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Abstract

Diabetes is a common metabolic disease which leads to diabetic peripheral neuropathy (DPN).  
Recently, the role of micro-ribonucleic acid-96 (miR-96) in alleviating neuropathic pain by inhibiting 
the expression of NaV1.3, an isoform of voltage-gated sodium channels, has been shown.  Peripheral 
nerve injuries result in NaV1.3 elevation.  Exercise has beneficial role in diabetes management and 
peripheral neuropathy.  However, the effects of exercise on miR-96 and its target gene NaV1.3 in 
diabetic rats are unknown.  Therefore, the present study investigated the effects of exercise training 
on the expression of miR-96 and NaV1.3 in diabetic rats.  For this purpose, rats were randomly 
divided into four groups: control, exercise, diabetic and diabetic-exercise groups.  Type 2 diabetes 
was induced by a high-fat diet and the administration of streptozotocin (STZ) (35 mg/kg, i.p.).  The 
exercise groups were subjected to swimming exercise 5 days/week for 10 weeks.  At the end of the 
treatment period, thermal pain threshold, determined through the tail-flick test, and the expression 
levels of miR-96 and its target gene NaV1.3 were determined by reverse transcription -polymerase 
chain reaction (RT-PCR) in the sciatic nerve tissues of the rats.  Data of the present study indicated 
that diabetes diminished miR-96 expression levels, but significantly upregulated NaV1.3 expression 
in the sciatic nerve.  On exercise training, miR-96 expression was reversed with concurrent down-
regulation of the NaV1.3 expression.  This study introduced a new and potential miRNA-dependent 
mechanism for exercise-induced protective effects against diabetic thermal hyperalgesia.
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Introduction

Diabetes is one of the most common metabol-
ic diseases with increasing prevalence worldwide (15, 
26).  Diabetes induces lesion or dysfunction of the 
peripheral nervous system and leads to diabetic pe-
ripheral neuropathy (DPN) pain, which impairs the 
quality of life of the diabetic patients (4, 32).  This 

neuropathy is the most common form of diabetic 
neuropathies (4).

The pathogenesis of diabetic neuropathy re-
mains unclear (16).  One possible mechanism is 
dysregulation of ion channels.  In this case, the role 
of NaV1.3 as an isoform of voltage-gated sodium 
channels in diabetic neuropathy pain has been docu-
mented (35).  It has also been shown that inhibition 
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of NaV1.3 results in improvement of neuropathy 
pain (8).  This voltage-gated sodium channel, which 
is encoded by the Scn3A gene, is largely expressed 
in dorsal root ganglion (DRG) neurons in the em-
bryonic period and Scn3A gene expression dimin-
ishes to undetectable levels postnatally.  However, 
the expression of NaV1.3 increases due to periph-
eral nerve injuries, which has a pivotal role in the 
occurrence of neuropathic pain (35).

Micro-ribonucleic acids (miRNAs) are short 
non-coding RNAs which have regulatory effects on 
the expression of their target genes through inhibit-
ing protein translation (5, 34).  Recently, the roles 
of altered expression of miRNAs in neuropathic 
pain are shown (8, 21, 37).  According to a study 
by Chen et al., an important miRNA which has 
been shown to be involved in neuropathic pain is 
miRNA-96 (miR-96).  It was shown that miR-96 
improved neuropathic pain by inhibiting the expres-
sion of NaV1.3 (8).

In spite of a growing list of effective drugs, 
DPN remains under-treated (28) and it cannot be 
completely alleviated by current medications (31).  
Aerobic and resistance training exercises are ef-
fective therapeutic intervention for type 2 diabe-
tes mellitus (T2DM) (7, 13, 22).  It has also been 
shown that regular exercise has positive effects on 
blood glucose, insulin sensitivity, hypertension and 
dyslipidemia in diabetic patients (3, 14).  Recently, 
it has also been suggested that exercise training is 
beneficial for various symptoms related to peripher-
al neuropathy (12).  Because of a possible involve-
ment of miRNAs in DPN (8, 37), we hypothesized 
that exercise training might positively affect this 
diabetic complication through modulating miRNAs 
and their target genes.  In this regard, the current 
study aimed to investigate the effects of exercise 
training on the expression of miR-96 and NaV1.3 in 
T2DM rats.

Materials and Methods

Animals

Forty-eight male Wistar rats, weighting 200-
250 g, were obtained and kept under standard 
conditions of 22 ± 2°C and 12:12 light-dark cycle 
with free access to food and water ad libitum.  All 
authors of this study ensured that the animals were 
cared in accordance with the Guide for the Care 
and Use of Laboratory Animals (1996, published 
by National Academy Press, 2101 Constitution 
Ave. NW, Washington, DC 20055, USA), and that 
the use of the animals was reviewed and approved 
by the animal care review committee at the Tabriz 
University of Medical Sciences (IR.TBZMED.

REC.1393.1077). 

Experimental Procedures

Animals were randomly divided into four 
groups with twelve rats per group.  In each group, 
six rats were used for the behavioral analysis and 
six for gene expression analysis.  The four groups 
were: control, exercise (swimming training), diabet-
ic and diabetic-exercise groups.  After an acclimati-
zation period of one week for adaptation with room 
and cages, experimental procedures were done over 
a 10-week period.

For induction of type 2 diabetes, animals were 
fed with a high-fat diet, consisting 58% fat, 17% 
carbohydrate and 25% protein, for one month after 
which animals were switched to a standard diet.  At 
the end of the 4th week, all animals were weighed, 
which was taken as the initial weight, and rats of 
the diabetic groups received streptozotocin (STZ) (35 
mg/kg) via intraperitoneal injection (38).  After 72 
h, blood glucose levels were measured by a digital 
glucometer (Gluco Sure, Star, Taiwan), and animals 
with blood glucose levels exceeding 300 mg/dl 
were considered as diabetic rats.

Rats in the exercise groups were exposed to 
a swimming pool of 100 × 60 × 100 cm containing 
water at 34-36°C.  The training protocol consisted 
of 60 min/session and 5 days/week for 10 weeks.  
At the end of each training session, rats were thor-
oughly dried and placed in a moderately warm room 
for 60 min.  In this period, the animals in the “non-
exercise” groups remained in the home cages.  At 
the end of the exercise period (10 weeks), tail-flick 
latency (TFL) and the expression levels of miR-96 
and NaV1.3 were measured in all groups.

Tail-Flick Protocol

At the end of the training period, six rats from 
each group were randomly selected and were ex-
posed to the tail-flick test.  Nociceptive threshold 
was measured by the tail-flick system.  In this test, 
the distal 4 cm of the tail was subjected to nocice-
ptive stimulus with an irradiation intensity of 20 
mWatt/cm2 and a 30-second cut-off time to prevent 
excessive injuries (25).  At end of the experiment, 
TFL period(s) from the radiant heat was recorded.

Sample Collection 

At the end of the training period, body weight, 
which was now taken as the end weight, and fasted 
blood glucose levels of the remaining six rats of 
each group were measured.  The animals were then 
anesthetized with ketamine (60 mg/kg) and xylazine 
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(10 mg/kg) and after decapitation, sciatic nerve 
samples were removed for total RNA extraction for 
expression assays of miR-96 and NaV1.3 mRNA by 
real-time PCR.

Real-Time Quantitative PCR (qPCR)

Total RNA was extracted from the sciatic 
nerve tissues using the RNX-Plus solution kit (Fer-
mentase, Cinagen Co., Tehran, Iran) and miR-amp 
kit (Parsgenome Co, Tehran, Iran) according to the 
protocols of the manufacturers.  The cDNA synthe-
sis and real-time PCR procedures were performed 
as previously described (17).  The qPCR reac-
tions were performed using primers listed in Table 
1.  The PCR method was conducted by the use of 
SYBR Green PCR Master Mix (Fermentas, Cina-
gen Co., Tehran, Iran) on a real-time PCR machine 
(Rotor-Gene 3000) (17).  The relative quantifica-
tions of NaV1.3 and miR-96 expression levels were 
compared with the internal reference β-actin for 
NaV1.3 mRNA, and rno-miR-191 for miR-96, and 
the fold change results were computed using the 
2-∆∆Ct method (36).

Statistical Analysis

Data are expressed as mean ± standard error 
of the mean (SEM).  Data were analyzed using one-
way analysis of variance (ANOVA) and tukey post-
hoc test by SPSS 16.0 software.  P < 0.05 was con-
sidered statistically significant.

Results

As shown by Table 2, diabetes induction sig-
nificantly increased (P < 0.05) the blood glucose 
levels, and exercise could reduce (P < 0.05) this 
variable in the diabetic-exercise group compared to 
the diabetes group.  Moreover, the end bodyweight 
was significantly decreased (P < 0.05) in the dia-
betic rats compared with rats in the control group.  
However, swimming training increased (P < 0.05) 
the end bodyweight of the diabetic rats (Table 2).

In the other part of this study, latency time 
in tail-flick test was used to evaluate thermal pain 
threshold.  Results showed that diabetes signifi-
cantly diminished (P < 0.05) the latency time, and 
swimming training significantly enhanced (P < 0.05) 
the latency time in the diabetic rats.  Furthermore, 
swimming exercise significantly increased (P < 0.05) 
the latency time in the healthy control rats (Table 2).

Results showed that diabetes non-significantly 
decreased miR-96 expression (Fig. 1A).  Also as 

Table 1. Primers used for qPCR analysis.

Gene Accession number Primers sequencea

NaV1.3 Y00766.1 F: AGGGAAGGATTGACTTGCC
R: TGGACCTCTCCTTAGAGTCCA

β-actin NM_031144.3 F: TACAGCTTCACCACCACAGC
R: ATGCCACAGGATTCCATACC

rno-miR-96-5p MIMAT0000818 UUUGGCACUAGCACAUUUUUGCU

rno-miR-191-5p MIMAT0000866 CAACGGAAUCCCAAAAGCAGCUG
aFor mRNAs, sequences were derived from NCBI (www.ncbi.nlm.nih.gov); for miRNAs, sequences were derived from 
miRBase (www.mirbase.org).

Table 2. Blood glucose levels, bodyweights, and TFL period in the rats.

Group Fasting blood glucose 
(mg/dl)

Initial body weight 
(g)

End body weight 
(g)

TFL period 
(seconds; mean ± SD)

Control 108 ± 1.95    242 ± 3.008 308.1 ± 2.36   10.5 ± 1.15

Exercise 107 ± 1.61    240 ± 3.27 316.4 ± 1.797 18.48 ± 1.7*

Diabetic 461 ± 12.7*    276 ± 2.75* 194.8 ± 2.186*     5.5 ± 0.65*

Diabetic-exercise 382 ± 25.97*, # 275.4 ± 3.54* 211.6 ± 2.033*, # 10.88 ± 0.48#

Data are expressed as mean ± SEM.  *P < 0.05 versus the control group #P < 0.05 versus the diabetic group.
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shown in this figure, swimming exercise training 
significantly upregulated (P < 0.05) the expression 
of miR-96 in the exercise groups relative to the 
control or diabetic rats.  NaV1.3 expression in the 
study groups is shown in Fig. 1B.  The data showed 
that diabetes enhanced (P < 0.05) NaV1.3 expres-
sion compared to the control group, and exercise 
training reversed this change, which reached a level 
just under the control values (P < 0.05).  Moreover, 
significantly reduction (P < 0.05) in the NaV1.3 
expression was observed in healthy rats after the 
exercise training (Fig. 1B).

Discussion

The role of miRNAs in metabolic disease, 
for instance diabetes and obesity, has been docu-
mented.  The noncoding RNAs are considered as 
therapeutic targets for many diseases such as diabe-
tes and its complications (6).  It is also shown that 
exercise plays a beneficial role in diabetes mellitus 
(14, 27).  The present study examined possible 
mechanisms of exercise-induced protective effects 
on diabetic neuropathy pain through alteration in 
gene regulation.  Data of this study revealed that 
diabetes induced thermal hyperalgesia and exercise 
training protected rats from diabetic thermal hyper-
algesia.  Furthermore, beneficial effects of exercise 
in diabetic neuropathy pain have been shown by 
previous studies (1, 20, 29).  Kluding et al. reported 
that aerobic and resistance exercise significantly 
improved DPN-related pain in human subjects (20).  
Also, Rossi et al. suggested that swimming train-
ing decreased thermal hyperalgesia in STZ-induced 
diabetic rats (29).  Therefore, as suggested by the 

present and previous works, regular exercise can 
improve diabetic neuropathy-related thermal hyper-
algesia.  We also evaluated possible miRNA-related 
mechanism of this protective effect.  It has been 
recognized that miR-96 regulates neuropathic pain 
through its inhibitory effect on NaV1.3 (8).  Data of 
this study showed that diabetes non-significantly 
reduced miR-96 and, thus, significantly elevated 
NaV1.3 expression.  These findings are in agree-
ment with results of a previous study which showed 
that miR-96 level was diminished in DRG after pe-
ripheral nerve injury, and that the NaV1.3 level was 
upregulated (8).  Results of the present study were 
also consistent with those of Hong et al. who found 
that NaV1.3 expression increased in STZ-induced 
diabetes and resulted in painful diabetic neuropathy 
(19).  Another previous study proposed that pe-
ripheral axotomy of DRG neurons led to increasing 
NaV1.3 expression in injured neurons and frequency 
of neuron firing (10).

This study also showed that exercise train-
ing elevated miR-96 expression levels, which was 
accompanied by decreased NaV1.3 expression in 
sciatic nerve in healthy and diabetic rats.  In agree-
ment with this study, Balducci et al. suggested that 
aerobic exercise training could alleviate peripheral 
diabetic neuropathy and even inhibit initiation of 
the disease (2).  It has been known that beneficial 
effects of exercise were partially modulated by tar-
geting miRNAs (11, 24, 33).  Previous studies have 
also indicated that NaV1.3 is linked with ectopic fir-
ing of neurons and neuropathic pain (9, 18).  In this 
case, Samad et al. showed that NaV1.3 knockdown 
in DRG of rats diminished neuropathic pain (30).

The positive role of exercise in diabetes man-
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Fig. 1. Sciatic expression levels of miR-96 (A) and NaV1.3 (B) in control and test groups (C: control, E: exercise, D: diabetic, D+E: 
diabetic-exercise).  Data are expressed as mean ± SEM.  *P < 0.05 versus C, #P < 0.05 versus D.  The data shown were de-
rived from six independent experiments for each group.
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agement has previously been documented (7, 13, 
22), as also in the present study that reported that 
swimming exercise protected diabetic rats from 
neuropathic pain.  Moreover, previous studies re-
ported that miRNAs are one possible mechanism 
of effects of physical exertion on body systems 
(23) and we, for the first time, showed exercise-
dependent miR-96 elevation and NaV1.3 reduction 
as a possible mechanism of exercise having posi-
tive influences on diabetic thermal hyperalgesia.  
Moreover, this study showed the beneficial effect 
of exercise on the miR-96/ NaV1.3 link in healthy 
rats.  It seems likely that miR-96-dependent effects 
of exercise is responsible for the reduction of sen-
sitivity to thermal pain under healthy and diabetic 
conditions. 

Taken together, this study reports the nega-
tive effects of diabetes on thermal hyperalgesia 
and down-regulated miR-96 expression as well 
as significant elevation of NaV1.3 mRNA levels, 
which were both reversed by swimming training.  It 
is, therefore, consided that miR-96/NaV1.3 mRNA 
is an possible mechanism for protective effect of 
swimming exercise traning on diabetic thermal hy-
peralgesia and in healthy rats.
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