Expression of TRPMS in diabetic rats and its
relationship with visceral pain stimulation
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ABSTRACT. Transient receptor potential cation channel, subfamily M,
member 8 (TRPM8) is a nonselective cation channel and a candidate for
cold sensation signaling, but the relationship between TRPM8 and diabetes
remains unclear. In the present study, we determined the expression levels
of TRPM8 messenger RNA (mMRNA) and the levels of the TRPM8 protein
in the bladder tissue of diabetic rats. We also investigated the correlation
between TRPM8 expression and the visceral pain stimulation-related factor,
calcitonin gene-related peptide (CGRP) in diabetic rats. The rats were
sacrificed 3, 5, 7, and 15 days after streptozotocin injection, and blood was
collected from their tail veins to determine the blood glucose levels. Bladder
tissue was removed to assess the expression of TRPM8 mRNA by reverse
transcription-polymerase chain reaction, and the expression of the TRPM8
protein by western blotting. After administering electrical stimulation (5 V/1
Hz), the expression levels of TRPM8 and CGRP proteins were determined.
Our results revealed that the blood glucose level, and TRPM8 mRNA and
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TRPMS8 protein expression levels increased significantly in the diabetic
rats. Spinal tissue protein expression levels of both TRPM8 and CGRP
also increased significantly following electrical stimulation. This possibly
indicates that TRPMS8 is closely associated with visceral pain stimulation,
and could be an independent prognostic biomarker for diabetes.

Key words: Diabetic rats; TRMP8; Visceral pain stimulation; Bladder;
Calcitonin gene-related peptide

INTRODUCTION

Temperature sensitivity is essential for thermoregulation and for the recognition of
potentially damaging hot or cold stimuli in the environment (Premkumar and Abooj, 2013). Defects
in the ability to sense cold can lead to cold allodynia and cold hyperalgesia, which are clinically
important symptoms in patients suffering from neuropathic pain, complex regional pain syndrome,
chemotherapy-induced allodynia, and bladder pain syndrome (BPS) (Liu and Qin, 2011). Various
molecular ion channels have been identified as candidates for cold sensation signaling, one of
which is transient receptor potential cation channel, subfamily M, member 8 (TRPM8) (Liu and Qin,
2011). TRPMS8 is a nonselective cation channel that is localized in subsets of rat A-5 and C-fiber
sensory neurons and mouse C-fiber neurons. It is known to have multiple modes of activation,
including low temperature (<28°C), menthol, icilin, eucalyptol, and modulation of intracellular pH
(Liu and Qin, 2011). Upon activation, TRPM8 allows the entry of sodium and calcium ions to the
cell, which leads to depolarization and the generation of an action potential; this ultimately results
in the sensation of cold and cold pain (Liu and Qin, 2011).

A great deal of evidence suggests that TRPM8 may also be an important player in various
chronic conditions such as inflammatory and neuropathic pain (Proudfoot et al., 2006; Xing et al.,
2007; Caspani et al., 2009; Liu and Qin, 2011; Su et al., 2011; Straub, 2014). TRPM8 messenger RNA
(mRNA) and protein have also been detected in the urothelia of both rat and human bladders (Stein
et al., 2004; Mukeriji et al., 2006). Additionally, TRPM8-immunoreactive staining has been observed in
the urothelium and in nerve fibers distributed throughout the suburothelium, and a marked increase
in the number of fine-caliber nerve fibers immunoreactive for TRPM8 was found in patients with BPS
compared with controls (Mukeriji et al., 2006). BPS is a chronic pain condition that typically presents
suprapubic pain related to bladder filling, and is accompanied by other symptoms such as more frequent
urination and nocturia in the absence of a definable etiology (Chai, 2002). Furthermore, BPS is a severe
comorbidity of diabetes with high prevalence, and can lead to kidney injury in diabetic patients (Schmid
etal., 2011; Chung et al., 2013). However, the relationship between TRPM8 and diabetes is still unclear.

In the present study, we determined the expression levels of TRPM8 mRNA and protein in
bladder tissue from diabetic rats. We also investigated the correlation between TRPM8 expression
and the visceral pain stimulation-related factor, calcitonin gene-related peptide (CGRP) in diabetic
rats. This research will provide new insights into, and evidence for, the molecular mechanism of
visceral pain in diabetic patients, and should ultimately lead to clinical therapy.

MATERIAL AND METHODS
Animals and visceral pain stimulation

Male Sprague-Dawley rats (40), aged 7-8 weeks and weighing 190-210 g were purchased
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from the Animal Center of the Key Cardiology Research Center, Qilu Hospital, Shandong University.
The rats were randomly divided into two groups: a control group and a diabetic group. Each rat was
housed in a plastic compartment under controlled environmental conditions (25° + 1°C; relative
humidity 40-60%; a 12/12-h light-dark cycle from 7:00 am to 7:00 pm), with access to food and
water ad libitum. Diabetic rats (N = 20) were divided into four groups at random and received an
intraperitoneal injection of 65 mg/kg streptozotocin (STZ) (Sigma, USA) in 0.1 M sterile citric acid
buffer solution, pH 4.5 (4 mg/mL) (Beijing Deyuan Co. Ltd., China). The control rats (N = 20) were
also divided into four groups at random and received an intraperitoneal injection of sterile citric
acid buffer solution only. The diabetic rats were sacrificed 3, 5, 7, and 15 days after STZ injection,
and blood was collected from their tail veins to determine blood glucose levels. Bladder tissue was
removed and stored at -80°C until analysis. All the procedures in the present study were performed
in accordance with the guidelines for animal research provided by Shandong University.

For the visceral pain stimulation study, the diabetic rats were fixed in the supine position. The
carotid artery and vagus nerve (3-4 cm) were separated from the carotid sheath. The distal end of the
vagus nerve was connected to a platinum electrode. After administering electric stimulation at 5 V/1
Hz, the rats were sacrificed and the spinal cord was quickly removed and stored in liquid nitrogen.

Reverse transcription-polymerase chain reaction (RT-PCR)

The expression of TRPM8 mRNAs in the bladder was measured by RT-PCR. Briefly,
total RNA from the bladder tissue was extracted using TRIzol Reagent and complementary DNAs
(cDNAs) were synthesized using iScript Reverse Transcription Supermix for RT quantitative PCR
(RT-gPCR) according to the manufacturer instructions (Bio-Rad Laboratories Ltd., USA). The
cDNAs were amplified using SsoAdvanced SYBR Green Supermix (Bio-Rad Laboratories Ltd.).
The primers were designed and synthesized by Invitrogen and the sequences are listed in Table
1. Relative mRNA expression was determined after normalizing to B-actin and calculated using the
2-4¢t equation (Ct was defined as the PCR cycle where the fluorescence signal from the specific
amplified product first increased above the background), setting the blank control group as 1. Each
sample was tested in triplicate.

Table 1. Primer sequences for TRPMS.

Primers Sequence

B-actin forward CCTCTATGCCAACACAGTGC
B-actin reverse ACATCTGCTGGAAGGTGGAC
TRPMS8 forward CTGATCCTCTATGCCCTGGT

TRPM8 reverse GTCCCAGTGTGCCATAACG

TRPMS8 = transient receptor potential cation channel, subfamily M, member 8.

Western blotting analysis

Protein expression levels of TRPM8 and CGRP were analyzed by western blotting.
Bladder or spinal tissues (5 mg) were ground and resuspended in radio-immunoprecipitation assay
(RIPA) lysis buffer with protease inhibitor (RIPA/cocktail = 100/1 (v/v) (1 mL) (Abcam Co. Ltd., UK),
sonicated, and centrifuged at 14,000 rpm for 10 min at 4°C. Supernatant protein concentrations
were quantified using a BCA (bicinchoninic acid) Protein Assay Kit (Bio-Rad Laboratories Ltd.).
Equal amounts of protein samples were separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis and were transferred to polyvinylidene difluoride membranes (Millipore).
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After blocking with 5% nonfat milk in TBST (a mixture of Tris-buffered saline and Tween 20), the
membranes were incubated for 2 h at room temperature with primary rabbit anti-mouse polyclonal
TRPM8, CGRP, and B-actin (1:1000; Santa Cruz Co., USA). After washing, the membranes were
incubated with horseradish peroxidase-conjugated secondary goat anti-rabbit IgG antibodies
(1:1000; Beijing Zhongshan Biotechnology Co., China) for 1 h at room temperature. Enhanced
chemiluminescence reagent (Millipore Limited Co., USA) was used for protein detection. TRPM8
was normalized to the loading control B-actin.

Statistical analysis

Statistical analyses were performed with the SPSS 19.0 software package (SPSS Inc.,
Chicago, IL, USA). Data are reported as means + standard deviation (SD). A paired t-test was
used to assess the differences between the control and diabetic groups, and analysis of variance
(ANOVA) was used to assess the differences among different groups. The threshold for statistical
significance was defined as P < 0.05.

RESULTS
Body weight and blood glucose levels in the diabetic rats

The weight and blood glucose levels were detected in the control and diabetic groups at 3,
5, 7, and 15 days after intraperitoneal injection of sterile citric acid buffer solution or STZ injection
(Table 2 and Figure 1). Compared with the control group, the diabetic rats had significantly higher
blood glucose levels on day 5 (18.06 + 2.50 vs 5.13 £ 0.20, P < 0.01), day 7 (27.77 + 3.30 vs 5.50
+1.30, P <0.01), and day 15 (34.23 + 3.40 vs 5.30 £ 0.87, P < 0.01). Additionally, body weight was
significantly lower in the diabetic group on day 7 (209.7 + 12.1 vs 237.7 + 9.6, P < 0.05) and day 15
(223.3 +5.5vs 277.0 £ 8.0, P < 0.01). ANOVA revealed significant differences among the different
groups in both body weight and blood glucose level (P < 0.05).

Table 2. Difference in body weight and blood glucose level between the control and diabetic groups (N = 5).

[ Day 3 | Day 5 | Day 7 [ Day 15
Body weight (g)
Control [ 206.7+7.5 [ 215078 | 237.7+9.6 [ 277.0+8.0
Diabetic | 201.3%8.0 | 216.0%87 | 209.7 + 12.1* | 223.3 £ 5.5
Blood glucose level (mM)
Control [ 5.67 + 0.50 [ 513+0.20 | 5.50 + 1.30 [ 5.30 + 0.87
Diabetic | 10.03+0.38* | 18.06 +2.50* | 27.77 +3.30"12 | 34.23 + 3.40**123

Data are reported as means * standard deviation (SD); *P < 0.05, compared with the control by paired t-test; **P <
0.01, compared with the control by paired t-test; 'P < 0.05, compared with day 3 by ANOVA; 2P < 0.05, compared with
day 5 by ANOVA; °P < 0.05, compared with day 7 by ANOVA.

Expression of TRPM8 mRNA and protein in the bladder tissue of the diabetic rats

In the bladder tissue, the expression of TRPM8 mRNA was measured by RT-PCR and the
expression of the TRPM8 protein was measured by western blotting after normalizing to p-actin
(Table 3 and Figure 2). Gene expression and protein expression of TRPM8 did not vary greatly in
the control group from day 0 to day 15. In the diabetic group, the expression of TRPM8 mRNA in the
bladder was not significantly different than that in the control group on day 3, but was significantly
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greater on days 5, 7, and 15 (P < 0.05), when it was approximately two times (2.60 + 0.56 vs 1.17
+ 0.35, P < 0.05), three times (4.27 + 0.40 vs 1.30 £ 0.40, P < 0.01), and six times (6.10 £ 1.05
vs 1.00 £ 0.27, P < 0.01) higher than that in the control, respectively. In contrast, the band for the
TRPMS8 protein became significantly more intense on day 5 (0.66 + 0.01 vs 0.35 £+ 0.03, P < 0.05),
day 7 (1.26 £ 0.06 vs 0.47 = 0.11, P < 0.05), and day 15 (1.51 £ 0.03 vs 0.39 = 0.05, P < 0.01),
respectively. This was approximately consistent with the gene expression results for TRPM8 in the
diabetic rats. ANOVA revealed significant differences among the different groups (P < 0.05).
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5 30-
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Figure 1. Differences in body weight and blood glucose levels between the control and diabetic groups (N = 5). *P <
0.05. **P < 0.01.

Table 3. Relative expression levels of TRPM8 mRNA and protein in the bladders of diabetic rats and controls after
normalizing to B-actin (N = 5).

Day 3 [ Day 5 [ Day 7 [ Day 15
mRNA expression
Control 0.93+0.26 [ 1.17 +0.35 [ 1.30 + 0.40 [ 1.00 +0.27
Diabetic 1.30 + 0.53 | 2.60 + 0.56*7 | 4.27 £ 0.40**12 | 6.10 £ 1.05**123
Protein expression
Control 0.76 + 0.01 [ 0.35 +0.03 [ 0.47 +0.11 [ 0.39 + 0.05
Diabetic 0.82 + 0.03 | 0.66+0.01* | 1.26 £ 0.06*12 | 1.51 £ 0.03**123

TRPMS8 = transient receptor potential cation channel, subfamily M, member 8. Data are reported as means + standard
deviation (SD); *P < 0.05, compared with the control by paired t-test; **P < 0.01, compared with the control by paired
t-test; 'P < 0.05, compared with day 3 by ANOVA; 2P < 0.05, compared with day 5 by ANOVA,; *P < 0.05, compared
with day 7 by ANOVA.

Relationship between TRPM8 and CGRP protein expression levels in the diabetic
rats after visceral pain stimulation

Furthermore, TRPM8 and CGRP protein expression levels in the spinal tissue of diabetic
rats were assessed to investigate the relationship between TRPM8 and visceral pain stimulation.
Compared with the control, protein expression of both TRPM8 and CGRP in the spinal tissue of the
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diabetic rats increased significantly after electrical stimulation (5 V/1 Hz) (Figure 3).
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Figure 2. Relative expression levels of TRPM8 mRNA and protein in the bladders of diabetic rats and controls after
normalizing to B-actin (N = 5). *P < 0.05. **P < 0.01. TRPMS: transient receptor potential cation channel, subfamily M,
member 8.
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Figure 3. Relationship between TRPM8 and CGRP protein expression levels in diabetic rats with and without visceral
pain stimulation. TRPM8: transient receptor potential cation channel, subfamily M, member 8; CGRP: calcitonin gene-
related peptide.

DISCUSSION

Transient receptor potential channels include about 28 channels that share some structural
similarity to each other, and mediate a variety of sensations such as pain, sensitivity to heat or cold,
taste, pressure, and vision (Liu and Qin, 2011). Among them, TRPM8 acts as a cold sensor and
can be activated by low temperatures (<28°C), menthol, icilin, eucalyptol, and the modulation of
intracellular pH (Liu and Qin, 2011). It has been reported that TRPM8 can mediate the detection of
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cold thermal stimuli by primary afferent sensory neurons (McKemy et al., 2002; Peier et al., 2002).
Studies with TRPM8 knockout mice and selective TRPM8 channel blockers have demonstrated a
lack of cold sensitivity and reduced cold pain in various rodent models (Thut et al., 2003; Chung
and Caterina, 2007; Colburn et al., 2007; Dhaka et al., 2007; Caspani et al., 2009; Eberle et
al., 2009; Liu and Qin, 2011). In contrast, some studies have questioned the role of TRPMS8 in
cold detection, or proposed that other excitatory or inhibitory channels are more important to this
sensory modality in vivo (Viana et al., 2002; McKemy, 2005; Madrid et al., 2006). However, TRPM8
is still a target for the mechanism for cold compress.

Recently, TRPM8 has been considered a major contributor to various chronic conditions
such as inflammatory and neuropathic pain (Proudfoot et al., 2006; Xing et al., 2007; Caspani et
al., 2009; Liu and Qin, 2011; Su et al., 2011; Straub, 2014). TRPM8 mRNA and protein have been
detected in the urothelia of both rat and human bladders (Stein et al., 2004; Mukeriji et al., 2006).
Additionally, TRPM8-immunoreactive staining has been observed in the urothelium and in nerve
fibers distributed throughout the suburothelium, and a marked increase in the number of fine-caliber
nerve fibers immunoreactive for TRPM8 was found in patients with BPS compared with controls
(P < 0.05) (Mukeriji et al., 2006). Furthermore, TRPM8 antagonists lower body temperature in rats,
and might be used to treat cold hypersensitivity and hyperalgesia in several neuropathic conditions,
including complex regional pain syndrome and trigeminal neuralgia, peripheral nerve injury, and
chemotherapy-induced neuropathy (Almeida et al., 2012; Gavva et al., 2012; Patel et al., 2014;
Winchester et al., 2014). Moreover, TRPMS8 has higher expression in prostate cancer tissue than in
normal prostate tissue, and has also been detected in tumors of the breast, colon, lung, skin, and
pancreas (Tsavaler et al., 2001; Yee et al., 2010; Okamoto et al., 2012). The expression levels of
TRPM8 mRNA in bladder tissue from urothelial carcinoma subjects were also significantly higher
than those in matched noncancerous tissues (P = 0.016) (Xiao et al., 2014). Expression of the
TRPMS8 protein in bladder tissue from urothelial carcinoma subjects was significantly and positively
associated with histological grade (P = 0.039) and tumor stage (P = 0.037) (Xiao et al., 2014).
Significant correlation has been found between high TRPM8 expression and poor cumulative
survival in patients with urothelial carcinoma of the bladder, suggesting that overexpression of
TRPM8 may play a role in the pathogenesis and progression of the disease (Xiao et al., 2014).
However, the relationship between TRPM8 and diabetes is still unclear.

In the present study, we determined the expression profile of the TRPM8 mRNA and the
TRPMS8 protein in bladder tissue from diabetic rats. Significantly high blood glucose levels and low
body weight were found in the rats that received an intraperitoneal STZ injection on days 5, 7, and
15 (P < 0.05; Figure 1 and Table 2). The expression of TRPM8 mRNA in the bladder tissue was
significantly higher on days 5, 7, and 15 in the diabetic group compared with the control group (P
< 0.05), with 6-fold higher expression on day 15 (P < 0.01; Figure 2 and Table 3). Furthermore,
the band for the TRPM8 protein in the bladder tissue of the diabetic rats was significantly more
intense on days 7 and 15 (P < 0.05; Figure 3), which was approximately consistent with the
gene expression results for TRPM8 in the diabetic rats. Subsequently, the expression levels of
TRPM8 and CGRP proteins in spinal tissue from the diabetic rats were assessed to investigate the
relationship between TRPM8 and visceral pain stimulation in diabetic rats. CGRP is produced in
both peripheral and central neurons; it acts as a potent peptide vasodilator and can function in the
transmission of pain (McCoy et al., 2013; Russo, 2015). Compared with the control, the expression
levels of both TRPM8 and CGRP proteins in spinal tissue from diabetic rats were significantly
greater after electrical stimulation (5 V/1 Hz). These results provide the first convincing evidence
that TRPM8 may serve as an independent prognostic biomarker for diabetes, and may play an
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important role in visceral pain in diabetic patients.

In conclusion, our results showed that blood glucose levels, and TRPM8 mRNA and
protein expression levels were significantly increased in the diabetic rats. Additionally, expression
levels of both TRPM8 and CGRP proteins in the spinal tissue from diabetic rats were significantly
higher than those in controls. This might indicate that TRPM8 has a close relationship with visceral
pain stimulation, and could be an independent prognostic biomarker for diabetes.
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