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Abstract

Aims: Diabetic neuropathy has been identified as a common complication caused by diabetes. However, its pathophysiological mechanisms
are not fully understood yet. Statins, also known as HMG-CoA reductase inhibitors, alleviate the production of cholesterol. Despite this
cholesterol-reducing effect of statins, several reports have demonstrated their beneficial properties in neuropathic pain. In this study, we
used streptozotocin (STZ)-induced diabetic model to investigate the possible role of nitric oxide (NO) in the antineuropathic-like effect
of atorvastatin.

Methods: Diabetes was induced by a single injection of STZ. Male rats orally received different doses of atorvastatin for 21 days. To access
the neuropathy process, the thermal threshold of rats was assessed using hot plate and tail-flick tests. Moreover, sciatic motor nerve
conduction velocity (MNCV) studies were performed. To assess the role of nitric oxide, N(G)-nitro-L-arginine methyl ester (L-NAME),
aminoguanidine (AG), and 7-nitroindazole (7NI) were intraperitoneally administered along with some specific doses of atorvastatin.
Key findings: Atorvastatin significantly reduced the hyperalgesia in diabetic rats. L-NAME pretreatment with atorvastatin showed the
antihyperalgesic effect, suggesting the possible involvement of the NO pathway in atorvastatin protective action. Furthermore, co-
administration of atorvastatin with AG and 7NI resulted in a significant increase in pain threshold in diabetic rats.

Significance: Our results reveal that the atorvastatin protective effect on diabetic neuropathy is mediated at least in a part via the nitric

oxide system.
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Highlights:

« Atorvastatin administration attenuates diabetic neuropathy.

« Atorvastatin exerts anti-neuropathic properties through the nitrergic system.

+ iNOS is involved in diabetic neuropathy.

Introduction

Peripheral neuropathy is a frequent, devastating and costly
complication caused by diabetes, which has been recognized
as one of the most challenging types of pain to treat (Kaur et
al., 2011; Rosenberger et al., 2020). Many diabetic patients are
suffering from chronic pain, mostly characterized by allodynia
(pain perception due to non-painful stimuli) and hyperalgesia
(exaggerated responses to painful stimuli), which consequent-
ly degrades their quality of life severely (Jesus et al., 2019; Sun
et al., 2012). Most often, diabetic neuropathy associated with
abnormal nociception would be a progressive disorder. Accord-

ing to previous studies, many neural dysfunctions can result
from this disorder, including demyelination, axonal degener-
ation, reduction in density of small unmyelinated fibers, and
Wallerian degeneration follows by diabetes (Bhalla et al., 2015;
Chu et al., 2015; Heltianu and Guja, 2011). Diabetes induced
by streptozotocin (STZ), as a pancreatic beta-cell toxin, is one
of the appropriate models to assess the mechanism of diabe-
tes. The most commonly used animal models can be applied to
investigate the underlying mechanisms and to evaluate poten-
tial therapies of diabetic neuropathy (Eitah et al., 2019; Jesus
et al., 2019; Mbiantcha et al., 2020).

Nitric oxide (NO), as a unique neuromodulator molecule,
is a diffusible second-messenger with diverse pharmacological
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applications throughout the human body (Hassanipour et al.,
2016; Shafaroodi et al., 2012). Basically, NO is synthesized
by one of the following three forms of nitric oxide synthases
(NOS): neuronal NOS (nNOS), endothelial NOS (eNOS), and
inducible NOS (iNOS) (Saha and Pahan, 2006). It has been
demonstrated that iNOS activity promotes the pathogeneses
of neuroinflammatory and neurodegenerative human diseas-
es. Due to overactivity of iNOS under diabetic conditions,
peroxynitrite has been formed, which caused deterioration of
regional circulation and the axonal dysfunctions through oxi-
dative modifications on the neural tissue (Ahlawat and Shar-
ma, 2018; Heltianu and Guja, 2011). There is an abundance
of evidence indicating that NO may mediate nociceptive in-
formation transmission at three levels of peripheral, spinal,
and supraspinal (Saffarpour and Nasirinezhad, 2019; Staun-
ton et al., 2018). NO can play a dual role under both pro-in-
flammatory and anti-inflammatory conditions after nerve
damage in different animal models (Cury et al., 2011; de Los
Monteros-Zuiiiga et al., 2016; Gomes et al., 2020). Therefore,
it contributes not only to pain hypersensitivity, but also to the
development of analgesia in nociception (Aydin et al., 2013).
Previous studies indicated that NO plays pivotal roles in the
development and maintenance of hyperalgesia. So, iNOS in-
hibitors may be implicated in diabetic neuropathic pain by
reducing oxidative stress and inflammatory mediators as well
as improving demyelination. Several studies have suggested
beneficial effects of the selective and non-selective NOS inhib-
itors on reducing thermal hyperalgesia in inflammatory pain
models (Chen et al., 2010; Rondén et al., 2018).

The statins, HMG-CoA (3-hydroxy-3-methyl-glutaryl-co-
enzyme A) reductase inhibitors, are widely prescribed for the
prevention of coronary heart disease (Pathak et al.,, 2013).
These drugs have broad-spectrum and cholesterol independ-
ent effects, including anti-inflammatory, anti-oxidant, an-
ti-microbial, immunomodulatory, and neuroprotective prop-
erties (Aydin et al., 2013; Bhalla et al., 2015). It is believed that
statins could attenuate peripheral and central pains (Pathak
et al., 2014). Treatment with statins demonstrates antino-
ciceptive activity in partial sciatic nerve ligation and in rat’s
trigeminal neuralgia model. Garcia et al. in 2011 found that
systemic administration of atorvastatin could cause signifi-
cant anti-nociception in the tail-flick, writhing, formalin hind
paw, and orofacial formalin tests. However, more studies are
needed to explore the mechanisms involved in these favorable
outcomes (Garcia et al., 2011). Moreover, atorvastatin is be-
lieved to prevent cardiovascular disease in patients with type 2
diabetes (Newman et al., 2008; Raikou et al., 2007). In this re-
gard, a study performed on STZ-induced diabetic mice demon-
strated that atorvastatin that exhibits an antidepressant effect
could inhibit neuroinflammation (Hai-Na et al., 2020). Despite
the evidence pointing to the efficacy of atorvastatin on diabe-
tes, there are no studies investigating the role of NO in the
anti-neuropathic effect of atorvastatin, so far. In this paper,
we aimed to investigate the possible contribution of NO in
atorvastatin anti-neuropathic effects on STZ-induced diabetic
rats.

Materials and methods

Animals

Eighty-four male Wistar rats, weighing 220-260 g were
housed under the controlled-temperature (22 + 1 °C) condi-
tion with regular light/dark cycle. The rats had free access to
food and water. All the experiments were performed in terms

of the National Institute of Health (NIH) Guidelines for the
Care and Use of Laboratory Animals (HHS publication 85-23,
1985), and legislation for the protection of animals used for
scientific purposes (Directive 2010/63/EU) in Tehran Univer-
sity of Medical Sciences.

Drugs

The following drugs were used throughout this study: STZ
(Sigma-Aldrich, USA), atorvastatin, an HMG-CoA inhibitor
(Sobhan, Iran); N(w)-nitro-L-arginine methyl ester (L-NAME),
anon-specific inhibitor of NOS (Sigma, USA); aminoguanidine
(AG), a selective inhibitor of iNOS (Sigma, USA); and 7-ni-
troindazole (7NI), a selective inhibitor of nNOS (Sigma, USA).
Except atorvastatin and 7-NI, all drugs were dissolved in nor-
mal saline. Atorvastatin suspension was prepared in carbox-
ymethyl cellulose (CMC, 0.5%) and then administered orally.
7-NI was suspended in a 1% aqueous solution of Tween 80.

Experimental design

STZ (65 mg/kg i.p.) served as a diabetes-inducer in our study.
24 hours before the administration of STZ, the animals were
deprived of food. To assess their blood glucose level, 48 hours
after the STZ administration, blood samples were drawn out
from the tail and then measured by blood glucose monitoring
system (ACCU-CHEK Active, Roche). Accordingly, the animals
with blood glucose levels higher than 400 mg/dl were consid-
ered as diabetic (Hasanvand et al., 2016). The animals were
randomly assigned into twelve groups; each one consisted
of 7 rats. Thereafter, different doses of atorvastatin (10, 20,
and 40 mg/kg) (Rashidian et al., 2016) were orally adminis-
tered per day for a 21-day period (He et al., 2019) (by passing
48 hours from the STZ administration). In order to investigate
the involvement of the NO pathway in the diabetic neuropa-
thy, 7-NI (15 mg/kg), L-NAME (5 mg/kg), and AG (50 mg/kg)
(Rostamian et al., 2019) were injected i.p. 30 minutes before
atorvastatin administration into the rats. The Vehicle group
was diabetic animals that received CMC 5% for 21 days. The
control animals were not diabetic, so they were injected with
an equal volume of the saline. All behavioral assessments were
recorded manually and blinded (Fig. 1).

Survival study and general toxicity

The general condition of animals, including weight loss and
mortality rate, were daily followed up and the rats were
weighed weekly throughout the experiment.

Atorvastatin and NOS inhibitors administration
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Fig. 1. Outline of the experimental design. See “Materials and
methods” section for complete description
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Behavioral tests

Hot plate test

The thermal nociceptive threshold, as an index of thermal hy-
peralgesia, was assessed using an electrically-heated surface
(55 £ 1 °C) (Tahghigh-Gostaran-Teb, Iran). The rats were sepa-
rately placed on the hot plate, and then withdrawal latency was
recorded in seconds concerning licking of the hind paw. The
thermal threshold was measured at the days -2, 0, 4, 7, 14, 18,
21 and 28 of the study - Fig. 1 (He et al., 2016; Pourmoham-
madi et al., 2012; Sharma et al., 2006). The cut-off time was
considered as 30 seconds.

Tail-flick test

The rats were restricted by a restrainer and their tails were po-
sitioned in the tail-flick apparatus (Ugo Basile, Italy). The beam
of light was focused on the dorsal surface of the animal’s tail.
Tail-flick latency was considered as the time interval between
the initiation of radiant heat stimulation and the abrupt
removal of the tail from the nociceptive stimulus (cut-off
time = 10 s). Subsequently, the tail-flick test was performed on
the same days in a manner mentioned earlier for the hot plate
method. Tail-flick test was done an hour before the hot plate
test (Fig. 1).

Measurement of motor nerve conduction velocity

After performing the last behavioral assessments (Fig. 1), the
rats were anesthetized with thiopental (65 mg/kg, ip; Sigma,
St. Louis, MO, USA). Body temperature was monitored and
then maintained within normal limits. Furthermore, the mo-
tor nerve conduct velocity (MNCV) in the left sciatic nerve
was measured using power lab MLT 1030/D device (AD In-
struments, Power Lab, Spain) and the same stimulatory and
recording pin electrodes (AD Instrument) in terms of the pre-
viously described method (Ja’afer et al., 2006). Using a bipolar
hook-shaped electrode, in which its cathode was located 2 mm
away from the anode, electrical stimulations equal to 10 V
were introduced to the proximal section of the sciatic nerve.
Compound-muscle action potentials (CMAP) were also record-
ed by inserting the recording and reference needle electrodes
into the gastrocnemius muscle belly and calcaneus tendon, re-
spectively. Finally, the earth electrode was located under the
skin. Notably, the velocity was calculated as the ratio between
the distances of stimulating and recording pin electrodes (me-
ters) and the corresponding latency difference (seconds).

Statistical analyses

All data were expressed as Mean + SD (standard deviation).
The obtained data were analyzed using one-way analysis of
variance (ANOVA) followed by Tukey post-hoc test, and two-
way ANOVA followed by Bonferroni post-hoc test. P < 0.05 was
considered as statistically significant for all analyses.

Results

Blood glucose changes assessment

Forty-eight hours after the STZ injection, blood glucose levels
were assessed to confirm the induction of diabetes. Moreover,
blood glucose levels measured once again on day 21 before all
other tests. As shown in Fig. 2, all the study groups have a sig-
nificant (p < 0.0001) difference in blood glucose compared to
the control group (CNT). Based on our results, all the rats were
diabetic except the control group.
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Fig. 2. Blood glucose levels. N = 6 per studied group and data are
represented as mean + SD. One-way ANOVA, Tukey’s post-hoc test
was applied for the analysis of differences in blood glucose.

% P < 0.0001 compared with CNT (control group). DBT (diabetic
group) and ATOR (Atorvastatin).

Survival study and general toxicity

Prior to the initiation of the test, body weights were measured
and no significant inter-group differences were observed. Dur-
ing the experiment, our findings revealed a normal weight gain
pattern in the control group (Fig. 34).

However, as shown in Fig. 3A, a significant (p < 0.0001)
weight loss was observed in the diabetic groups (vehicle and
DBT) in the same early days. All the rats receiving AG, 7-NI,
and L-NAME were similar to the Vehicle and DBT groups.
Contrarily, it was found that co-treatment with atorvastatin
at doses of 20 and 40 mg/kg prevented the effect of diabetes
on body weight and significantly reduced weight loss (p < 0.05)
(Fig 3B).

In this study, the mortality of diabetic animals was ob-
served, but not reported due to insignificance.

Thermal pain threshold assessment

As it was mentioned earlier in the procedure, based on the
classical constant-temperature, hot-plate and tail-flick tests
were performed on the same days. Our results reveal that
in hot plate tests, diabetic rats showed a significant de-
crease in paw withdrawal latency on days 7, 14, 28 (p < 0.05),
18 (p < 0.01), and 21 (p < 0.001) (Fig. 4A). Also, the tail-flick
test results demonstrate that pain threshold in diabetic rats
has significantly decreased on days 7, 14 (p < 0.05), 18, 21, and
28 (p < 0.01). Based on our findings, the pattern of painful dia-
betic neuropathy started from day 7 after the first injection of
STZ, which is in agreement with previous studies (Anjaneyulu
and Chopra, 2004; Balaha et al., 2018; He et al., 2016). There-
fore, according to the above-mentioned results, day 21 was
selected as the most productive day in hyperalgesia of painful
diabetic neuropathy, and considering this, the duration of the
present study was considered as 21 days.
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Fig. 3. Effect of different doses of atorvastatin on diabetic-induced neuropathy on weight loss. (A) Changes in rat’s body weight during the
21-day period of study. Normal weight gain pattern was not observed in diabetic-induced groups and weight loss become statistically
meaningful from Day O after the first injection of STZ. (B) Weight loss pattern was diminished in rats receiving atorvastatin and a gradual
weight gain began from Day 14 following STZ administration. N = 6 per studied group and data are represented as mean + SD. CNT (control
group) and DBT (diabetic group). Two-way ANOVA, Bonferroni post-hoc test was applied for analysis of differences in body weights.

P < 0.001 and **** P < 0.0001 in comparison with the CNT group and # P < 0.05 compared with the DBT group. CNT (control group),

DBT (diabetic group), and ATOR (Atorvastatin).
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Fig 4. Time course assessment (A) Hot plate (B) Tail flick. N = 6 per studied group and data are represented as mean + SD. Two-way ANOVA,
Bonferroni post-hoc test was applied for the analysis of differences in thermal withdrawal latency in different days. *** P < 0.001, ** P < 0.01 and

* P < 0.05 compared with control group (CNT). DBT (diabetic group).

The different doses of atorvastatin on painful diabetic
neuropathy at day 21

The effects of different doses of atorvastatin treatment (10,
20, and 40 mg/kg) on thermal (heat) withdrawal thresholds
are depicted in Fig. 5. Fig. 5A shows the effects of atorvasta-
tin administration on the hot plate tests. Atorvastatin at the
dose of 40 mg/kg has significantly (p < 0.001) reversed the
pain threshold reduction caused by STZ-induced diabetes. As
shown in Fig. 5A, there is a significant difference between ator-
vastatin at the dose of 40 mg/kg, and at doses of 10 (p < 0.01)
and 20 mg/kg (p < 0.05). Based on this finding atorvastatin at
the dose of 20 mg/kg was considered as the subeffective dose.
However, further analyses revealed that there is no significant
difference between the atorvastatin at the doses of 10 and
20 mg/kg and the DBT group.

Besides, the evaluation of the thermal withdrawal thresh-
old with tail-flick tests demonstrated that the atorvastatin at
the dose of 40 mg/kg (p < 0.001) significantly increased the
pain threshold time in comparison with the DBT (Fig. 4B).
Therefore, based on these results, the effective dose of ator-
vastatin was considered as 40 mg/kg.

The effect of NOS inhibitors on painful diabetic
neuropathy

In order to evaluate the influence of the NO pathway on
the neuroprotective effect of atorvastatin, the subeffective
doses of atorvastatin (20 mg/kg) were administrated along
with the NOS inhibitors, namely L-NAME (2 mg/kg), 7-NI
(15 mg/kg), and AG (50 mg/kg). The concurrent administra-
tion of subeffective dose of atorvastatin (20 mg/kg) and NOS
inhibitors unmasked a synergistic effect and the role of NO on
the protective effect of atorvastatin.

The concurrent administration of L-NAME or AG with
atorvastatin has significantly increased the thermal laten-
cy withdrawal in the hot plate test, indicating that the pain
threshold has significantly elevated compared to the diabetic
group (DBT) (p < 0.001). However, there was a significant dif-
ference among the ATOR20 group and the ATOR20 + LNAME
(p < 0.001) and ATOR20 + AMINO groups (p < 0.01). As shown
in Fig 6A, there was no significant difference between the di-
abetic rats receiving only NOS modulators and the diabetic
group (DBT).
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Fig. 5. The effect of different doses of atorvastatin on diabetic-induced neuropathy (A) Hot plate (B) Tail flick. N = 6 per studied group and data
are represented as mean + SD. One-way ANOVA, Tukey’s post-hoc test was applied for the analysis of differences in thermal withdrawal latency
at day 21. ** P < 0.001 and * P < 0.05 compared with DBT. # P < 0.05 compared with DBT+ ATOR20. & P < 0.05 and && P < 0.001 compared
with DBT+ ATOR10. CNT (control group), DBT (diabetic group), and ATOR (Atorvastatin).

Fig. 6B depicts the effects of the co-administration of the
NOS inhibitors and atorvastatin in the tail-flick test. Our find-
ings revealed that the concomitant administration of L-NAME,
AG, or 7-NI with atorvastatin caused a significant effect on the
pain threshold. In other words, the co-treatment with atorvas-
tatin and NOS inhibitors has significantly elevated the with-
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there was a significant difference between the ATOR20 group
and the ATOR20 + LNAME (p < 0.01). However, L-NAME
(2 mg/kg), 7-NI (15 mg/kg), and AG (50 mg/kg) administra-
tions alone did not alter the analgesic threshold in diabetic
rats compared to the diabetic group (DBT).
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Fig. 6. The effect of NOS modulators L-NAME (2 mg/kg), 7-NI (15 mg/kg), AG (50 mg/kg) on diabetic-induced neuropathy (A) Hot plate

(B) Tail flick. N = 6 per studied group and data are represented as mean + SD. One-way ANOVA, Tukey’s post-hoc test was applied for the
analysis of differences in thermal withdrawal latency at day 21. ** P < 0.01, *** P < 0.001 and **** P < 0.0001 compared with CNT, ### P <0.001
and #### P <0.0001 compared with DBT, ++ P < 0.01 and +++ P < 0.001 compared with ATOR20. CNT (control group), DBT (diabetic group),

and ATOR (Atorvastatin).

The effect of atorvastatin on MNCV in painful diabetic
neuropathy

As shown in Fig.7A, MNCV has significantly reduced in the
DBT rats in comparison with the CNT ones (P < 0.001). Ad-
ditionally, the administration of atorvastatin at the dose of
40 mg/kg altered a significant (P < 0.05) reversal of the motor
nerve conduction velocity compared with the DBT, while ator-
vastatin at the doses of 10 and 20 mg/kg showed no significant
effect.

Moreover, the co-administration of L-NAME and sub-
effective dose of atorvastatin (20 mg/kg) has significantly
(P < 0.01) increased the MNCV in comparison with the DBT
group. Furthermore, the co-administration of L-NAME and
atorvastatin led to a significant (P < 0.05) potentiation of
MNCV compared to the DBT +ATOR 20 group. In contrast,
DBT + ATOR20 + 7NI and DBT + ATOR20 + AMINO groups,
sciatic MNCV, had no significant differences with the atorvas-
tatin group (P > 0.05) (Fig. 7B).
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Fig 7. (A) The effects of different doses of atorvastatin and (B) its co-administration with NOS modulators L-NAME (2 mg/kg), 7-NI
(15 mg/kg), AG (50 mg/kg) on MNCV in diabetic rats. N = 6 per studied group and data are represented as mean + SD. One-way ANOVA
followed by Tukey’s post-hoc test. * P < 0.05, ** P < 0.01 and *** P < 0.001 compared with CNT, # P < 0.05 and ## P < 0.01 compared with DBT,

+ P < 0.05 compared with DBT+ATOR?20.

Discussion

Peripheral neuropathy is one of the most common complica-
tions caused by diabetes, which is manifested in the form of
spontaneous pain, allodynia, and hyperalgesia as a result of
an injury to the somatosensory system (Pathak et al., 2013;
ten Donkelaar et al., 2020; Themistocleous et al., 2016). This
painful signal is believed to originate in the peripheral nervous
system; however, the exact mechanisms underlying diabetic
allodynia and hyperalgesia still remain poorly understood (Li
et al., 2015). Correspondingly, the treatment of neuropathic
pain becomes a challenging task for clinicians due to its com-
plex pathophysiology and severe adverse effects of the current
conventional agents (Pathak et al., 2013).

This study aimed to investigate the protective effects of
atorvastatin on painful diabetes’ neuropathy. Based on the
findings of this study, it can be suggested that atorvastatin
could reduce NOS activity due to diabetes mellitus. In the
present study, it has been shown that the atorvastatin group
at the dose of 40 mg/kg decreased hyperalgesia and painful
progression in the STZ-induced diabetic rats. Several factors
contributing to the pathogenesis of diabetic neuropathy pro-
vide a wide range of goals for potential therapeutic interven-
tions. A comprehensive research has shown that overproduc-
tion of nitric oxide by the nervous and non-nervous systems
plays an essential role in the multiple pathologies of periph-
eral neuropathy (Huang et al., 2015). In this study, by per-
forming behavioral and electrophysiological assessments, it
was indicated that atorvastatin ameliorates neuropathic pain
and attenuates the diabetes-induced hyperalgesia. Behavio-
ral studies, including hot plate and tail-flick tests, were also
performed to evaluate hyperalgesia. It is noteworthy that in
diabetes, hyperglycemia can cause the abnormal metabolism
of the peripheral nervous system, which consequently leads to
deficiencies in the nervous function and the reduced MNCV.
Furthermore, nerve fibers exhibit severe demyelination, with
most of the large axons being surrounded either by very few
turns of myelin or by none at all (Yao et al., 2018). According
to our findings, a significant decrease in MNCV was observed

in the sciatic nerve in the diabetic group. Relying on the results
of thermal hyperalgesia and MNCV tests, our findings revealed
that atorvastatin had improved the function of small and large
nerve fibers. Based on the previous reports on the efficacy of
statin therapy, the atorvastatin administration in this study
showed fewer symptoms of neuropathy and also prevented
sensory-motor neuropathy in behavioral and electrophysio-
logical studies. Our results demonstrate that the atorvastatin
treatment in higher doses could bring significant antinocicep-
tive effects on diabetic rats. Additionally, this study confirmed
the involvement of the nitric oxide system in diabetic’s neu-
ropathy. These findings are consistent with those of the pre-
vious studies reporting the involvement of NO (Boels et al,,
2017; Minaz and Razdan, 2016), an important neuromodula-
tor that is thought to play a dual role as both nociceptive and
anti-nociceptive under neuropathic pain conditions (Cury et
al.,, 2011; Huang et al., 2015). Different studies have point-
ed out the prominent role of neuronal nitric oxide synthase
(nNOS) in the development and pathology of both peripheral
and central neuropathic pains. Injuries in peripheral nerves
result in overexpression of nNOS in rat’s spinal cord, which
is associated with hyperalgesia and allodynia (Cizkova et al.,
2002; Jin et al., 2009; Rondén et al., 2018). It has been shown
that systemic or intrathecal administration of the selective or
nonselective nNOS inhibitors is associated with the reduced
sensation of pain in neuropathic pain (Cury et al., 2011; Rocha
etal., 2020).

Concerning the effect of NO on nociceptive transmission,
there are conflicting data. Considerable evidences show that
NO can cause pain, intensify inflammatory hyperalgesia, and
promote neuropathic pain (Staunton et al., 2018), but it can
also produce anti-nociception (Gomes et al., 2020; Kusuda et
al., 2020). The dual effects of NO in inflammatory pain may
be due to different parameters such as pain models, testing
paradigms, and doses of NO donors and inhibitors. (Chen et
al., 2010; Cury et al., 2011; Kusuda et al., 2020; Stavniichuk
et al,, 2014). In the present study, L-NAME pre-treatment
with subeffective dose of atorvastatin caused potentiation of
the anti-hyperalgesic effect of atorvastatin in both hot plate
and tail-flick tests, suggesting the possible involvement of NO
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pathway in its protective action. In addition, chronic admin-
istration of LNAME with atorvastatin caused a significant in-
crease in MNCV compared to the atorvastatin-treated group.
To investigate the possible involvement of NOS isoforms, we
examined the chronic co-administration of iNOS and nNOS
inhibitors with subeffective dose of atorvastatin. These results
indicate that both AG and 7NI could enhance the analgesic
threshold of atorvastatin in diabetic rats. In general, it can be
stated that the inhibition of the NOS pathway reduces nitric
oxide. Additionally, co-administration of atorvastatin with
NOS inhibitors synergistically acts and consequently impro-
ves neuropathy. Several papers provided evidence on a com-
plex linkage between atorvastatin and NO production (Aydin
etal., 2013; Gomes et al., 2020). However, there are conflicting
reports around the role of NO in the mechanism of action of
statins. While it has been shown that atorvastatin significant-
ly elevates the NO production in endothelial cells (El-Sisi et al.,
2013), other reports have shown that atorvastatin has anti-
-inflammatory effects through NO inhibition (Chu et al., 2015;
Kandasamy et al., 2011; McGown et al., 2015; Wagner et al.,
2002). Previous reports have shown that statins operates as
an effective agent against various complications through the
involvement of nitric oxide (Ferro et al., 2000; Giusti-Paiva et
al., 2004; Hernandez-Romero et al., 2008; Pahan et al., 1997).
Of note, statins were recognized as being capable of inhibiting
the activation of inflammatory factors including inducible ni-
tric oxide synthase (iNOS), as well as oxidative stress, which
in turn can attenuate the neuropathic pain (Aydin et al., 2013;
Pathak et al., 2014).

Despite the cholesterol-reducing actions of HMG-CoA re-
ductase inhibitors (statins), they have recently been shown to
exert beneficial effects on attenuating neuropathic pain in dif-
ferent disease states and various animal models of neuropathy
(Bhalla et al., 2015; Hassanipour et al., 2016; Shi et al., 2011).
Garcia et al. (2011) reported that the daily administration
of atorvastatin resulted in some significant anti-nociceptive
effects on the tail flick and formalin tests (Chu et al., 2015;
Garcia et al., 2011). Metabolic disorders in diabetes appear to
affect neural function through vascular effects (Duarte, 2015).
Previous reports have shown that rosuvastatin could affect the
neurodevelopmental disorder of diabetes by affecting the sys-
tem containing large and small nerve fibers. Improvement in
neural tissue perfusion appears as a vital mechanism related to
these effects (Pathak et al., 2013; Shi et al., 2011). Rosuvasta-
tin affects both nitrergic system and endothelial hyperpolari-
zation, which also improves blood flow to the nervous system
(Pathak et al., 2013).

In 2014, Pathak et al. reported that atorvastatin prescribed
at all doses used in the study did not affect peritoneal and su-
praspinal levels of nitrite in peripheral neuropathy. However,
despite increasing levels of nitrite, atorvastatin decreased hy-
peralgesia at the end of the study, suggesting that hyperalge-
sia is not merely associated with the increased NO levels in
the central nervous system (Pathak et al., 2014). In the study,
the anti-hyperalgesic effect of atorvastatin demonstrated the
role of monoxide and peroxynitrite in persistent pain. The per-
oxynitrite precursor of monoxide has significantly decreased
by atorvastatin and this observation was associated with the
direct effect of atorvastatin on monoxide as well as on the re-
duction of oxidative stress (Pathak et al., 2014). Based on the
previous studies, peroxynitrite is biosynthesized by the reac-
tion of NO with diabetes-induced superoxide. Peroxynitrite is
a neurotoxic molecule involved in neuropathic pain pathology
(Pacher et al., 2007; Stavniichuk et al., 2014). In accordance
with the previous studies, our results demonstrate that chron-

ic treatment with atorvastatin showed a significant anti-no-
ciceptive effect on diabetic rats. Atorvastatin administration
for a 21-day period improved the small and large nerve fiber
defects (that were assessed using thermal hyperalgesia tests
and sciatic MNCV test).

Conclusions

In conclusion, our study provided insight into the notion that
atorvastatin attenuates diabetic hyperalgesia and the fact that
nitric oxide mechanism could be involved in the neuroprotec-
tive effect of atorvastatin. Furthermore, the study highlighted
the therapeutic potential of atorvastatin in the management
of diabetic neuropathic pain and the related conditions. Fur-
ther molecular and cellular investigations are needed to clarify
the exact mechanism of action of statins in order to enlighten
pathways in the treatment of neuropathic pain.
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