
Abstract. Background/Aim: Transient receptor potential
vanilloid 1 (TRPV1)-expressing sensory nerves innervate the
pancreatic islets. Sensory neuropeptides, including calcitonin
gene-related peptide (CGRP) and substance P (SP),
participate in insulin secretion. This study aimed to investigate
the role of TRPV1 in glucose-induced insulin secretion.
Materials and Methods: TRPV1–/– and wild-type (WT) mice
were fed a normal diet for 24 weeks. Glucose tolerance and
insulin secretion were measured at the end of the experiments.
Results: TRPV1–/– mice had greater impairments in glucose
tolerance and higher decrease in glucose-induced insulin
secretion than WT mice. Capsaicin (a TRPV1 agonist)
increased insulin secretion in WT, but not in TRPV1–/– mice.
Glucose-induced insulin secretion was blunted in TRPV1–/–
mice, and was attenuated by AMG9810 (a TRPV1 inhibitor),
CGRP8-37 (a CGRP receptor antagonist), or RP67580 (a NK-
1 receptor antagonist) in WT mice. Glucose-induced SP and
CGRP release from WT pancreas was higher than that from
TRPV1–/– pancreas. Conclusion: TRPV1 mediates glucose-
induced insulin secretion likely through CGRP and SP release. 

Transient receptor potential vanilloid 1 (TRPV1) is a non-
selective cation channel and is predominantly expressed in
sensory nerve fibers which innervate the pancreas (1).
TRPV1-expressing pancreatic sensory nerves can release
sensory neuropeptides, including calcitonin gene-related
peptide (CGRP) and substance P (SP). Through sensation of
surrounding glucose levels and subsequent release of CGRP

and SP, sensory nerves may participate in the regulation of
insulin secretion to maintain euglycemia. Although CGRP
and SP have been linked to insulin secretion, the role of
TRPV1 channels in glucose-induced insulin secretion is not
clearly understood (2). 

TRPV1 is activated by various stimuli and can be up-
regulated by high glucose levels (3-5). Activation of TRPV1
in the sensory nerves causes release of a number of
neuropeptides, including CGRP and SP, and these peptides
exert direct effects on islet hormone secretion (2, 6-8). In turn,
insulin enhances TRPV1-mediated membrane currents,
sensitizes TRPV1 function, and increases the release of CGRP
(9). Capsaicin, a specific TRPV1 agonist, plays a role in
glucose metabolism. However, the role of TRPV1 in insulin
secretion is still controversial. Experiments with ablation of
sensory nerves obtained various results. Karlsson et al. (10)
have shown that depletion of capsaicin-sensitive sensory
nerves increased glucose tolerance and glucose-induced early
insulin secretion (10). However, Wall et al. (11) have reported
that capsaicin-induced desensitization of TRPV1 decreased
glucose-induced insulin secretion. Gram et al. (12) have
reported that sensory nerve desensitization did not affect
plasma insulin concentration in Zucker rats. Experiments with
TRPV1 agonists obtained positive results. Akiba et al. (1)
have shown that capsaicin dose-dependently increased insulin
secretion and plasma insulin concentrations. Radu et al. have
reported that a low dose of capsaicin reduced blood glucose
levels in the late-phase of type 1 diabetes, with a partial
reversal of the TRPV1 function by increasing the TRPV1
channel current density and recovery time (13). Tolan et al.
(14) have shown that capsaicin enhanced glucose tolerance
and elevated plasma insulin concentrations. Moreover, oral
administration of N-oleoyldopamine, a selective TRPV1
agonist, elicited significant improvement in glucose tolerance
(15). These findings suggest that TRPV1 may promote insulin
secretion. However, the mechanism is still unknown. 

In this study, we investigated the role of TRPV1 in glucose-
induced insulin secretion in both in vivo and in vitro experiments
by using the TRPV1 gene knockout (TRPV1–/–) mice. 
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Materials and Methods  
Animals. All experimental procedures were approved by the
Michigan State University Animal Care and Use Committee and
conform to NIH guidelines. TRPV1–/– mice (B6.129S4-
TRPV1tm1Jul) and WT mice on the genetic background of
C57BL/6J were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA). Twenty-four-week-old male mice were fasted
(without food but with water) for 15 h, after which glucose (2 g/kg
body weight) was administered to conscious mice by
intraperitoneal injection (i.p.). Blood glucose levels at 0, 30, 60,
90, and 120 min after glucose administration were measured using
an Accu-Chek glucose meter (Roche Diagnostics). Tail vein blood
was also collected at 0, 30, 60, and 120 min for insulin
determination. For measurement of acute insulin release, another
group of mice were injected with glucose (3 g/kg, i.p.), and tail
vein blood was collected at 2 to 14 min after glucose
administration. Serum was immediately collected and stored
at –80˚C for insulin determination. Insulin levels were measured
using an ELISA kit (Crystal Chem, Downers Grove, IL, USA).
The AUCs of insulin and glucose were calculated according to the
trapezoidal rule. Glucose tolerance was defined as AUC versus
time curve calculated with the trapezoidal rule. For studying the
effects of capsaicin on insulin release and glucose tolerance test,
another group of mice was fasted for 14 h, tail vein blood was
collected for basal blood glucose and insulin levels measurement.
Then, capsaicin was administered (0.25 mg/kg, i.p.), and tail vein
blood was collected 1 h after capsaicin injection to measure
insulin levels. 

In Vitro insulin secretion. Mice were fasted for 15 h and
anesthetized with pentobarbital sodium (50 mg/kg i.p.), and their
pancreases were dissected out. The tissue was washed with cold
Krebs-bicarbonate buffer (KRB, pH 7.4), containing (mmol/l) 118.5
NaCl, 4.7 KCl, 1.2 MgSO4, 1.0 KH2PO4, 2.5 CaCl2, 25.0 NaHCO3,
supplemented with 1% (w/v) bovine-serum albumin, 10 μg/ml
aprotinin, 2 mmol/l glucose, and saturated with air. The tissue was
minced into small pieces (2 mm in diameter) and then pre-incubated
in KRB for 60 min at 37˚C before being incubated with various
substances or vehicle (16). To determine the effect of capsaicin on
insulin release, capsaicin (10–9 mol/l), dissolved in vehicle
consisting of Tween 80 (10%) and ethanol (10%) in 0.9% NaCl
(80%), was added to KRB and incubated for 30 min. To determine
the role of TRPV1, CGRP, and SP in glucose-induced insulin
release, AMG 9810 (10–6 mol/l, a selective TRPV1 antagonist),
CGRP8-37 (10–6 M, a CGRP receptor antagonist), or RP67580
(10–6 mol/l, a selective neurokinin 1 receptor antagonist) was added
5 min before adding glucose (8 mmol/l). The incubation was
stopped by chilling the samples in ice-cold water; aliquots were
removed from the medium and stored at -80˚C for insulin assay. A
commercial mouse insulin ELISA kit (Crystal Chem Inc., Downers
Grove, IL, USA) was used to determine insulin release that was
normalized to the wet pancreas weight. 

Measurement of CGRP and SP. The samples were prepared as
described above, purified, and analyzed by radioimmunoassay. The
assay was performed as recommended by the supplier.
Commercially available rat CGRP and SP radioimmunoassay kits
(Peninsula Laboratories Inc.) were used for determination of SP and
CGRP release which was normalized to the wet pancreas weight. 

Statistical analysis. All values are expressed as mean±SEM.
Differences among groups were compared by one-way analysis of
variance followed by the Tukey-Kramer multiple comparison test.
Differences between two groups were analyzed by t-tests. The
results were considered statistically significant at p<0.05. 

Results
Impaired glucose tolerance in TRPV1–/– mice. The
experiments were conducted in TRPV1–/– and wild-type
(WT) mice at 24 weeks of age. No significant differences
were observed between the two groups in body weight (WT
30.9±4.4 g vs. TRPV1–/– 32.6±4.7 g, p>0.05) and fasting
glucose levels (WT 125±15 mg/dl vs. TRPV1–/– 141±18
mg/dl, p>0.05, Figure 1A). TRPV1–/– mice had impaired
glucose tolerance, with significantly higher blood glucose
values at 30, 60 and 120 min after glucose challenge,
compared with WT mice (Figure 1A). The overall area under
the curve (AUC) of glucose was higher in TRPV1–/– mice
compared with WT mice (WT 390±69 mg-hour/dl vs.
TRPV1–/– 534±45 mg-hour/dl, p<0.01, Figure 1B). 

Decreased insulin secretion in TRPV1–/– mice. Fasting
plasma insulin levels were similar between WT and TRPV1–
/– mice (WT 0.34±0.12 ng/ml vs. TRPV1–/– 0.30±0.13 ng/ml,
p>0.05, Figure 1C). Plasma insulin levels, after glucose
challenge, were not significantly different between the two
groups at the individual time points of 30, 60, and 120 min,
but had a decreasing trend in TRPV1–/– mice (Figure 1C).
Importantly, the AUC of insulin was lower in TRPV1–/–
mice compared with WT mice (WT 1.50±0.30 ng-h/ml vs.
TRPV1–/– 1.07±0.43 ng-h/ml, p<0.05, Figure 1D), indicating
that glucose-induced insulin secretion was impaired in
TRPV1–/– mice. Glucose-induced early-phase insulin
secretion was observed at 4 minutes following glucose
injection in WT mice but not in TRPV1–/– mice (Figure 2A),
while insulin levels at 14 min after glucose injection were
similar between WT and TRPV1–/– mice (Figure 2A).
Plasma glucose levels were similar between the two groups
at 2, 4, and 14 min after glucose administration (Figure 2B).
These results suggested that the acute-phase insulin secretory
response to glucose disappeared in TRPV1–/– mice.
Furthermore, capsaicin (a TRPV1 agonist) caused a
significant increase in insulin secretion in WT mice but not
in TRPV1–/– mice (Figure 3). 

Decreased insulin secretion from TRPV1–/– pancreases.
Next, insulin release from isolated pancreases was
measured in vitro. Upon high glucose stimulation, insulin
secretion was increased in both WT and TRPV1–/–
pancreases, with higher levels in WT compared to TRPV1–
/– pancreases (p<0.05, Figure 4A). Insulin release was
increased in response to capsaicin stimulation in WT but
not TRPV1–/– pancreases (Figure 4B). Inhibition of
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TRPV1, CGRP, or SP with AMG9810 (10–6 M, a selective
TRPV1 antagonist), CGRP8-37 (10–6 M, a selective CGRP
receptor antagonist), or RP67580 (10–6 M, a selective NK1
receptor antagonist), respectively, abolished glucose-
induced insulin secretion in WT pancreases (Figure 4C),
indicating that TRPV1, CGRP, and SP mediate glucose-
induced insulin secretion. 

Impaired SP and CGRP release by TRPV1–/– pancreases.
The release of CGRP and SP at baseline was not different
between WT and TRPV1–/– pancreases (Figure 5A and B).
Upon high glucose stimulation, CGRP and SP release was
remarkably increased compare to baseline in WT pancreas
(p<0.05), but was not increased in TRPV1–/– pancreases
(Figure 5A and B).  
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Figure 1. Glucose tolerance and insulin secretion of TRPV1–/– and WT mice. Plasma levels of glucose (A) and insulin (C) were measured in WT
and TRPV1–/– mice before and after glucose injection (2 g/kg body weight, i.p.). Mean area under the curve (AUC) of glucose (B) and insulin (D)
were calculated. Values are mean±SEM; n=8-9; *p<0.05 vs. WT. 



Discussion 

This study provides evidence that TRPV1 plays an important
regulatory role in glucose-induced insulin secretion. Genetic
ablation of TRPV1 resulted in impaired glucose-induced
insulin secretion and glucose intolerance. It is interesting to
highlight that the metabolic changes observed in TRPV1–/–

mice were different from previous reports obtained in
experiments with sensory nerve desensitization by using

resiniferatoxin or high doses of capsaicin (10). This
inconsistency may be due to the fact that chemical
denervation did not completely ablate the sensory nerves.
The remaining sensory nerves may be sufficient to
compensate through upregulating and sensitizing TRPV1
channels. This hypothesis is supported by previous studies
showing that capsaicin pretreatment resulted in a significant
upregulation of TRPV1 (17). 

The present study showed that the first phase of insulin
secretory response to glucose disappeared in TRPV1–/– mice.
Glucose induces a biphasic insulin secretion (18). Previous
studies have shown that TRPV1-expressing sensory nerves
innervate the pancreatic islets (19, 20). TRPV1 expression
and function were decreased in high-glucose conditions and
in obesity and diabetes (21). The first phase of insulin
secretion is lost in obesity and diabetes (22). Present data
showed that both WT and TRPV1–/– pancreases had
increased insulin secretion when glucose concentration was
increased from 2 to 8 mmol/l, while insulin secretion was
higher in WT compared to TRPV1–/– pancreases. Inhibition
of TRPV1 with AMG 9810 inhibited glucose-induced insulin
secretion in WT pancreases, indicating that TRPV1 mediates
glucose-induced insulin secretion. The mechanism underlying
the effects of TRPV1 on glucose-induced insulin secretion is
largely unknown. A previous study has demonstrated that
TRPV1 regulated glucose homeostasis through the induction
of glucagon-like peptide-1 secretion from the gut (23). The
present study focused on the role of neuropeptides released
from pancreatic TRPV1-expressing sensory nerves. 
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Figure 2. Acute phase insulin secretory response. Plasma levels of
insulin (A) and glucose (B) were measured in WT and TRPV1–/– mice
before (pre) and at 2, 4, and 14 min after glucose injection (3 g/kg body
weight, i.p.). Values are mean±SEM; n=5-8; * p<0.05 vs. WT-pre,
TRPV1–/–-pre, WT-2 min, TRPV1–/–-2 min; †p<0.05 vs. WT-4 min;
‡p<0.05 vs. TRPV1–/–-4 min. 

Figure 3. Effects of capsaicin on insulin secretory response. Plasma
levels of insulin were measured in WT and TRPV1–/– mice before and
after i.p. injection of capsaicin (0.25 mg/kg body weight). Values are
mean±SEM; n=8; *p<0.05 vs. WT-CON; †p<0.05 vs. TRPV1–/–-CON;
‡p<0.05 vs. WT-cap. 



CGRP has been identified in sensory nerve endings which
innervate the pancreas (24). CGRP-like immunoreactivity has
been demonstrated in pancreatic perivascular nerve fibers and in
the islet insulin cells (25). However, the results on the effect of
CGRP on insulin secretion are inconsistent (6, 26). Studies
conducted by Rasmussen et al. have shown that CGRP at 10–10
and 10–9 mol/l increased insulin and glucagon secretion from
isolated, perfused porcine pancreas, whereas significant
decreases were observed with 10–8 mol/l (26). In contrast,
Hermansen et al. have shown that CGRP inhibited insulin
secretion at 10–10 mol/l, whereas stimulated insulin secretion at
10–9 mol/l, and the stimulation was marked and sustained at 10–8
mol/l in the perfused dog pancreas (6). In many studies, CGRP
was infused directly into the superior pancreatic artery at a low

dose rate. Given that CGRP is the most potent vasodilator
agonist (27), infused CGRP might cause a severe fall in blood
pressure. That might be the reason why insulin release was
decreased. Our studies showed that glucose (8 mmol/l) increased
insulin secretion from pancreases, and this effect was inhibited
by the CGRP receptor antagonist. Radioimmunoassay also
showed that the release of CGRP was higher in WT than in
TRPV1–/– pancreases after stimulation with glucose, indicating
that CGRP participates in glucose-induced insulin secretion. 

SP may also be important in insulin secretion (28). Brown
et al. (29) have shown that SP caused hypoinsulinemia,
hyperglucagonemia, and hyperglycemia in rats. Fu et al.
(30) have studied the effects of SP on insulin release from
cultured rat islets, indicating that SP stimulated insulin
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Figure 4. Glucose- and capsaicin-induced insulin secretion by
pancreatic minces. Samples incubated in KRB medium containing 
2 mmol/l glucose (2G) or 8 mmol/l glucose (8G) (A), or capsaicin (cap)
(B). (C) AMG9810 (AMG, a selective TRPV1 antagonist), CGRP8-37
(a selective CGRP receptor antagonist), or RP67580 (RP, a selective
NK1 receptor antagonist) was added 5 min before adding glucose (8
mmol/l). Values are mean±SEM; n=4; *p<0.05 vs. WT-2G; †p<0.05 vs.
WT-8G (or TRPV1–/– 2G); ‡p<0.05 vs. WT-8G (or WT-cap). 



secretion in a dose-dependent manner. Hermansen et al. (8)
have shown that SP increased insulin release in a dose-
dependent manner at high glucose conditions, but not at low
glucose conditions. Moreover, Kaneto et al. have reported
that endogenously released SP may stimulate insulin
secretion (7). Chiba et al. (31) have studied the effects of
SP on insulin release in rats and dogs under the same
conditions. In rats, SP inhibited insulin secretion in a dose-
dependent manner. By contrast, in dogs, SP increased
insulin secretion. These results demonstrated that the effects
of SP on insulin secretion are dependent on species and
glucose concentrations. Our studies showed that glucose
increased insulin secretion from the pancreas, and this effect
was attenuated by the NK1 receptor antagonist.
Radioimmunoassay also showed that the release of SP was
higher in WT than in TRPV1–/– pancreases after glucose
stimulation. It is well established that activation of TRPV1
in sensory nerve endings stimulates SP release. Taken
together, these findings suggest that SP mediates the effects
of TRPV1 on glucose-induced insulin secretion. 

Conclusion 
In conclusion, our findings indicate that TRPV1 mediates
glucose-induced insulin secretion likely through the release
of CGRP and SP. 
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