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Abstract

The blood pressure response to exercise is exaggerated in type 2 diabetes mellitus (T2DM). 

However, the underlying mechanisms remain unclear. It is hypothesized that one mechanism 

mediating the potentiated cardiovascular response in T2DM is the sensitization of chemically 

sensitive afferent neurons by activation of metaboreceptors. To test this hypothesis, we examined 

transient receptor potential cation channel subfamily V member 1 (TRPV1)-induced 

cardiovascular responses in vivo and muscle afferent discharge ex vivo in T2DM rats. 

Additionally, TRPV1 and protein kinase C (PKC) protein levels in dorsal root ganglia (DRG) 

subserving skeletal muscle were assessed. For 14-16 weeks, Sprague-Dawley rats were given 

either a normal diet (control) or high fat diet in combination with a low dose (35 and 25 mg/kg) of 

streptozotocin (T2DM). Administration of capsaicin, TRPV1 agonist, in hindlimb evoked 

significantly greater increases in mean arterial pressure and renal sympathetic neve activity in 

decerebrated T2DM than control. In a muscle-nerve preparation, the discharge to capsaicin 

exposure in group IV afferents isolated from T2DM was likewise significantly augmented at a 

magnitude that was proportional to glucose concentration. Moreover, the discharge to capsaicin 

was potentiated by acute exposure of group IV afferents to a high glucose environment. T2DM 

showed significantly increased phospholyrated-TRPV1 and −PKCα levels in DRG neurons as 

compared with control. These findings suggest that group IV muscle afferents are sensitized by 
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PKC-induced TRPV1 overactivity in early-stage T2DM with hyperglycemia and, thereby, may 

contribute to the potentiated circulatory response to TRPV1 activation in the disease.
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INTRODUCTION

Physical activity can play a crucial role in improving cardiovascular health in type 2 diabetes 

mellitus (T2DM)1-3. However, the blood pressure (BP) response to exercise is exaggerated 

in T2DM4-9. Since such excessive BP rises can lead to adverse cardiac events and/or stroke 

during or immediately after a bout of exercise10, 11, identifying the potential mechanism that 

mediates this abnormal response is physiologically and clinically relevant. A recent study 

from our laboratory demonstrated that the exercise pressor reflex (EPR), an important neural 

mechanism originating in working skeletal muscle controlling cardiovascular function 

during physical activity12, 13, is abnormally augmented in T2DM rats14. The EPR is, in part, 

mediated by the muscle metaboreflex which is predominantly activated via chemically 

sensitive muscle afferents stimulated by the metabolites produced during muscle 

contraction12, 15. Importantly, previous work8 has demonstrated abnormally heightened 
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metaboreflex function in T2DM patients. However, the mechanism underlying the 

potentiated responsiveness of this relex in this disease remains unclear.

Group IV afferents innervating skeletal muscle are predominantly chemically sensitive and 

primarily transmit information about the metabolic state of exercising muscles (i.e., the 

afferent arm of the muscle metaboreflex)8. Cutaneous innervation also consists, in part, of 

group IV fibers and spontaneous hyperactivity induced by neuronal damage is abnormally 

enhanced in group IV fiber terminals of skin in diabetic rats16, 17. In fact, a previous study 

has shown that a relationship exists between the degree of spontaneous hyperactivity and 

thermal hypersensitivity (mainly induced by activation of group IV fibers) in cutaneous 

sensory neurons18. Thus, it is logical to suggest that the responsiveness of group IV afferents 

in muscle may also be enhanced in T2DM. Moreover, alterations in the sensitivity of skeletal 

muscle group IV afferents could possibly be responsible for the heightened cardiovascular 

response in this desease. However, to date, the reactivity of group IV muscle afferents in 

T2DM remain unkonwn.

Hyperglycemia, a pathological characteristic of T2DM, leads to insulin secretion as well as 

the accumulation of advanced glycation end products (AGE)19 and the inflammatory 

cytokine high-mobility group box-protein 1 (HMGB1)20. High glucose21, insulin22, AGE19 

and HMGB120, 22, 23 are known to activate protein kinase C (PKC) in sensory neurons. 

PKC, in turn, activates the transient receptor potential cation channel subfamily V member 1 

(TRPV1) metaboreceptor in pheripheral sensory neurons24. Importantly, a recent study 

reported that TRPV1-evoked Ca2+ responses in dorsal root ganglia (DRG) mediated by 

increases in skin HMGB1 were PKC-dependently enhanced in type 1 diabetic 

hyperglycemia25. TRPV1 is a metaboreceptor widely expressed in group IV skeletal muscle 

afferents26. Thus, it is logical to further suggest that alterations in group IV skeletal muscle 

sensory neurons in T2DM may result from abnormalities in the PKC/TRPV1 pathway in the 

DRG that subserve the metaboreflex.

In this study, therefore, it was hypothesized that cardiovascular and sympathetic responses to 

TRPV1 activation and/or group IV muscle afferent discharge to capsaicin exposure are 

enhanced by augmentations in the activity of the PKC/TRPV1 pathway in T2DM. A 

combination of a high fat diet (HFD) and a low dose of streptozocin (STZ) has been shown 

to effectively generate a rat model of diabetes that mimics the metabolic characteristics of 

common T2DM in humans unlike that manifest in the genetically engineered Zucker 

diabetic rat and db/db mouse27, 28. Moreover, we previously demonstrated that the EPR was 

abnormally exaggerated in HFD/STZ diabetic rats14. Therefore, we utilized the HFD/STZ 

model in the current study. We investigated in both healthy controls and HFD/STZ-induced 

T2DM rats 1) the BP and sympathetic responses to the administration of a TRPV1 agonist in 

the hindlimb in vivo, 2) the action potential responses to administration of a TRPV1 agonist 

in group IV muscle afferents ex vivo, 3) the protein expression levels of the receptor for 

advanced glycation end products (RAGE), PKC and TRPV1 in primary sensory (DRG) 

neurons subserving skeletal muscle, and 4) the plasma levels of known triggers for PKC/

TRPV1 activation (i.e. glucose, insulin, AGE and HMGB1)
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MATERIALS AND METHODS

The authors declare that all supporting data are available with the article. A complete 

description of the methods used in this study is available in the online-only Data 

Supplement.

Type 2 Diabetic Model

All experiments were performed in male Sprague-Dawley rats (7-8 wk of age). To induce 

T2DM, rats were intraperitoneally injected with streptozotocin twice (35 mg/kg at first week 

and 25 mg/kg at second week) and fed a high-fat diet for 3-4 mo. In the control group, a 

benign vehicle (saline) was injected in lieu of streptozotocin, and the rats were fed a normal 

diet. All studies were performed in accordance with the US Department of Health and 

Human Services NIH Guide for the Care and Use of Laboratory Animals. The procedures 

outlined were approved by the Institutional Animal Care and Use Committee of the 

University of Texas Southwestern Medical Center.

Experimental Protocol

Experiment 1: Chemical reflex and skeletal muscle reflex testing in vivo.—
Mean arterial pressure (MAP), heart rate (HR) and renal sympathetic nerve activity (RSNA) 

were continuously measured at rest and during distinctly separate stimulation trials. To 

determine the role of TRPV1 agonist on chemical reflex in vivo, we administered capsaicin 

(Sigma-Aldrich, 0.3 μg or 1.0 μg/100 μl) vs. saline as a vehicle control into the arterial 

supply of the right hindlimb29, 30. In a second distinct stimulation trial, the EPR was 

activated by statically contracting the triceps surae muscles of the right hindlimb for 30 s via 

electrical stimulation of isolated L4 and L5 ventral roots29-32.

Experiment 2: Single fiber recording ex vivo.—Using the extensor digitorum longus 

(EDL) muscle-nerve preparation, single-unit action potential responses to capsaicin 

administration were measured in group IV fibers33. The isolated EDL muscle-nerve 

preparation was kept under laminar superfusion with modified Krebs-Henseleit solution 

(110.9 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25.0 

mM NaHCO3, and 20.0 mM glucose) for 4-7 hours. Frequency as well as the latency of the 

response to administration of capsaicin (Sigma-Aldrich, 1 μM, for 30 s) into the receptive 

field were also evaluated. Conduction velocity was measured by electrically stimulating the 

receptive field in EDL muscle.

In a subset of experiments, to investigate the impact of acute high glucose exposure on the 

capsaicin-evoked firing, the isolated EDL muscle-nerve preparation was kept under laminar 

superfusion with Krebs-Henseleit solution that included either 6 mM, 20 mM or 75 mM 

glucose for 7-10 hours.

Experiment 3: Western blotting, Blood collection and ELISA.—RAGE, total 

PKCα (t-PKCα), phosphorylated PKCα (p-PKCα), total TRPV1 (t-TRPV1), 

phosphorylated TRPV1 (p-TRPV1) and βactin protein levels in DRG (L3-L5) neurons were 

quantified by western blotting. Fasting blood glucose levels were assessed by glucometer 
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measurements. Insulin, HMGB1 and AGE concentrations were determined in blood plasma 

obtained from the tail vein using ELISA. Insulin resistance index (HOMA-IR) was 

calculated according to the formula: fasting insulin (μU/L) × fasting glucose (nmol/L)/22.5.

Statistical Analysis

Data were analyzed using SPSS software. All data are expressed as mean ± SD. Data 

normality was assessed by utilizing the Shapiro-Wilk test. Data were analyzed using 

Student's unpaired t tests, Mann-Whitney U non-parametric test, two- and one-way ANOVA, 

post-hoc Fisher's Least Significant Difference test and Pearson’s correlation coefficient 

analysis. The level of statistical significance was defined as P<0.05.

Results

Morphometric characteristics and baseline hemodynamics

Morphometric characteristics and baseline hemodynamics for control and T2DM rats are 

summarized in Table 1. There was no significant difference in initial and end-point body 

weight, epididymal fat pad weight, heart weight-to-body weight ratios, heart weight-to-tibial 

length ratios and lung weight-to-body weight ratios between control and T2DM rats. 

Additionally, baseline MAP, HR and RSNA under 1% isoflurane anesthesia as well as after 

decerebration were not significantly different between groups.

Chemical Reflex Testing

A representative example of the cardiovascular response to stimulation of chemically-

sensitive skeletal muscle afferent fibers in vivo is illustrated in the raw recordings depicted 

in Fig. 1A. The MAP (diabetes effect: P<0.01; control vs. T2DM at 0.3 μg/100 μL and 1.0 

μg/100 μL capsaicin: P<0.05) and RSNA (diabetes effect: P<0.05; control vs. T2DM at 1.0 

μg/100 μL capsaicin: P<0.05) responses to the administration of capsaicin in the hindlimb of 

T2DM rats were augmented compared with control (Fig. 1B and D). The HR response was 

not significantly different between groups (Fig. 1C). The peak responses appeared within 10 

seconds after intra-arterial bolus administration of capsaicin. The MAP and HR responses to 

injection of 1.0 μg/100 μL capsaicin were significantly exacerbated compared with injection 

of 0.3 μg/100 μL capsaicin (capsaicin dose effect: P<0.05; Fig. 1B and C). The RSNA 

responses to injection of 1.0 μg/100 μL capsaicin did not differ compared with 0.3 μg/100 

μL capsaicin (Fig. 1D). Consistent with previous results29, 30, there was no significant 

differences in cardiovascular or sympathetic responses to saline administration (capsaicin 

vehicle control) between control and T2DM (MAP: 14 ± 5 vs. 16 ± 8 mmHg; HR: 3 ± 5 vs. 

2 ± 1 bpm; RSNA: 9 ± 3 vs. 10 ± 2 % changes from baseline; n=3, respectively).

Single Fiber Nerve Recordings

A schematic diagram illustrating the single-fiber experimental setup is shown in Figure 2A. 

The position of the group IV muscle afferent receptive fields assessed in this study are 

shown in Figure. 2B. Fiber conduction velocities were 0.51 ± 0.13 m/s (a range of 0.41–0.77 

m/s) in control rats and 0.60 ± 0.20 m/s (a range of 0.39–0.98 m/s) in T2DM animals, which 

was not statistically different (Fig. 2C). An original recording demonstrating the action 

potential responses to capsaicin are shown in figure 2D. The percentage of group IV fibers 
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demonstrated to be responsive to capsaicin was 50% (responder/total number of fibers: 7/14) 

in the control group, which was not significantly different from the 47% determined for the 

T2DM group (responder/total number of fibers: 7/15, Figure. 2E). Spontaneous neural 

activity was likewise not significantly different between groups (Fig. 2F). Using a capsaicin 

dose of 0.1 μM to activate the afferent’s receptive field, the frequency of response in group 

IV fibers was significantly greater in diabetic rats than in control animals (P<0.05; Fig. 2F). 

The response latency to capsaicin stimulation did not differ between groups (Fig. 2F).

Protein Expression

RAGE protein levels in DRG were not different between control and T2DM (Fig. 3A and 

B). The level of pPKCα protein was significantly higher in T2DM animals as compared to 

control rats (P<0.05; Fig. 3C and D). As compared to control, the pTRPV1 (S800) protein 

was significantly higher in T2DM animals, whereas tTRPV1 protein levels were 

significantly lower in T2DM (P<0.05; Fig. 3E and F).

Correlation Between Blood Parameters and Nerve and Blood pressure Responses

T2DM animals exhibited hyperglycemia (Fig. 4A; P<0.01), hyperinsulinemia (Fig. 4A; 

P<0.05) and insulin resistance (Fig. 4A; P<0.01) after overnight fasting. Plasma AGE and 

HMGB1 levels did not differ between groups (Fig. 4A). A significant positive correlation 

was found between fasting blood glucose and the response to capsaicin in group IV fibers in 
vitro (Fig. 4B; r=0.68, P<0.01). There were no significant correlations between the response 

to capsaicin and either plasma insulin (Fig. 4B; r=−0.09, P=0.76) or HOMA-IR (Fig. 4 B; 

r=0.45, P=0.11). Furthermore, there was a positive, but not statistically sigfinicant, 

relationship between fasting blood glucose and changes in the MAP response to 0.3 μg/100 

μL capsaicin (Fig. 4 C; r=0.58, P=0.051) and 1.0 μg/100 μL capsaicin administration (Fig. 

4C; r=0.56, P=0.057) as well as activation of the EPR (Fig. 4D; r=0.56, P=0.057) in vivo.

Impact of acute hyperglycemic exposure on TRPV1-mediated discharge in group IV fibers

In group IV muscle fibers from animals with normal fasting glucose levels (90 ± 16 mg/dL, 

a range of 59–122 mg/dL, n=32), conduction velocities did not differ between 6, 20 and 75 

mM glucose-exposure (Fig. 5A). Acute high-glucose exposure with 75 mM glucose 

significantly augmented capsaicin-mediated nerve firing compared to 20 mM glucose 

exposure in group IV fibers (ANOVA: P<0.05; 20 mM vs. 75 mM glucose: P<0.05; 6 mM 

vs. 75 mM glucose: P=0.06; Fig. 5B and C). There were no significant differences in 

spontaneous activity (P=0.56; Fig. 5C) and latency (P=0.84; Fig. 5C) between glucose 

conditions.

DISCUSSION

The major novel findings from this investigation were (1) in vivo, the BP and sympathetic 

responses to hindlimb administration of a TRPV1 agonist were abnormally potentiated in 

T2DM rats, (2) ex vivo, the frequency of TRPV1-induced action potentials were markedly 

increased in skeletal muscle group IV fibers isolated from T2DM animals, (3) the expression 

of phosphorylated TRPV1 and PKCα in DRG were enhanced in diabetic animals, (4) the 

discharge response to capsaicin administration was significantly associated with fasting 
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blood glucose, and (5) TRPV1-induced action potentials were significantly potentiated by 

acute high-glucose exposure. These data provide the first evidence suggesting that, in early 

stage T2DM, the function/activation of TRPV1 is increased in skeletal muscle afferents. 

These alterations are associated with hyperglycemia and likely play a role in mediating the 

enhanced BP response characteristic of T2DM.

TRPV1-Evoked Cardiovascular Response in Type 2 Diabetic Rats

Recent studies from our group14 and others34 demonstrated that the cardiovascular and 

sympathetic responses to activation of the EPR are exaggerated in T2DM rats. Moreover, 

Holwerda et al8 demonstrated that BP and muscle SNA responses were heightened during 

post exercise muscle ischemia (i.e. metaboreflex response) in T2DM patients. Herein, our 

data supported that an intra-arterial injection of capsaicin, a TRPV1 agonist, into the 

hindlimb induced augmented increases in BP and RSNA in T2DM rats (Fig. 1B and D). It 

should be noted that there remains some question among scientists in the field as to whether 

the TRPV1 receptor significantly contributes to expression of the muscle metaboreflex 

component of the EPR. Several lines of evidence in both mice and rats support the 

contention that the receptor does play an important role. For example, in TRPV1-null mice, 

systolic BP, diastolic BP and MAP responses to intravenous infusion of capsaicin are lower 

compared with wild-type mice, suggesting that TRPV1 regulates systemic BP35. 

Importantly, a recent study36 using a novel TRPV1 null mouse model to directly study the 

EPR demonstrated that the metaboreflex is, in part, mediated by activation of TRPV1 in 

skeletal muscle afferents consistent with a large number of previous studies in healthy37 and 

hypertensive rats29, with some exceptions 38. With regard to those exceptions, Ducrocq and 

colleagues38 recently demonstrated that blocking TRPV1 did not reduce expression of the 

EPR in healthy rats. Although the reasons for the discrepancy among studies is not readily 

clear, it could be due to a number of factors including, but not limited to, the the breed of rat 

studied, differences in techniques and protocols utilized, or health status of the animals 

investigated. Indeed, we have previously reported that blocking TRPV1 receptors in healthy 

Wistar-Kyoto rats does not appear to significantly attenuate EPR activity whereas it has a 

marked mitigating effect on the expression of the EPR in spontaneously hypertensive 

animals29. Keeping this in mind, the finding of the current study that the TRPV1-evoked 

cardiovascular response was exaggerated in T2DM animals does suggests it could be a 

contributory factor to the excessive BP response mediated by metabolite (e.g. protons39 and 

acid40) production in this disease.

TRPV1-Induced Sensitization of Group IV Fibers in T2DM

In the group IV muscle afferents isolated from T2DM rats, we showed that capsaicin-

induced firing of action potentials was enhanced compared with normal rats (Fig. 2F). This 

data suggests that the neuronal function evoked by TRPV1 stimulation is abnormally 

augmented in the group IV afferents of diabetic animals. TRPV1 was also expressed in 

about 49% of muscle afferent neurons traced from skeletal muscle26. This proportion is 

higher than the P2X3 (13 %) metaboreceptor26, whereas it is similar to acid-sensing ion 

channel (ASIC) receptors (50%)41. Consistent with previous studies26, 42, the augmented 

action potential response to capsaicin was present in about 50% of the group IV afferents 

tested in both control and T2DM rats (Fig. 2E). Since the cardiovascular response evoked by 
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TRPV1 activation is engaged upon stimulation of group IV afferents in skeletal 

muscle12, 36, 37, these data open the possibility that TRPV1 hyper-responsiveness in group 

IV muscle afferents in T2DM could, at least in part, mediate the exaggerated increase in the 

BP response to TRPV1 activaton by the metabolites produced during exercise.

Mechanism for TRPV1-mediated Sensitization of Sensory Afferents in Type 2 Diabetes

TRPV1 sensitization, which leads to an increase in Ca2+ influx, has been attributed to 

increased phosphorylation, particularly at the S800 PKC-dependent, phosphorylation site24. 

In this study, both phosphorylated-PKC (Fig. 3C and D) and −TRPV1 at the S800 site (Fig. 

3E and F) were increased in DRG from T2DM rats. As shown previously in a T1DM rat 

model24, 43, our data suggest that TRPV1 activation was increased in T2DM, and this 

overactivation was possibly mediated via PKC signaling. Since TRPV1 is a key receptor in 

the induction of afferent action potential firing24, TRPV1 overactivity in T2DM may be a 

contributory factor to the sensitization of muscle afferents in this disease. Interestingly, total 

TRPV1 levels were decreased in DRG neurons in T2DM rats consistent with an earlier 

investigation43. Despite such an overall decrease in TRPV1 expression, this previous study 

demonstrated neuronal functional responses to TRPV1 stimulation were increased through a 

PKC-dependent mechanism43. Consistent with this previous report, our data suggested that 

the differences in group IV afferent responsiveness between control and T2DM was not 

attributable to alterations in total TRPV1 abundance but were more likely due to 

sensitization of the TRPV1 receptor itself.

Trigger for TRPV1 Sensitization in Type 2 Diabetic Animals

In T1DM rats, we have previously shown that muscle afferents were sensitized, and plasma 

HMGB1 and PKC activation in DRG were increased44. A recent study demonstrated that 

high glucose causes sensitization of sensory neurons through the HMGB1/RAGE/PKC/

TRPV1 pathway in T1DM25. However, in our current study, neither AGE, HMGB1, nor 

RAGE were different between controls and T2DM rats (Fig. 4A). Blood glucose (T2DM: 

163±53 mg/dL) was mildly increased compared to that previously reported for T1DM 

animals (> 270 mg/dL)25. Moreover, activation of RAGE by AGE results after accumulation 

of AGE over a considerable period of time (months to years)19 not reached in the current 

study. Indeed, the diabetic animal model used in this study is one of early-stage T2DM 

rather than an established, long-term form of the disease. Thus, unlike T1DM25, TRPV1 

sensitization in mildly-hyperglycemic, early-stage T2DM rats, as were used in the current 

study, might not occur as a result of RAGE/PKC signaling but rather a completely different 

pathway.

Peripheral hyperinsulinemia is a pathophysiological characteristic of T2DM. Previous 

work45 has elucidated that insulin sensitizes TRPV1. Plasma insulin increased in the 

diabetic rat model used in the current study (Fig. 4A). However, there was no significant 

correlations among the response to capsaicin and plasma insulin (Fig. 4B). On the other 

hand, a positive correlation was found between fasting blood glucose and the group IV fiber 

response to the TRPV1 agonist capsaicin in normal and T2DM rats (Fig. 4B). In addition, 

changes in the MAP response to activation of TRPV1 or the EPR in vivo positively 

correlated with fasting blood glucose levels in normal and T2DM rats, although statistical 
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significance was not reached (Fig. 4C and D). To further investigate whether the presence of 

a high glucose environment independently potentiates TRPV1-induced neuronal 

responsiveness in group IV fibers, we measured TRPV1-induced action potentials in 

response to high-glucose exposure in the ex vivo muscle-nerve preparation isolated from 

normal rats (Fig. 5). Data from these studies suggests that the enchanced TRPV1-evoked 

neuronal response in T2DM is, at least in part, mediated by hyperglycemia in this disease. 

Our data are consistent with results from a recent study by Bestall et al25, which 

demonstrated that exposure of DRG neurons to high-glucose conditions for 24 hours 

significantly increased phosphorylation of TRPV1 (S800 site). Moreover, high glucose 

induced phosphorylation of PKC in DRG neurons in vitro21. Thus, in mildly-hyperglycemic, 

early-stage T2DM, glucose may contribute to neuronal sensitization via PKC/TRPV1.

Limitations

Limitations to this investigation are acknowledged. First, only male rats were examined and 

results may not be applicable to female rats. Male rats were used in this study for ease of 

comparison to the majority of previous reports that likewise used male rats only. Clearly, 

future studies in female rats are needed and warranted. Second, the effects of the HFD itself 

on the cardiovascular responses evoked was not verified. However, a pre-collicular 

decerebration was performed in the current study which removed the hypothalamus. As 

such, the abnormal cardiovascular responses observed were likely not affected by known 

HFD-induced BP increases via opioid receptors in the hypothalamus46. Moreover, since 

visceral fat and body weight did not differ among groups, it is unlikely that adiposity played 

a major role in the TRPV1 sensitization noted in the study. Third, the cardiovascular 

response to EPR activation as well as the quantification of group IV fiber discharge during 

TRPV1 blockade in vivo were not examined in the current investigation. Such studies will 

be important to definitely demonstrate the TRPV1 receptor mediates, at least in part, the 

abnormal cardiovascular response to exercise in T2DM. This is especially appreciated given 

that although a number of studies29, 36, 37, 47, 48 have previously shown an important role for 

TRPV1 in the expression of the metaboreflex component of the EPR, a recent study38 

suggests that the TRPV1 may not play a role in evoking the skeletal muscle reflex in normal 

healthy rats. Moreover, since the chemical used in this study to activate group IV afferents 

was capsaicin, an exogenous substance, additional studies are warranted to verify the 

response of TRPV1 to endogenously produced metabolites (proton39, acid40 and heat49). 

Future investigation using the recently developed TRPV1 null mouse model36 for the study 

of the EPR may prove useful in addressing these needs. Lastly, since involvement of the 

glucose-TRPV1 pathway was only indirectly examined in the current investigation, 

additional studies are warranted in the future to verify its role in the sensitization of muscle 

afferents.

In conclusion, the findings of the present study suggest the cardiovascular and sympathetic 

responses to activation of the TRPV1 channel are abnormally heightened in early-stage 

T2DM resulting, at least in part, from a hyperglycemia-induced increase in group IV skeletal 

muscle afferent fiber sensitivity. This sensitization is possibly associated with activation of 

the PKC/TRPV1 pathway.
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PERSPECTIVES

Previous studies have provided evidence of excessive BP responses to physical activity in 

patients with well established T2DM4-9. More recently, a study in non–diabetic older adults 

has further demonstrated an association between insulin resistance and an exaggerated 

pressor response to exercise, particularly under ischemic conditions50. Since an excessive 

rise in BP in response to physical activity is known to be an independent risk factor for the 

development of adverse cardiovascular events 10, 11, dissection of the mechanisms 

underlying the abnormal cardiovascular responses to exercise in individuals with T2DM or 

insulin resistance may lead to the development of new therapies aimed at improving long 

term health outcomes. The results of the current study suggest that the TRPV1 receptor in 

skeletal muscle afferents could be associated with the exaggerated BP and sympathetic nerve 

responses to metaboreflex activation in T2DM. Moreover, previous studies suggest that 

TRPV1-blockade in T2DM may improve blood glucose control and insulin resistance51. 

Thus, the receptor may also be a target for treating hyperglycemia in diabetes via 

pharmacological therapy. Since these possibilities are based on findings from animal studies, 

extensive research in the human diebetic population will be required to demonstrate that 

targeted TRPV1 therapy is clinically safe and effective.
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Refer to Web version on PubMed Central for supplementary material.
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MAP mean arterial pressure

PKC protein kinase C

RAGE receptor for advanced glycation end products

RSNA renal sympathetic nerve activity

SNA sympathetic nerve activity

T2DM type 2 diabetes mellitus

TRPV1 transient receptor potential vanilloid 1
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Novelty and Significance

What is NEW?

• Cardiovascular and sympathetic responses to TRPV1 stimulation are 

exaggerated in type 2 diabetic rats.

• Neural functional responses to activation of TRPV1 are potentiated in group 

IV muscle afferents of type 2 diabetic rats.

• The expression of phosphorylated-TRPV1 and PKCα protein are increased in 

sensory neurons of type 2 diabetic rats.

What is relevant?

• The study findings implicate a role for TRPV1-induced neuronal sensitization 

in mediating the abnormally high blood pressure response to exercise in type 

2 diabetes mellitus.

Summary

• In early-stage type 2 diabetes with hyperglycemia, the function/activation of 

TRPV1 was enhanced in group IV muscle afferent fibers. These peripheral 

changes may contribute importantly to the potentiated circulatory response to 

exercise in this disease.
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Figure 1. Cardiovascular and sympathetic responses to hindlimb intra-arterial capsaicin 
administration in male control (CON) and type 2 diabetes mellitus (T2DM) rats.
A, Representative raw recordings of individual arterial blood pressure (ABP) and renal 

sympathetic nerve activity (RSNA) responses to capsaicin. Peak changes in mean arterial 

pressure (MAP) [CON, n = 7; T2DM, n = 10; two-way ANOVA, diabetes: F=25.74, 

P<0.0001; capsaicin dose: F=4.51, P=0.04; interaction: F=1.14, P=0.29. Post-hoc Fisher's 

least Significant Difference (LSD), 0.3 and 1.0 μg/100 μL, P=0.008 and 0.0001, 

respectively.], heart rate (HR) [CON, n = 7; T2DM, n = 10; two-way ANOVA, diabetes: 

F=1.91, P=0.18; capsaicin dose: F=10.86, P=0.003; interaction: F=0.01, P=0.98] and RSNA 

[CON, n = 6; T2DM, n = 10; two-way ANOVA, diabetes: F=6.03, P=0.02; capsaicin dose: 

F=2.95, P=0.10; interaction: F=1.80, P=0.19. Post-hoc Fisher's least Significant Difference 

(LSD), 0.3 and 1.0 μg/100 μL, P=0.81 and 0.01, respectively.] in response to 0.3 and 1.0 

μg/100 μL capsaicin are shown in panels B, C, and D. Plots show means±SD and individual 

data points. * P<0.05 compared with CON.
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Figure 2. Response of group IV muscle afferents to a capsaicin stimulus in male control (CON) 
and type 2 diabetes mellitus (T2DM) rats.
A, Schematic diagram illustrating the experimental setup. An isolated extensor digitorum 

longus (EDL) muscle (a)–peroneal nerve (b) preparation was placed in the test chamber. An 

electrical or capsaicin stimulus was applied to the receptive field of the nerve (c). The 

bottom figure shows a recording of an evoked action potential (AP) in a single-muscle fiber. 

The asterisk indicates electrical stimulus artifact. B, Each spot in the illustration represents 

the receptive field of a group IV muscle afferent. Shading illustrates the tendinous area. C, 

Conduction velocity in group IV muscle afferents [CON, n = 7; T2DM, n = 7; Mann-

Whitney U-test, P=0.38]. D, Representative raw recording of individual group IV fiber 

activity in response to capsaicin administration (orange shading). E, Percentage of group IV 

fibers that responded to capsaicin. F, Spontaneous activity in group IV muscle afferents 

[CON, n = 7; T2DM, n = 7; Mann-Whitney U-test, P=0.07]. Frequency [CON, n = 7; 

T2DM, n = 7; Student’s t-test, P=0.04] and latency [CON, n = 7; T2DM, n = 7; Student’s t-

test, P=0.13] in the response to capsaicin administration in group IV muscle afferents. 

Values are means ± SD. * P < 0.05 compared with CON.
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Figure 3. RAGE, PKCα and TRPV1 protein levels in the dorsal root ganglia (DRG) of male 
control (CON) and type 2 diabetes mellitus (T2DM) rats.
Representative western blots (A) and quantified expression (B) of the receptor for advanced 

glycation end products (RAGE) in DRG tissue [CON, n = 8; T2DM, n = 8; Student’s t-test, 

P=0.61]. Representative western blots (C and E) and quantified expression (D and F) of total 

and phosphorylated PKCα [CON, n = 7; T2DM, n = 9; Student’s t-test, P=0.91 and P = 
0.005] and TRPV1 [CON, n = 9; T2DM, n = 9; Student’s t-test, P=0.01 and P = 0.01], 

respectivley. Values are means ± SD, * P < 0.05 compared with CON. C, control; T, T2DM.
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Figure 4. Correlation between capsaicin-induced responses and blood parameters in male 
control (CON) and type 2 diabetes mellitus (T2DM) rats.
Fasting blood glucose [CON, n = 14; T2DM, n = 12; Student’s t-test, P=0.0001], fasting 

plasma insulin [CON, n = 11; T2DM, n = 7; Mann-Whitney U-test, P=0.006], homeostatic 

model assessment-insulin resistance (HOMA-IR) [CON, n = 11; T2DM, n = 7; Mann-

Whitney U-test, P=0.00004], plasma advanced glycation end products (AGE) [CON, n = 14; 

T2DM, n = 14; Student’s t-test, P=0.45] and high-mobility group box-protein 1 (HMGB1) 

[CON, n = 9; T2DM, n = 9; Student’s t-test, P=0.35] are shown in A. Values are means ± 

SD. * P < 0.05 compared with CON, ** P < 0.01 compared with CON. Correlation between 

group IV fiber responses to capsaicin in vitro and fasting blood glucose [n = 12; Pearson’s 

correlation, r=0.68, P=0.007] (B), fasting plasma insulin [n = 14; Pearson’s correlation, r=

−0.09, P=0.76] (B) and homeostatic model assessment-insulin resistance (HOMA-IR) [n = 

14; Pearson’s correlation, r=0.45, P=0.11] (B) from control and type 2 diabetes mellitus 

(T2DM) rats. Correlation between fasting blood glucose and changes in mean arterial 

pressure (MAP) in response to administration of 0.3 μg/100 μL capsaicin [n = 12; Pearson’s 

correlation, r=0.58, P=0.051] (C) and 1.0 μg/100 μL capsaicin [n = 12; Pearson’s 

correlation, r=0.56, P=0.057] (C) as well as activation of the exercise pressor reflex (EPR) [n 

= 12; Pearson’s correlation, r=0.56, P=0.057] (D), in vivo from control and T2DM rats.
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Figure 5. Response of group IV muscle afferents to a capsaicin stimulus after acute high-glucose 
exposure in normal male rats.
A, Conduction velocity in group IV muscle afferents [6 mM glucose, n = 7; 20 mM glucose, 

n = 7; 75 mM glucose, n = 18; one-way ANOVA, F=0.25, P=0.78]. B, Representative raw 

recording of individual group IV fiber activity in response to capsaicin administration 

(orange shading) at 6 mM, 20 mM and 75 mM glucose exposure. C, Spontaneous activity in 

group IV muscle afferents [6 mM glucose, n = 7; 20 mM glucose, n = 7; 75 mM glucose, n = 

18; Kruskal-Wallis one-way ANOVA, P=0.56]. Group IV muscle afferent response 

frequency [6 mM glucose, n = 7; 20 mM glucose, n = 7; 75 mM glucose, n = 18; one-way 

ANOVA, F=3.46, P=0.045; Post-hoc Fisher's least Significant Difference (LSD), 6 mM vs. 

75 mM glucose, P=0.06; 20 mM vs. 75 mM glucose, P=0.03] and latency [6 mM glucose, n 

= 7; 20 mM glucose, n = 7; 75 mM glucose, n = 18; Kruskal-Wallis one-way ANOVA, 

P=0.84] in response to capsaicin administration. Values are means ± SD. * P<0.05 compared 

with 20 mM glucose.
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Table 1.

Morphometric characteristics and baseline hemodynamics.

Variables CON T2DM

Morphometric characteristics

  Initial body weight, g 193 ± 6 196 ± 6

  End-point body weight, g 460 ± 51 473 ± 42

  Epididymal fat pad weight, g 6.45 ± 1.30 9.07 ± 3.97

  Heart weight/body weight, mg/g 2.68 ± 0.20 2.51 ± 0.19

  Heart weight/tibial length, mg/mm 31.5 ± 2.6 28.4 ± 2.3

  Lung weight/body weight, mg/g 5.0 ± 0.6 5.9 ± 1.3

1% isoflurane anesthesia

  MAP, mmHg 98 ± 20 96 ± 25

  HR, beats/min 397 ± 40 365 ± 35

  RSNA, signal to noise ratio 5.9 ± 3.9 6.2 ± 3.3

After decerebration

  MAP, mmHg 89 ± 13 88 ± 19

  HR, beats/min 463 ± 64 405 ± 48

  RSNA, signal to noise ratio 9.9 ± 6.7 7.7 ± 4.7

Values are means ± SD. CON, control; HR, heart rate; MAP, mean arterial pressure; RSNA, renal sympathetic nerve activity; T2DM, type 2 
diabetes mellitus. Body weight, CON: n = 17, T2DM: n = 17; Epididymal fat pad weight, CON: n = 7, T2DM: n = 7; heart and lung weight and 
tibial length, MAP, HR and RSNA, CON: n = 7, T2DM: n = 10.
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