation by itself  does not affect the target expression. We have 
successfully used this technique to transfer siRNA into the NG (40). To measure transfection efficiency, 
FITC-conjugated control siRNA (sc-36869 Santa Cruz Biotechnology) was used in electroporation. The 
NG were exposed by a ventral approach. TGR5 siRNA, CCK-AR siRNA, or control siRNA (10 μM total, 
20 nL/ganglion) were injected into both left and right NG using a beveled micropipette. After 15 minutes, 
an isolated pulse stimulator (model 2100, A-M Systems) delivered square wave electric pulses at 50 V/cm 
at 1 Hz frequency for 20 ms. Transfection and knockdown efficiency were determined by FITC-conjugated 
control siRNA, RT-PCR, and immunofluorescence staining (Supplemental Figure 1, B–E). Our previous 
research has shown that siRNA transfection into NG neurons has maximal effect 3 to 6 days postinfection. 
The optimal conditions for electroporation and GFP expression have been established (40).

Feeding study and body weight measurement. Dark phase (1–3 hours) and 24 hours’ spontaneous food intake 
were measured according to our previous report (41). Briefly, rats were single housed for 3 days for acclimation 
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and kept single housed for the duration of the study. To measure spontaneous food intake in the dark phase, pre-
weighed food was provided at 1800 hours, and food intake was monitored every hour for 3 hours. To measure 
daily food intake, food left was weighed at 1800 hours the following day. To measure body weight gain, body 
weight was measured before and 6 days after specific mRNA silencing or administration of control siRNA in 
the NG. To study the effect of intravenous DCA (1 μg/kg) of dark phase 1- to 3-hour food intake, rats were 
restrained slightly in a restrainer, with DCA, dissolved in saline, or saline (0.2 mL) injected via the chronic jugu-
lar vein cannula 15 minutes before the start of the dark phase (1800 hours).

Statistics. All results are shown as mean ± SEM for the number of  rats indicated. For statistical analy-
ses, unpaired 2-tailed Student’s t test, Mann-Whitney U test, and 1-way and 2-way ANOVA with post hoc 
Tukey’s test were used to compare the results from control and experimental groups. A P value less than 
0.05 (P < 0.05) was considered significant.

Study approval. All procedures were performed in accordance with NIH guidelines and were approved 
by the University of  Michigan IACUC.
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