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Objective. Diabetes induces sensory symptoms of neuropathy as positive (hyperalgesia), nega-
tive (hypoalgesia), or both.

Methods. In the present study, fifty male Wistar rats were allocated to five groups: control, 
control+nitrate, diabetes, diabetes+insulin, and diabetes+nitrate. Thirty days after diabetes con-
firmation, insulin (2–4 U/day) was injected subcutaneously in diabetes+insulin group and nitrate 
(100 mg/l) was added into drinking water of the control+nitrate and diabetes+nitrate groups for 
a period of 2 months. In order to assess the mechanical and thermal algesia, tail immersion, hot 
plate, and von Frey tests were performed. The serum insulin levels were determined with insulin 
ELISA Kit. Serum level of NOx was determined by the Griess method.

Results. Both thermal and mechanical nociceptive thresholds showed a significant decrease 
(p<0.05) which was followed by a significant increase (p<0.01) in the thermal nociceptive thresh-
old in the diabetes group. Chronic nitrate or insulin treatment led to a significant decrease (p<0.01) 
in blood glucose levels, as well as a significant (p<0.05) increase in the body weight and serum 
NOx. Moreover, nitrate treatment significantly increased serum insulin levels (p<0.001) compared 
to the other groups.

Conclusion. Chronic nitrate treatment modified the thermal and mechanical sensitivities in 
diabetic animals.
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Diabetic peripheral neuropathy is one of the most 
important complications of diabetes with ranges 
from 7% in the first year of diagnosis to 50% with 
more than 25 years (Pirart 1978). Diabetic peripheral 
neuropathy is characterized by massive and progres-
sive demyelination, neuronal loss, and injured nerve 
regeneration, which finally can result in a loss of sen-
sation in parts of the body, pain, foot ulceration, and 
lower limbs amputation (Yagihashi and Matsunaga 
1979; Dyck and Giannini 1996; Vinik 1999; Vinik 

and Ziegler 2007). The severity of symptoms is cor-
related with duration of diabetes and the degree of 
hyperglycemia (Tesfaye et al. 2005). Hyperglycemia 
is proposed to be an important etiological factor 
in complications of diabetes (Hoybergs and Meert 
2007). Hyperglycemia induces glucose flux via the ex-
cess activation of protein kinase C (PKC), accumula-
tion of advanced glycation end (AGE) products, and 
polyol pathway hyperactivity (Forbes and Cooper 
2013; Rask-Madsen and King 2013). Moreover, hyper-
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glycemia in nerve fibers causes conversion of glucose 
to sorbitol by aldose reductase (AR), thereby causing 
the depletion of reduced glutathione (GSH) and ni-
tric oxide (NO) due to the overconsumption of nico-
tinamide adenine dinucleotide phosphate (NADPH) 
(Obrosova 2009; Yagihashi et al. 2011). The oxidative 
stress caused by the activation of these pathways leads 
to functional and structural alterations of neural cells 
and vascular endothelial dysfunction resulting in the 
nerve blood flow reduction and endoneurial hypoxia 
associated with diabetic peripheral neuropathy (Yagi-
hashi et al. 2011; Rask-Madsen and King 2013). Vas-
cular influence on the development and progression 
of neuropathy has been further shown by studies on 
humans (Thrainsdottir et al. 2003; Malik et al. 2005; 
Rask-Madsen and King 2013). It has been observed 
that the vascular supply of peripheral nerves is very 
sparse and lacks autoregulation. Therefore, blood flow 
is likely to be compromised easily and makes periph-
eral nerves susceptible to ischemia (Smith et al. 1977).

Nitric oxide is an intracellular messenger synthe-
sized from L-arginine by three isoforms of nitric ox-
ide synthase (NOS), playing a crucial role in different 
physiological and pathological processes (Nathan and 
Xie 1994; Alderton et al. 2001). Another pathway for 
NO formation has previously been explained by Dun-
can et al. (1995), where nitrate is consecutively reduced 
to nitrite and then NO. Studies have shown several 
functions for NO such as reducing blood pressure and 
blood glucose levels, enhancing the pancreatic blood 
flow and insulin secretion, regulating microvascular 
blood flow and mitochondrial function, inhibiting 
platelet aggregation and endothelial cell dysfunction, 
modulating inflammation and oxidative stress, and 
modifying pain (California Healthcare Foundation 
2003; Zochodne and Levy 2005; Webb et al. 2008; 
Parthasarathy and Bryan 2012). Reduced NO bioavail-
ability has been reported in diabetic microvascular 
and macrovascular diseases (Porta et al. 1987; Milsom 
et al. 2002). However, some studies declared increased 
or unchanged NO concentrations in hyperglycemia 
and diabetes conditions (Mancusi et al. 1996; Cosenti-
no et al. 1997). A recent study stated that an increased 
incidence of diabetes among children may be related 
to high nitrate concentrations in drinking water, how-
ever, other studies have shown beneficial effects of ni-
trate (Benson et al. 2010). In addition, chronic intake 
of a low dose of nitrate (100 mg/l/day) for 2 months 
protected the diabetic rat heart from ischemia-reper-
fusion injury by attenuating oxidative stress (Jeddi et 
al. 2016). Cardiac and renal protective effects of veg-
etables may relate to their high nitrate contents (Lun-
dberg et al. 2006; Ohtake et al. 2007).

Material and methods

Animals. Fifty male Wistar albino rats (85–115 g, 
6–7 weeks old) were obtained from animal house of 
Tabriz University of Medical Sciences. All animals 
were kept under standard laboratory conditions 
(12 h light/dark cycle, 20–22 °C, and 45–55% humid-
ity) with free access to rat chow and water. After one 
week of habituation, animals were randomly allocat-
ed to five groups (n=10): control (C, did not received 
any intervention), control+nitrate (CN, received 
100 mg/l sodium nitrate in drinking water daily for 2 
months), diabetes (D, did not received any interven-
tion), diabetes+insulin (DI, received 2–4 U NPH in-
sulin daily for 2 months), and diabetes+nitrate (DN, 
received 100 mg/l sodium nitrate in drinking water 
daily for 2 months). Two or three rats were kept to-
gether in standard cages in all groups, except for the 
CN and DN groups that each animal was housed in-
dividually.

All experimental protocols were approved by the 
Ethics Committee of Animal Research of Tabriz 
University of Medical Sciences (No. IR.TBZMED.
REC.1395.960).

Induction of diabetes. Diabetes was induced 
by single i.p. injection of 60 mg/kg streptozotocin 
(Sigma-Aldrich, Germany) in sodium citrate buffer 
(pH 4.5). Three days later, blood (obtained from a tail 
vein) glucose levels were measured using a glucom-
eter (Norditalia Elettromedicali S.r.I., Italy). Animals 
with glucose levels more than 250 mg/dl were consid-
ered diabetic and those with glucose levels less than 
250 mg/dl were excluded from the study (Oghbaei et 
al. 2017).

Experimental design. All treatments were started 
one month after confirmation of diabetes. Animals in 
DI group received s.c. injection of NPH insulin (Phar-
maceutical Mfg. Co., Iran) with a dose of 2–4 U/day 
(Keyhanmanesh et al. 2018). Insulin dose was ad-
justed according to the hyperglycemic condition for 2 
months. Animals in the CN and DN groups received 
sodium nitrate (Merck KGaA, 64271 Darmstadt, Ger-
many) that was added into their drinking water in a 
concentration of 100 mg/l/day for 2 months (Oghbaei 
et al. 2018). The water intake by each animal was mea-
sured every day. Baseline values for blood glucose lev-
els and body weight were obtained at the beginning 
of the study and at 7th, 30th, 60th, and 90th days of 
experiment. Figures 1 and 2 shows the graphical ab-
stract and experimental design respectively.

Assessment of thermal and mechanical sensitivi-
ties. In order to assess the thermal and mechanical 
sensitivities tail immersion, hot plate, and von Frey 
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tests were performed. All behavioral tests were per-
formed between 8:00 a.m. and 2:00 p.m. in a quiet 
room. The tail immersion and von Frey tests were 
carried out on the same day with 1–2 hours interval. 
The hot plate test was performed on the first, 8th, 
31st, 61st, and 91st days after diabetes induction. In 

all cases, baseline values were obtained for tail or paw 
withdrawal thresholds.

In order to assess the mechanical sensitivity (tac-
tile allodynia), animals were put on an elevated metal 
mesh floor and allowed 30 min for habituation before 
the examination. Mechanical sensitivity was mea-

Figure 1. Graphical abstract. Abbreviations: NO3– – nitrate; NO2– – nitrite; PKC – protein kinase C; AGEs – advanced glycation end 
products; GSH – glutathione; NO – nitric oxide.

Figure 2. Experimental design. Abbreviations: STZ – streptozotocin.
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sured by determining the paw withdrawal threshold 
using a series of von Frey filaments (Touch Test™ Sen-
sory Evaluator Kit, USA) in forces that ranged from 
0.04 to 300 g. The stimulus was applied vertically by 
filaments to the mid-plantar surface of the left and 
right hind paw three times for 2 seconds. The typical 
responses were considered as a lifting or shaking of 
the hind paw by stimulation. When a response was 
seen to the stimulus, a lighter filament was applied, 
and a heavier filament was tested in the absence of 
a response and at least two positive responses out of 
3 trials were needed to define the positive response 
(Dobson et al. 2004).

The thermal sensitivity was assessed by both spi-
nal (tail immersion) and supraspinal (hot plate) pain 
tests. In brief, rats were restrained and the distal 5 
cm of their tail was dipped into the hot water bath 
maintained at 48±0.5 °C. Then, the tail withdrawal 
latency (sudden withdrawal of the tail) was recorded. 
A cut-off of the point of 40 seconds was used to keep 
away from damage to the tail for all groups (Zeng et 
al. 2014).

In hot plate test, animals were placed individu-
ally on a hot plate with the temperature adjusted and 
maintained to 53±0.5 °C. Positive responses were de-
fined as a licking and/or jumping withdrawal of paws 
to pain stimulus. Reaction time or latency period for 
each animal was recorded during the examination 
period. A cut-off time of 40 s was used to prevent any 
probable paw damage (Kubo et al. 2009).

Blood sampling. At the end of the behavioral tests, 
all animals were deeply anesthetized with i.p. injec-
tion of ketamine (80 mg/kg) and xylazine (10 mg/kg). 
Blood samples were collected from the inferior vena 
cava and centrifuged at 3500 rpm for 10 min. Then, 
sera were separated and frozen at –80 °C until the 
analysis.

Measurement of serum insulin and NO metab-
olites (NOx) levels. The level of insulin in sera was 
measured by enzyme-linked immunosorbent as-
say (ELISA) kits (SHANGHAICRYSTAL DAY BIO-
TECH CO., LTD, China) according to the manufac-
turer’s protocols.

Nitric oxide is a very unstable molecule with a 
short half-life and reacts with molecular O2 and ac-
cumulates in plasma or serum as nitrite (NO2

–) and 
nitrate (NO3

–) ions, therefore the quantification of 
NO metabolites (NOx) in biological samples provides 
valuable information with regards to NO production. 
The levels of NOx in the sera were measured using the 
Griess method. In brief, NO is quickly converted into 
the NO2

–, and then HNO2 in an acidic solution. Final-
ly, in the reaction with sulfanilamide, HNO2 forms 

a diazonium salt, which reacts with N-(1-naphthyl) 
ethylenediamine 2HCl to form an azo dye which its 
absorbance was detected at 540 nm. NOx levels were 
expressed as nmol and sodium nitrite was used as a 
standard (Rezabakhsh et al. 2017).

Statistical analysis. Statistical analysis was per-
formed with SPSS version 16 statistic software pack-
age. All results are expressed as mean±S.E.M. A one-
way repeated measures (ANOVA) analysis followed 
by Bonferroni modified t-test was used to determine 
the significance of differences in thermal and me-
chanical sensitivities. For all other variables, One-
way ANOVA analysis followed by Tukey’s post-hoc 
test was performed. In all cases, p<0.05 was consid-
ered as statistically significant.

Results

Effect of nitrate treatment on the mechanical 
sensitivity in diabetes. The results indicated that 
mechanical nociceptive threshold (tested by von Frey 
filaments) in the D group was significantly less than 
C group on the 7th (p<0.01) and 30th (p<0.001) days 
(Figure 3). Nitrate and insulin significantly modified 
diabetes-induced mechanical hyperalgesia on the 
60th and 90th days after the induction of diabetes. 
In addition, mechanical nociceptive threshold in the 
D group significantly (p<0.01) was decreased on the 
30th day and continued all over the experimental 
period. There was a statistically significant (p<0.01) 
decrease in the mechanical nociceptive threshold of 
DN and DI groups on the 7th and 30th days and a sig-
nificant increase (p<0.01) on the 60th and 90th days 
compared to baseline (Figure 3).

Effect of nitrate treatment on thermal sensitiv-
ity in diabetes. Thermal allodynia threshold was as-
sessed by a hot plate test. The control and CN groups 
showed no significant changes in thermal nocicep-
tive threshold (Figure 4). No significant differences 
in thermal nociceptive threshold were also observed 
on the first and the 8th days after the induction of 
diabetes between the groups (Figure 4). However, the 
results showed a statistically significant (p<0.01) de-
crease in thermal nociceptive threshold (hyperalge-
sia) in D, DI, DN rats on the 31st day after the induc-
tion of diabetes compared to the C group. Moreover, 
the thermal nociceptive threshold showed no signifi-
cant difference on the 61st day after the induction of 
diabetes between the groups. The hot plate withdraw-
al latency of D group was significantly higher than 
the C (p<0.01), CN (p<0.01), DN (p<0.001), and DI 
(p<0.001) groups on the 91st day after the diabetes 
induction. Moreover, data demonstrated that admin-
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Figure 3. Effect of nitrate treat-
ment on the mechanical nocicep-
tive threshold in diabetes. Data are 
shown as mean±SEM for 10 animals 
per group. Repeated measures one-
way ANOVA and Bonferroni post-
test were used. **p<0.01.

Figure 4. Effect of nitrate treatment 
on the thermal nociceptive thresh-
old in diabetes in a hot-plate test. 
Data are shown as mean±SEM for 
10 animals per group. Repeated mea-
sures one-way ANOVA and Bonfer-
roni post-test were used. *p<0.05, 
**p<0.01.

istration of inorganic nitrate or insulin significantly 
modified diabetes-induced thermal hyperalgesia on 
the 91st day after the induction of diabetes (Figure 4).

One-way ANOVA (repeated measure design) 
showed a significant decrease (p<0.05) on the 31st 
day after the induction of diabetes and a significant 
(p<0.01) increase on the 91st day after the induction of 
diabetes in thermal nociceptive threshold compared 
with baseline in the D group. A significant decrease 
in the thermal nociceptive threshold was observed in 
DN and DI groups on the 31st day after the induc-
tion of diabetes compared with the baseline (p<0.05). 
Moreover, the thermal nociceptive threshold in the 
DI and DN groups were significantly higher than D 
group on the 61st day after the induction of diabetes 

and close to the C group on the 91st day after the in-
duction of diabetes (p<0.05) (Figure 4).

Tail immersion test is used for the evaluation of a 
nociceptive reaction in rodents. The results of the tail 
immersion test showed that nitrate (p<0.01) or insu-
lin (p<0.001) treated groups had significantly higher 
tail withdrawal latency on the 90th day after the in-
duction of diabetes compared to D animals (Figure 
5). In addition, insulin injection in DI group signifi-
cantly (p<0.001) increased tail withdrawal latency on 
the 60th day after the induction of diabetes compared 
to the D group. In addition, the thermal nociceptive 
threshold in the C, CN, DI, and DN groups were signif-
icantly (p<0.01) higher on the 7th and 90th days after 
the induction of diabetes than the baseline (Figure 5).
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Effect of nitrate treatment on the blood glucose 
and body weight in diabetes. There were no signifi-
cant differences in baseline blood glucose levels and 
body weights between the groups. Blood glucose lev-
els of diabetes group were significantly higher than 
the control group (p<0.001). Insulin treatment in the 
DI group significantly decreased blood glucose lev-
els compared to the D group (p<0.001). Nitrate treat-
ment in the DN group also significantly decreased 

blood glucose levels in comparison to the D group on 
the 75th and 90th days after the induction of diabetes 
(p<0.05) (Figure 6).

Body weight showed a significant decrease in the 
diabetes group on the 75th (p<0.05) and 90th days 
after the induction of diabetes compared to the con-
trol group (p<0.001). However, insulin treatment in 
the DI group led to a significant increase in the final 
body weight compared to the D group (p<0.05). There 

Figure 5. Effect of nitrate treatment 
on thermal nociceptive threshold 
in diabetes in a tail immersion test. 
Data are shown as mean± SEM for 
10 animals per group. Repeated mea-
sures one-way ANOVA and Bonfer-
roni post-test were used. *p<0.05, 
**p<0.01.

Figure 6. Effect of nitrate treatment on blood glucose levels in diabetes. Data are shown as mean± SEM for 10 animals per group. 
Data was analyzed using one-way ANOVA followed by Tukey’s test. ***p<0.001 vs. C group; #p< 0.05, ###p<0.001 vs. D group; 
$p< 0.05, $$$p<0.001 vs. DI group.
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was no statistically significant difference in the final 
body weight between DI and DN groups (Figure 7).

Effect of nitrate on serum insulin and NOx lev-
els in diabetes. As illustrated in the Figure 8, serum 
insulin levels of the diabetes group were decreased 
significantly in comparison with the control group 
(p<0.01). Chronic nitrate treatment significantly in-
creased the serum insulin levels in the DN group 
compared to the D group (p<0.001). Moreover, ni-

trate treatment significantly increased serum insulin 
levels in the DN group in comparison to the DI group 
(p<0.001). 

There was no significant difference in serum NOx 
levels of the D group in comparison to the C group. 
Nitrate treatment in both the DN (p<0.001) and CN 
(p<0.01) groups led to a significant increase in serum 
NOx levels. Moreover, insulin treatment significantly 
(p<0.05) increased serum NOx levels (Figure 9).

Figure 7. Effect of nitrate treatment on body weight in diabetes. Data are shown as mean±SEM for 10 animals per group. Data were 
analyzed using one-way ANOVA followed by Tukey’s test. *p<0.05, ***p<0.001 vs. C group; #p<0.05 vs. D group.

Figure 8. Effect of nitrate treatment on serum insulin lev-
els in diabetes. Data are shown as mean±SEM for 10 animals 
per group. Comparisons were done by one-way ANOVA fol-
lowed by Tukey’s HSD test. **p<0.01, ***p<0.001 vs. C group; 
###p<0.001 vs. D group; $$$p<0.001 vs. DI group. Abbrevia-
tions: C – control; CN – control+nitrate; D – diabetic; DI – 
diabetes+insulin; DN – diabetes+nitrate.

Figure 9. Effect of nitrate treatment on serum NOx levels in 
diabetes. Data are shown as mean±SEM for 10 animals per 
group. Comparisons were done by one-way ANOVA fol-
lowed by Tukey’s HSD test. *p<0.05, ***p<0.001 vs. C group; 
##p<0.01, ###p<0.001 vs. D group; $$$p<0.001 vs. DI group. Ab-
breviations: C – control; CN – control+nitrate; D – diabetic; 
DI – diabetes+insulin; DN – diabetes+nitrate.
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Discussion

In the present study, mechanical and thermal sen-
sitivities were investigated in rats with streptozotocin-
induced diabetes. Our findings showed that diabetes 
causes mechanical and thermal hyperalgesia, which 
was later followed by thermal (hot plate test) hypoal-
gesia. However, treatment with a low dose (100 mg/l/
day) of inorganic nitrate or NPH insulin (2–4 U/day) 
for 2 months significantly modified the diabetes-in-
duced mechanical and thermal hyper/hypoalgesia.

Diabetic peripheral neuropathy is marked by par-
aesthesia, pain, and sensory loss (Duby et al. 2004). 
As described by Bolcskei et al. (2010) identification of 
“pain” because of its mental nature in animal models 
is challenging. However, there are some behavioral 
tests like hot-plate, tail withdrawal, and von Frey fila-
ments that allow for the sensitive, reproducible, and 
rapid determination of the thermal and mechani-
cal nociceptive thresholds in rats (Barrot 2012). This 
study showed that induction of diabetes causes ther-
mal and mechanical hyperalgesia at the early stage 
and the thermal (hot plate test) hypoalgesia on the 
91st day after the induction of diabetes. Mechanical 
hyperalgesia and thermal hyper/hypoalgesia have 
been previously reported in streptozotocin-induced 
diabetes in mice and rats (Calcutt et al. 2004; Gong et 
al. 2011). It has been shown that thermal and mechan-
ical hyperalgesia is mediated by C-fibers and A-fibers, 
respectively (Shir and Seltzer 1990; Khan et al. 2002). 
In line with our results, Dyck et al. (2000) reported 
decreased thermal perception threshold (hyperalge-
sia) in early stage and hypoalgesia in the late stage of 
the disease, which occurred simultaneously with de-
generation of all types of peripheral nervous system 
fibers. Previous evidence has shown that spontaneous 
activity in the nociceptors of the peripheral nervous 
system causes some alterations in the central nervous 
system which is responsible for hyperalgesia (Yasuda 
et al. 2003; Duby et al. 2004).

Induction of diabetes in the present study did not 
significantly change serum NOx levels, however, ni-
trate treatment in diabetic animals significantly in-
creased serum NOx levels. Our findings showed that 
2 months nitrate treatment in control rats had no ef-
fects on serum NOx levels; a finding which could be 
surprising. Alteration of serum NO concentrations 
in diabetic conditions are controversial. Some studies 
have demonstrated that serum NO levels decreased 
in diabetic rats (Meininger et al. 2000; Jeddi et al. 
2016). On the other hand, other studies have shown 
increased or unchanged NO levels in diabetes (Man-
cusi et al. 1996; Milsom et al. 2002; Adela et al. 2015). 

It has been shown that hyperglycemia alters NO pro-
duction through alteration of NOS gene expression 
(Cosentino et al. 1997; Cai et al. 2005; Zhang et al. 
2014). Chakravarthy et al. (1998) have shown that 
high blood glucose exposure for 2–5 days decreased 
NOS expression in cultured retinal vascular endo-
thelial cells of bovine. However, another study has 
reported a dose-dependent increase in NO concen-
trations in human umbilical vein endothelial cells 
(HUVEC) following four hours of high glucose ex-
posure (Adela et al. 2015). Another study has shown 
that short-term (less than 5 years) hyperglycemia 
enhanced NO production, whereas long-term (more 
than 5 years) hyperglycemia exposure reduced it (Ad-
ela et al. 2015). These controversial results might be 
associated with the duration of diabetes, the sever-
ity of hyperglycemia, and the cell type. In the present 
study, serum NOx levels were measured three months 
after induction of the diabetes and it seems that some 
physiological mechanisms in the body have modified 
NO levels back to normal during this period.

Neuropathy, nephropathy, and retinopathy are 
among some of the diabetic microvascular compli-
cations (Fowler 2008). It has been reported that de-
creased bioavailability of endothelium-derived NO 
is involved in diabetic microvascular and macrovas-
cular complications (Porta et al. 1987; Milsom et al. 
2002). On the contrary, Maejimaa et al. (2001) it has 
been shown that enhanced plasma NO level in type 
2 diabetic patients is associated with microvascular 
complications. Nakagawa (2009) has reported that 
physiological levels of NO generates low vascular per-
meability but too high or too low NO levels can result 
in hyper-permeability that in turn leads to glomeru-
lar injury and diabetic nephropathy. Therefore, a sim-
ilar explanation can enlighten that both decreased 
and increased NO levels cause diabetic microvascular 
complications of nervous system, which may lead to 
the peripheral neuropathy.

The major finding of the present study was that 
inorganic nitrate treatment ameliorated diabetes-in-
duced mechanical and thermal hyperalgesia. Mortada 
et al. (2017) have reported that enhancement of NO 
in diabetes, due to the increase in expression of iNOS 
in the spinal cord of rats, increased pain threshold 
in the diabetic group. However, Tanabe et al. (2009) 
have suggested that NO, is most probably produced 
via iNOS and nNOS in the spinal cord, mediated the 
neuropathic pain following peripheral nerve damage 
through both the NO–peroxynitrite and the NO–
cGMP–PKG pathways. These controversial results 
could be due to differences in NO levels, since previ-
ous studies have shown that low levels of NO are useful 
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for some cellular functions (Jiang et al. 2014; Ohtake 
et al. 2015), whereas high levels of NO might cause 
harmful effects in the cells by peroxynitrite produc-
tion (Pacher et al. 2007). Other mechanisms are also 
involved in diabetes hyper/hypoalgesia such as (ADP-
ribose) polymerase (PARP), chemokines receptor ac-
tivation, and endorphin levels reduction (Basbaum 
and Fields 1984; Obrosova et al. 2008; Sandireddy et 
al. 2014). Possible mechanisms that may NO affect the 
neuropathic pain threshold may include both direct 
and indirect effects. NO could directly influence the 
injured axons in the periphery and signal in the dorsal 
horn of the spinal cord, may indirectly influence the 
pain threshold by its benefit effect in decreasing the 
blood glucose (Basbaum and Fields 1984).

The present study also showed that insulin could 
prevent thermal and mechanical hyperalgesia and, 
ultimately, thermal hypoalgesia caused by diabetes. 
These findings are in agreement with the studies that 
have revealed mechanical hyperalgesia, thermal hy-
poalgesia, nerve conduction velocity, and the vibra-
tion perception threshold improved in type 1 and 2 
diabetic rats following insulin therapy and maintain-
ing normal blood glucose levels (Ohkubo et al. 1995; 
Calcutt et al. 1996; Srinivasan et al. 2000; Brussee et al. 
2004). Moreover, it has previously been shown that in-
sulin has useful effects on multiple symptoms of dia-
betic neuropathy, like an increase in nerve conduction 
velocity and reduction of hyperalgesia in the formalin 
test (Calcutt et al. 1996; Srinivasan et al. 2000; Brussee 
et al. 2004). Insulin may directly provide potent sup-
port of neurons and axons (insulin receptors on neu-
ronal cells) through pathways that include the cerebro-
spinal fluid may influence diabetic algesia indirectly 
by its benefit effects on glycemia (Brussee et al. 2004).

The present investigation also showed that two 
months of nitrate therapy was associated with in-
creased plasma insulin levels and body weight and 
decreased blood glucose concentration. The increased 
plasma insulin levels are possibly caused by nitrate 
induce-enhancing the pancreatic blood flow (Alm 
et al. 1999). Some studies have suggested that treat-
ment with nitrate, nitrite, constitutive NOS (cNOS), 
and even L-arginine, as a NO precursor, increased 
the serum insulin levels (Schmidt et al. 1992; Alm et 
al. 1999; Carlstrom et al. 2010; Nystrom et al. 2012). 
Jeddi et al. (2016) have also reported that dietary ni-
trate improved glucose tolerance and prevented an 
increase in blood glucose levels. In addition, Cosby 
et al. (2003) have revealed that nitrite injection was 
followed by enhancing plasma insulin levels with no 
glycemic changes. On the contrary, Sjoholm (1996) 
have reported that in pancreatic β cells, upregulation 

of the inducible NOS enzyme (iNOS) in response to 
inflammatory factors, resulted in impaired function 
and death of β cells (decreased insulin secretion) in 
type 1 diabetes. These controversies are possibly due 
to various effects of nitric oxide in various concen-
trations. Previous studies have shown the concentra-
tion-dependency effects of NO with beneficial effects 
of a low dose of nitrate (Jiang et al. 2014; Jeddi et al. 
2016). In this study, we hypothesized that nitrate-
induced decrease in blood glucose levels was due to 
nitrate effects on serum insulin levels.

Similar to other studies, in our study the body 
weight showed a significant decrease in the diabe-
tes group (Calcutt et al. 2004; Obrosova et al. 2008; 
Khalifi et al. 2015), which was modified by insulin 
therapy. Calcutt et al. (1996) have shown that insulin 
therapy for 8 weeks, modified body weight at the end 
of this period. Nitrate treatment in the current study 
also led to a significant increase in the final body 
weight compared to D group, which is possibly due 
to nitrate-induced increase in insulin levels and food 
intake (Nystrom et al. 2012).

Other beneficial effects of nitrate such as enhanc-
ing the pancreatic blood flow, regulating microvascu-
lar blood flow and mitochondrial function, inhibiting 
endothelial cell dysfunction, modulating inflamma-
tion and oxidative stress possibly play a role in modi-
fication of nociception in diabetes, which are strongly 
suggested to be investigated.

Conclusions

To our knowledge, this is the first report showing 
that a low dose of inorganic nitrate has a protective 
effect against thermal and mechanical hyperalgesia 
induced by diabetes. In conclusion, a novel role of ni-
trate was reported on modulation of pain threshold 
in diabetic rats. Nitrate might play a vital role as a 
neuroprotective agent and therefore, a diet contain-
ing nitrate along with insulin therapy in diabetic pa-
tients is likely to be proposed in the future.
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