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Abstract 

Background: Diabetic neuropathy is a complication of diabetes causing damage to the nerves. 
Objectives: Considering the neuroprotective anti-inflammatory antioxidant characteristics of statins, the current study aimed at 
determining the effects of atorvastatin on diabetic neuropathy through assessing the involvement of the N-methyl-D-aspartic acid 
(NMDA) receptor, factors of oxidative stress, and inflammatory cytokines in rats with diabetes. 
Methods: Male rats were randomly assigned into six groups of saline- and atorvastatin-treated controls, streptozotocin-induced diabetic 
animals treated with vehicle, diabetic animals treated with morphine (5 mg/kg), and rats treated with atorvastatin (10 mg/kg/day for 10 
weeks) alone or in combination with NMDA receptor agonist. The hot plate and formalin tests were carried out on the rats. Moreover, 
malondialdehyde level, catalase and superoxide dismutase activities, and levels of interleukin 1 beta (IL-1β), interleukin 6 (IL-6), and 
tumor necrosis factor alpha (TNF-α) in the dorsal root ganglia (DRG) of the animals were measured. Finally, the expression of the NMDA 
receptor in DRG was investigated in the current study. 
Results: According to the findings, diabetes resulted in analgesia in all the tests, and pretreatment with atorvastatin exacerbated 
diabetes-induced analgesic effects in the hot plate test and early phase of the formalin test (P≤0.01 and P≤0.05 in comparison to those 
reported for the diabetic vehicle-treated group, respectively). The injection of NMDA could reverse the atorvastatin-induced analgesia in 
the hot plate test (P≤0.05). Diabetes caused an increase in the levels of IL-1β, IL-6, and TNF-α in DRG in comparison to those reported for 
the control group (P≤0.05). Furthermore, the pretreatment of rats using atorvastatin could significantly reverse the increase  in TNF-α 
level (P≤0.05). 
Conclusion: Atorvastatin showed analgesic properties, which might be acting through NMDA receptors and reduction of inflammatory 
cytokines. 
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1. Background 

Diabetes mellitus is considered a group of 
metabolic diseases characterized by an uncontrolled 
elevation of blood sugar and impaired insulin 
signaling (1). The complications of diabetes mellitus 
include retinopathy, nephropathy, neuropathy, 
ischemic heart disease, peripheral vascular disease, 
and cerebrovascular disease (macrovascular) 
approximately occurring in one-third to one-half of 
individuals with diabetes and resulting in organ and 
tissue damage (2). These complications affect the 
quality of life and impose a great burden on the 
national health care system (3, 4).  

Diabetic neuropathy is the most common form  
of neuropathy, resulting in hospitalization more 
frequently than other diabetic complications (5). 
Diabetic neuropathy is described as the signs and 

symptoms of peripheral nerve dysfunction, including 
pain, paresthesia, and loss of sensation, in diabetic 
patients. In addition, it is responsible for 50-75% of 
nontraumatic amputations (6, 7). Despite the attempts 
to diagnose the etiology of diabetic neuropathy,  
the exact pathophysiological mechanisms of this 
complication remain to be elucidated (8). Oxidative 
stress and induction of inflammatory pathways in 
response to the long-term elevated blood glucose level 
have been postulated as mechanisms involved in the 
development of diabetic neuropathy (9).  

The persistent overstimulation of the N-methyl-D-
aspartic acid (NMDA) receptor is reported to 
contribute to both inflammation and nerve injury-
induced central sensitization within the dorsal horn. 
The NMDA receptor is a specific type of ionotropic 
glutamate receptor identified in neurons. The main 
mechanisms of NMDA receptors are described as 
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controlling synaptic plasticity and memory function 
(10). Therefore, NMDA receptor antagonists may 
possibly impede or reverse nerve injury and diabetic 
neuropathy, leading to the reduction of hyperalgesia 
and allodynia (11, 12).  

In the past few years, various studies have been 
carried out for the evaluation of the effect of 
presynaptic NMDA receptor antagonists on 
neuropathic pain (13, 14). However, the clinically 
available NMDA receptor antagonists cause substantial 
side effects at potentially therapeutic doses, including 
psychomimetic effects, nausea, vomiting, and 
impairment of cognitive and motor function, limiting 
their clinical uses (15). Therefore, the use of clinically 
safe agents with the ability to antagonize the NMDA 
receptor is much required to protect diabetic patients 
from NMDA-induced neuronal damage.  

Atorvastatin as a member of the statin group of 
drugs (i.e., 3-hydroxy-3-methylglutaryl-coenzyme A 
[HMG-CoA] reductase inhibitors) is administered for 
the reduction of serum cholesterol levels in 
cardiovascular diseases. In addition to the lipid-
lowering activity, atorvastatin is reported with other 
pharmacological characteristics, including antioxidant 
and anti-inflammatory activities, suggesting the 
pleiotropic impacts of atorvastatin (16). Atorvastatin 
reduces the generation of reactive oxygen species 
(ROS) through the suppression of nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase 
activity and enhancement of the activity and the 
expression of antioxidant enzymes, namely catalase 
(CAD) and superoxide dismutase (SOD) (17, 18). 
Furthermore, atorvastatin exerts an anti-excitotoxic 
effect not depending on HMG-CoA reductase 
inhibition. The aforementioned impact is related to 
the decrease of NMDA receptor activity in neurons 
(16). The antidepressant-like effects of atorvastatin 
are suggested to be mediated by the blockade of the 
NMDA receptor (19).  

 

2. Objectives 

Considering the important etiological roles of 
oxidative stress, inflammation, and NMDA receptor 
overstimulation in the development of diabetic 
neuropathy and anti-oxidant anti-inflammatory 
properties and NMDA receptor modulatory effect of 
atorvastatin, the present study hypothesized the 
possibility of atorvastatin as a promising agent  
to ameliorate diabetic neuropathy. With this 
background in mind, the current study was carried 
out to evaluate the effectiveness of atorvastatin 
against streptozotocin (STZ)-induced changes in rat 
nerves following the development of diabetes.  

 

3. Methods 

3.1. Animals  
A temperature of 22±2°C, humidity of 80%, 12-

hour light/dark cycle, and ad libitum access to food 
and water were the conditions in which male Wistar 
rats (weight range: 210-250 g) were kept. All the 
experimental procedures in this study were carried 
out in compliance with the regulations concerning 
the care and use of laboratory animals in Iran 
University of Medical Sciences, Tehran, Iran, 
(IR.IUMS.REC.1396.31971) and Principles of 
Laboratory Animal Care (National Institute of Health 
publication, revised in 1985). 

 
3.2. Chemicals 

Atorvastatin was provided by Sigma-Aldrich (St. 
Louis, MO, USA), and STZ was supplied by ZellBio 
(Germany). The measurement of malondialdehyde 
(MDA) levels and SOD activity was carried out using 
Teb Pazhouhan Razi assay kits (Tehran, Iran). 
Interleukin 1 beta (IL-1β), interleukin 6 (IL-6), and 
tumor necrosis factor alpha (TNF-α) kits were 
purchased from DuoSet ELISA (USA). 

 
3.3. Induction of diabetes mellitus 

The rats received an intraperitoneal injection of 
STZ (65 mg/kg) following overnight fasting. After a 
week, the blood glucose was measured using a 
glucometer (GlucoStar, USA) through a blood drop 
obtained from the tail vein. The rats with a blood 
glucose level of higher than 300 mg/dL were 
included in the experiment.  

 
3.4. Experimental plan 

A total of 40 rats were randomly assigned into  
six groups (n=5-7), including the saline- and 
atorvastatin-treated controls, SZT-induced diabetic 
rats treated with vehicle, diabetic animals treated 
with morphine (5 mg/kg), and rats treated with 
atorvastatin (10 mg/kg/day for 10 weeks) alone or  
in combination with NMDA receptor agonist. 
Atorvastatin was orally given; however, morphine 
and NMDA were intraperitoneally injected at a single 
dose. The hot plate and formalin tests were carried 
out 30 min after the injection. At the end of the 
behavioral experiments, the control animals and 
diabetic rats treated with vehicle or atorvastatin 
were sacrificed, and dorsal root ganglia (DRG) were 
removed for molecular tests (n=4). 

 
3.5. Hot plate test 

The rats were retained on a hot plate with a stable 
temperature of 55±1°C. The latency time up to the 
presentation of the first signs of discomfort (i.e., hind 
paw lifting, hind paw licking, or jumping) in animals 
was recorded 30 min after the injections. 

 
3.6. Formalin test 

Formalin (2.5%, 200 µl) was subcutaneously 
administered into the plantar surface of the right 
hind paw of the rats; subsequently, the duration of 
the licking and biting of the injected paw was 
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recorded in 0-5 (i.e., the early phase) and 15-45 (i.e., 
the late phase) min after the formalin injection as a 
pain index. 

  
3.7. Real-time reverse transcription-polymerase chain 
reaction  

Real-time reverse transcription-polymerase chain 
reaction (RT-PCR) was applied for the investigation 
of the expression of GluN1, Glun2B, and β-actin in 
DRG. The isolation of DRG was carried out, and then 
liquid nitrogen was used in order to instantly 
immerse DRG. Total ribonucleic acid (RNA) was 
extracted from tissue homogenate using RNeasy Mini 
Kit (Qiagen, Germany). Subsequently, the first strand 
of complementary deoxyribonucleic acid (cDNA) was 
made through the utilization of 1 μg of 
deoxyribonuclease treated RNA, 1 μl of random 
hexamer primer (p(dN)6), and ribonuclease free 
water, which were heated at 70 1Cº for 5 min; 
afterward, it was put on ice. RNasin as a ribonuclease 
inhibitor, 100 units of Moloney murine leukemia 
virus (M-MLV) reverse transcriptase, M-MLV buffer, 
and 0.4 mM of deoxynucleoside triphosphates were 
added, and the combination was incubated at 42 1Cº 
for 1 h. The oligonucleotide primers which were 
utilized in order to amplify polymerase chain reaction 
(PCR) were as follows: 

Rat GluN1 forward: 5′-
CGGCTCTCTTGGAAGATACAGC-3′, reverse: 5′-
GTGGGAGTGAAGTGGTCGTT-3′ 

 

Rat GluN2B forward: 5′-
GTGAGAGCTCCTTTGCCAAC-3′, reverse: 5′-
TGAAGCAAGCACTGGTCATC-3′ 

 

Rat β-actin forward: 5′-
TCATGAAGTGTGACGTTGACATCCGT-3′, reverse: 5′-
CCTAGAAGCATTTGCGGTGCAGGATG -3′ 

Real-time PCR reaction consisted of 2 μl of cDNA 
template, 10 pmol of each of forward and reverse 
primers, 6 μl of distilled water, and 10 μl of optimized 
PCR master mix (CinnaGen, Iran) in a total reaction 
volume of 20 μl carried out using a Rotor-Gene 
machine (Qiagen, Germany). β-actin ribosomal 
ribonucleic acid was employed as an internal control 
gene in order to normalize the data of real-time PCR. 
The protocol of thermal cycling included the primary 
denaturation stage (2 min at 94ºC), followed by 
denaturation stage (2 min at 94ºC), annealing stage 
(30 sec at 60ºC), elongation stage (30 sec at 72ºC), 
and final extension (7 min at 72ºC). The levels of 
transcriptional differences between the groups were 
computed in proportion to the level of the expression 
of β-actin messenger ribonucleic acid (mRNA). 

 
3.8. Measurement of inflammatory cytokines 

Specific enzyme-linked immunosorbent assay kits 
were utilized in order to calculate the levels of IL-1β, 
IL-6, and TNF-α in DRG. In short, each sample was 
homogenized in 1 ml of phosphate-buffered saline 

(PBS; pH 7.4); afterward, each sample was 
centrifuged at 10,000 g for 15 min at a temperature 
of 4°C. Subsequently, the sample supernatant and kit 
reagents were added to the plate wells, and the 
measurement of the IL-1β, IL-6, and TNF-α levels was 
carried out. A plate reader (Synergy HT, Biotek, USA) 
was applied in order to read absorbance at 450 nm, 
and the levels of IL-1β, IL-6, and TNF-α were 
computed and reported in ng/ml. 

 
3.9. Measurement of oxidative stress factors 

The SOD activity kit (Teb Pazhouhan Razi, Iran) 
was utilized in this study. In short, each DRG sample 
homogenate in PBS (pH 7.4) was centrifuged at 1,500 
g for 5 min at a temperature of 4°C. Afterward, the 
sample supernatant and kit reagents were added to 
plate wells and SOD activity was calculated. A plate 
reader (Synergy HT, Biotek, USA) was employed in 
order to read absorbance at a wavelength of 450 nm, 
and SOD activity was measured and reported in 
unit/mg protein. 

For the detection of the activity of CAT in DRG 
homogenates, a Catalase Assay Kit (Teb Pazhouhan 
Razi, Tehran, Iran) was employed in this study. 
Following the centrifugation of DRG homogenates at 
10,000 g for 15 min at a temperature of 4°C, 
supernatants (20 μl) were mixed with assay buffer 
(100 μl) and methanol (30 μl) in the plate wells. 
Adding H2O2 (20 μl) to each well was the first step to 
start the reaction. Moreover, the plate was covered, 
incubated at room temperature, and shaken for 20 
min. Adding stopper reagent (30 μl) to each well 
was the final step to terminate the reaction. The 
chromogenic reagent (30 μl) was added to each well 
and the plate was then covered, incubated at room 
temperature, and shaken for 10 min. The plates 
were covered and shaken for 5 min at room 
temperature after the addition of the oxidizer 
reagent to each well. Formaldehyde standard was 
utilized as a standard reagent and CAT activity was 
determined and presented in units of enzyme per 
mg of protein. 

The measurement of thiobarbituric acid reactive 
substances (as MDA equivalents, markers of lipid 
peroxidation) in DRG homogenate, including 150 mM 
of potassium chloride, was carried out. A plate reader 
(Synergy HT, Biotek, USA) was utilized in order to 
read absorbance at a wavelength of 535 nm, and the 
levels of MDA were measured and reported in 
nmol/mg protein. 

 
3.10. Statistical analysis 

GraphPad Prism software (version 5) was 
employed in order to statistically analyze the data. 
The findings are presented as mean±standard error 
of the mean. One-way analysis of variance and then 
Tukey’s post hoc test were utilized for the 
comparisons between the groups. A p-value of ≤ 0.05 
was considered statistically significant. 



Hemati K et al. 

 

4                                                                                                                                                                                                      Iran Red Crescent Med J. 2021; 23(1):e454. 
 

4. Results 

4.1. Hot plate test 
The induction of diabetes resulted in a significant 

increase in the reaction time in comparison to that 
reported for the control group (P≤0.01). The 
pretreatment of diabetic rats using atorvastatin 
demonstrated analgesic effects in comparison to the 
treatment of the diabetic animals with vehicle 
(P≤0.01); however, the injection of NMDA could 
significantly reverse the results (P≤0.05). In addition, 
the use of morphine resulted in the production of 
analgesic properties in comparison to those reported 
for the diabetic vehicle-treated group (P≤0.001; 
Figure 1A). 

 
4.2. Formalin test 

In the early phase, STZ-induced diabetic rats 
revealed a significant reduction in licking and biting 
time in comparison to that reported for the control 
group (P≤0.05). Furthermore, the pretreatment of 
diabetic rats using atorvastatin indicated analgesic 
characteristics in comparison to the treatment of 
diabetic animals with vehicle (P≤0.05). The injection 

of NMDA exerted hyperalgesia in the groups of 
animals treated with atorvastatin (P≤0.001). 
Additionally, the use of morphine also demonstrated 
analgesic characteristics in comparison to the 
treatment of the diabetic rats with vehicle (P≤0.05; 
Figure 1B). 

In the late phase, the diabetic group showed 
analgesia, compared to the control group (P≤0.0001), 
and atorvastatin did not alter that (P>0.05). The 
injection of NMDA could not change the licking and 
biting time in the groups treated with atorvastatin 
(P>0.05). The use of morphine showed significant 
analgesic characteristics in comparison to the 
treatment of the diabetic rats with vehicle (P≤0.0001; 
Figure 1C). 

 
4.3. Real-time reverse transcription-polymerase chain 
reaction  

The obtained data from quantitative RT-PCR 
showed that although diabetes elevated the 
expression of GluN2B and GluN1 mRNA in rat DRG 
and the use of atorvastatin might decrease it, there 
was no statistical significance with regard to the 
differences (P>0.05; Figure 2). 

 

 

Figure 1. Nociceptive behavior in hot plate test (A) and early (B) and late (C) phases of formalin test in different groups; results 
presented as mean±standard error of the mean (n=5-7); *P≤0.05, **P≤0.01, and ****P≤0.0001 compared to those of control group; 
#P≤0.05, ##P≤0.01, ###P≤0.001, and ####P≤0.0001 compared to those of diabetic vehicle-treated group; &P≤0.05 and &&&P≤0.001 
compared to those of diabetic saline-injected atorvastatin-treated group 
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Figure 2. Expressions of GluN1 (A) and GluN2B (B) messenger ribonucleic acid (mRNA) in different groups; β-actin mRNA served as a 
housekeeping gene; results presented as mean±standard error of the mean (n=4)   

 
4.4. Measurement of inflammatory cytokines 

Diabetes resulted in the elevation of the levels of 
IL-1β, IL-6, and TNF-α in DRG in comparison to those 
reported for the control group (P≤0.05), and the 
pretreatment of the diabetic animals using 
atorvastatin could significantly reverse the increase 

in the levels of TNF-α (P≤0.05; Figure 3). 
 

4.5. Measurement of oxidative stress factors 
There was no significant difference in MDA levels 

and SOD and CAT activities among the studied groups 
(P>0.05; Figure 4). 

 

 

Figure 3. Levels of interleukin 1 beta (A), interleukin 6 (B), and tumor necrosis factor alpha (C) in different groups; results presented as 
mean±standard error of the mean (n=4) *P≤0.05 and **P≤0.01 compared to those of control group; #P≤0.05 compared to those of 
diabetic vehicle-treated group 

 
5. Discussion 

Diabetes has several complications among which 
diabetic neuropathy is regarded as a common chronic 
complication which is identified by severe pain, 

cachexia, weight loss, and depression in diabetic 
patients (5). Since diabetes mellitus is associated 
with lipid abnormalities and cardiovascular events in 
diabetics, it is necessary to receive cholesterol-
lowering treatment in order to decrease the risk of  
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Figure 4. Malondialdehyde level (A) and superoxide dismutase (B) and catalase (C) activities in different groups; results presented as 
mean±standard error of the mean (n=4)  

 
cardiovascular events. The first-line lipid-lowering 
treatment of diabetics is considered statins despite 
clinical trials and meta-analyses indicating that long-
term statin treatment increases the risk of the 
development of new-onset type 2 diabetes mellitus 
(20). Due to the fact that statins, such as atorvastatin, 
have several effects on the modification of  
dyslipidemia related to diabetes, the current study 
was carried out to investigate the in vivo effects of 
atorvastatin on the complications of diabetes, namely 
neuropathy. 

Oxidative stress, as a result of a high-glucose 
condition in peripheral nerves, is the main causative 
factor incriminated in the development of diabetic 
neuropathy (21). The rate of advanced glycation  
end product (AGE) formation increases during 
hyperglycemia due to the attachment of reactive 
carbohydrate groups to proteins, nucleic acids, or 
lipids. The aforementioned AGEs have harmful 
potential and directly affect cellular function. 
Furthermore, the binding of AGEs to the receptor of 
AGE starts a downstream intracellular cascade 
resulting in the activation of NADPH oxidases, 
generation of ROS, and induction of inflammatory 
responses (22).  

In addition, extra glucose decreases to sorbitol by 
aldose reductase, which is subsequently oxidized 
to fructose through sorbitol dehydrogenase. This 
pathway, known as the polyol pathway, is associated 
with the consumption of NADPH. Since efficient 
regeneration reduced glutathione (GSH) requires a 
sufficient supply of NADPH, the depletion of NADPH 
directly contributes to oxidative stress (22). Reactive 
radicals lead to the impairment of mitochondrial 

function and activation of various signaling pathways, 
such as mitogen-activated protein kinases and 
nuclear factor kappa B (NF-κB). The aforementioned 
results of the upregulation of inflammatory cytokines 
and apoptotic protein expressions contribute to 
neuronal damage and finally death (21). 

The obtained results of the current study 
indicated that diabetes causes an increase in 
neuronal oxidative stress and expression of 
inflammatory cytokines. The levels of MDA (as an 
index of lipid peroxidation), IL-1β, IL-6, and TNF-α 
increased; nevertheless, the activities of CAT and SOD 
antioxidant enzymes decreased in diabetic rats. 
Although the antioxidant activity of atorvastatin has 
been demonstrated by previous in vitro and in vivo 
investigations, the treatment with atorvastatin could 
not reverse the oxidative stress in diabetic animals.  

In the present study, only the MDA level and SOD 
and CAT activities were measured. The data obtained 
from previous studies suggest that atorvastatin  
may exert antioxidant activity through various 
mechanisms. Atorvastatin has been shown to be 
mediated via the activation of the nuclear factor 
erythroid 2-related factor 2/antioxidant response 
element signaling pathway resulting in the elevation 
of the expression and activity of detoxifying and 
antioxidant enzymes, namely heme oxygenase-1, 
NAD(P)H quinone oxidoreductase, glutathione S-
transferase, SOD, and glutathione peroxidase (23). In 
chronic construction injury-induced neuropathic rats, 
the use of atorvastatin improves the activity of 
antioxidant enzymes, such as CAT and GST, and the 
levels of GSH and total thiol, resulting in the 
reduction of the generation of MDA, ROS, and nitrite 
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oxide (24). Atorvastatin prevents the disturbances of 
mitochondria membrane potential leading to the 
improvement of mitochondrial energetic metabolism 
and reduction of oxidative stress; this effect is 
important in neurodegenerative disorders induced 
by mitochondrial deficits (25).  

The excessive level of oxidized low-density 
lipoproteins leads to the ROS-mediated activation of 
NF-κB in the endothelial cells of the peripheral 
nervous system (26). Furthermore, NMDA induces  
a Ca2+-dependent activation of NF-κB, which 
subsequently results in the activation of inflammatory 
cascades (27). Statins, such as atorvastatin, inhibit the 
activation of NF-κB and activator protein-1 signaling 
pathways causing the suppression of the expression of 
inflammatory cytokines, namely IL-1β, interleukin 2, 
IL-6, interleukin 12, and TNF-α (28, 29). The findings 
of the present study also revealed that the use of 
atorvastatin suppressed the generation of TNF-α in 
diabetic animals with neuropathy, which is in line 
with the aforementioned results.  

The obtained findings of the behavioral tests 
demonstrated that diabetes caused analgesia in 
diabetic rats. Atorvastatin not only could not reverse 
the diabetes-induced analgesia but also exerted 
analgesic effects in the hot plate and formalin tests. 
The administration of NMDA reversed the analgesic 
effect of atorvastatin suggesting that atorvastatin-
induced analgesia might be mediated through the 
inhibition of the NMDA receptor.  

Although the findings of the present study 
indicated that atorvastatin did not influence the 
expression of the NMDA receptor in DRG, this 
analgesic effect may result from the inhibition of 
NMDA receptor activity. Atorvastatin has been 
reported to protect cortical neurons from excitotoxic 
cell death through the modulation of NMDA receptor 
function. In addition, atorvastatin reduces NMDA-
receptor-mediated intracellular calcium increase. 
Since mevalonate or isoprenoid co-treatment could 
not reverse the anti-excitotoxic effects of atorvastatin, 
this effect is proposed to be independent of the 
inhibition of HMG-CoA reductase (16). 

 

6. Conclusion 

According to the obtained results of the present 
study, it was revealed that the inflammatory process 
has a significant role in the development of diabetic 
neuropathy. Atorvastatin exacerbates the analgesic 
effects of diabetes, which could be at least in part 
through the modulation of the inflammatory 
cytokines and probably NMDA receptor activity, not 
expression.  
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