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Nerve lesions causes hyperalgesia and loss of motor function. Gabapentin (GABAP) 
is used in this condition for pain relief, while atorvastatin (ATORV) has demonstrated 
neuroprotective effects in preclinical studies. We have investigated the influence of 
GABAP and ATORV on nerve injury. Mice (25-35 g) were subjected to partial ligation 
of the sciatic nerve. Influence of the drugs on hyperalgesia and grip force was assessed 
before injury, 7, 14 and 21 days thereafter. Data evaluated by 1 or 2-way ANOVA (P < 
0.05). GABAP (26.67  4.21% of response) and ATORV (36.67  10.85% of response), 
alone or in combination, reduced hyperalgesia (vehicle: 76.00  11.66% of response); 
there was an important effect for the association of these drugs on the grip force. The 
two agents augmented levels of brain derived neurotrophic factor, BDNF, (vehicle: 
105.30  12.53 pg/mg of protein; GABAP: 34.92  5.92 pg/mg of protein; ATORV: 
33.77  4.20 pg/mg of protein) and insulin-like growth factor-1, IGF-1, (vehicle: 399.60 
 61.30 pg/mg of protein; GABAP: 388.30  38.57 pg/mg of protein; ATORV: 306.50  
16.72 pg/mg of protein). Association of these substances of different pharmacological 
classes, may bring benefits on hyperalgesia and motor function associated with nerve 
lesions.

Abbreviations: CNS: Central Nervous System; IL: Interleukins; SC: Schwann Cells; 
BDNF: Brain-Derived Neurotrophic Factor; IGF-1: Insulin-like Growth Factor-1

Introduction
Peripheral nerve lesions are frequently observed in the medical 

clinic and are a global health problem, which results in functional 
deficits in approximately 2.8% of all trauma patients1 [1] and are 
the main reason for absenteeism in Brazil [2]. These patients suffer 
from muscle weakness, loss of touch sensation, and increased  

 
likelihood of developing neurotrophic ulcers. In most cases surgical 
repair of the injured peripheral nerve is necessary for functional 
recovery and, in the United States, this represents an annual 
expenditure of $7 billion [3]. The main consequences of nerve 
damage are sensory changes, including neuropathic pain, as well as 
functional loss related to motor changes. Neuropathic pain leads to 
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common symptoms such as pain in shock or burning, tingling and 
altered sensations [4,5], and its neurobiological mechanism is quite 
different from that observed in acute pain, been related to central 
and peripheral sensitization mechanisms, from which the sensory 
neurons are sensitized by different compounds and present a 
decrease in their activation threshold for the nontoxic stimuli [6].

These sensitizing compounds are produced by different 
cells, both centrally and locally, leading to a paradigm shift in the 
understanding of neuropathic pain, which has been based on the 
perception that neurons are not the only type of cell involved in the 
etiology of this condition. Thus, immune cells such as macrophages, 
neutrophils and lymphocytes, as well as glial cells such as microglia, 
astrocytes and endothelial cells, contribute to sensitization in pain 
pathways, both in the periphery and Central Nervous System (CNS) 
[7]. Inflammation also contributes to the painful phenomena during 
the neuropathy, being able to generate the phenomena of allodynia 
and hyperalgesia; allodynia being the pain that arises after mild 
stimuli that do not usually cause pain, whereas hyperalgesia refers 
to the intensification of pain before a painful stimulus [8,9]. In this 
context, pro-inflammatory or anti-inflammatory cytokines, as well 
as neurotrophic factors exert influence on painful phenomena and 
nerve regeneration, which in turn influence the motor capacity 
of the affected limb. Among Interleukins (IL), IL-10 is an anti-
inflammatory cytokine that can inhibit the production of other 
proinflammatory cytokines, and its expression is increased in the 
distal portion of the sciatic nerve seven days after crushing [10,11].

Sciatic nerve crushing model is a model of axonotmosis, 
produced by the application of a compressive force to a given 
nerve, in which the myelin sheath and axons are interrupted, 
but the basal lamina of Schwann Cells (SC) remains intact [12]. 
The fibers distal to the lesion undergo degeneration 48 to 96 h 
after nerve transection, through a process known as Wallerian 
Degeneration, the macrophages enter the endoneurium to remove 
cellular debris, and recovery occurs when the axons send growth 
cones down from the basal lamina tubes originally preserved 
toward the final organ [13,14]. In this type of model, evaluations of 
histomorphometric and functional parameters (muscle contraction 
force) as well as sensory parameters (allodynia and mechanical 
hyperalgesia) are common [15]. These aspects may be influenced 
by factors such as Brain-Derived Neurotrophic Factor (BDNF) [16], 
and Insulin-like Growth Factor-1 (IGF-1) [17], which contribute to 
nerve regeneration by having functions such as cell-cell adhesion, 
cytoskeletal reorganization, neurite growth, synaptic plasticity, 
neuronal survival and neurogenesis, among others [18]. 

The use of gabapentin (GABAP) to treat painful conditions 
associated with nerve damage is a consensus in clinical practice, 
and it has been shown that the drug has improved aspects of nerve 
regeneration in an animal model of crushing followed by stretching 

in rats [19]. On the other hand, atorvastatin (ATORV) also promoted 
neuroprotection in different animal models [20]. Despite this, the 
possible benefit of the association of these two drugs in different 
outcomes associated with nerve injury by crushing in mice has not 
been investigated in preclinical studies. In view of this, the objective 
of the present study was to evaluate the possible influence of the 
treatment with GABAP and ATORV, alone or in association, on 
different aspects observed in a sciatic nerve crush model in mice.

Material and Methods
Animals

All experiments were conducted using male Swiss mice (25-35 
g), housed at 22 ± 2°C, under a 12 hrs light/12 hrs dark cycle (lights 
on at 6:00 a.m.) and with free access to food and water. Mice were 
acclimated to the laboratory for at least 1 h before the tests that 
were carried out between 8:00 and 12:00. Animals were used only 
once throughout the experiments. All animal care and experimental 
procedures were carried out in accordance with the National 
Institutes of Health Animal Care Guidelines (NIH publications No. 
80-23) and were approved by the Ethics Committee for Animal 
Use (CEUA)-UNISUL, under protocol number 16.026.5.01.IV. The 
number of animals and intensity of noxious stimuli used were 
the minimum necessary to demonstrate the consistent effects of 
treatments. Experimenters were blinded to treatment conditions. 

Chemical Reagents

GABAP (1-[Aminomethyl]-cyclohexaneacetic acid) and caffeine 
(1,3,7-trimethylxanthine) were purchased by Sigma Chemicals Co. 
(St Louis, MO, U.S.A.) and were dissolved in sterile saline solution 
(0.9%), immediately before the experiments. Atrovastatin was 
purchased by Medley (São Paulo, SP, Brazil) and dissolves as GABAP.

Crushing-Induced Nerve Injury 

Mice were kept anesthetized by the inhalation of 2% isoflurane 
plus 100% oxygen. To obtain nerve injury, the sciatic nerve was 
located through a 2 cm long rectilinear cutaneous incision on the 
lateral side of the thigh, from the major trochanter to the knee. 
After exposure, the nerve was crushed in an area of 5 mm in length 
proximal to its trifurcation, using a clamp specially made for this 
purpose, calibrated for an approximate static load of 5.0 g. After 
this, the nerve was reattached to its bed of origin and the surgical 
wound was closed by planes with isolated 5-0 gauge nylon stitches 
(Ethicon, Edimburg, UK). In the control group, the nerve was 
exposed but not crushed (sham group).

Drug Infusions 

From days 2 to 21 after crushing of the nerve animals were 
treated with GABAP (10, 30 and 100 mg/kg, intragastric [i.g]), 
ATORV (3 or 10 mg/kg, i.g) or sterile saline (0.9% NaCl solution) 
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and mechanical hyperalgesia or grip force were evaluated at 
different time points after its administration. Sham animals were 
subjected to the same procedures but were only treated with saline 
(0.9% NaCl solution).

Study Outlines

The main outcomes of this study were the mechanical 
hyperalgesia evaluated by the von Frey test and the grip force. For 
the evaluation of mechanical hyperalgesia, mice were individually 
placed in clear Plexiglas boxes (9 cm × 7 cm × 11 cm) on elevated 
wire mesh platforms to allow access to the ventral surface of the 
right hand paw. The withdrawal response frequency was measured 
following 10 applications (manually, duration of 3 s each) of a 
0.6 g von Frey hair (VFH, Stoelting, Chicago, IL, USA), responsible 
to produce a mean withdrawal frequency of about 20% [21]. 
Data are presented as the percentage of the animal’s response 
in 10 applications, with 100% being 10/10 and 0% being 0/10 
responses. A significant increase in the number of responses, at the 
different periods of times as mentioned above, was interpreted as 
mechanical hyperalgesia. Indirect evaluation of motor function was 
performed by the grip force test of the limb subjected to crushing. 
The apparatus consists of a force transducer connected to a small 
metallic support, from which the difference (∆) of the force (in g) 
that the animal exerted during the holding of this support with 
the member that suffered the injury was recorded to the member 
that has not undergone the crushing procedure. The apparatus 
was calibrated prior to each experiment and the animals were 
habituated to the experiment room for at least 1 h prior to the test.

Evaluation of the Effectiveness of the Association of 
GABAP + ATORV on Hyperalgesia and Motor Function in 
the Sciatic Nerve Crush Model of Paw Edema 

In order to confirm the antihyperalgesic effect of GABAP in 
this model, different animals were submitted to the nerve injury 
procedure as described above and were treated daily between day 
2 and day 21 after the sciatic nerve crush procedure with i.e. vehicle 
(saline solution, 10 ml/kg) or GABAP administration at doses of 
10, 30 and 100 mg/kg for selection of the dose to be used in this 
study. These doses of GABAP and observation periods were chosen 
from a study conducted in our laboratory [22], also considering the 
minimum time required for the installation of the neuropathic pain 
process in the model. After chosen better dose of GABAP to be used 
in this study, the possible benefit of ATORV alone (3 mg / kg) or in 
combination with GABAP (30 mg/kg) was investigated at doses of 
3 or 10 mg/kg, these doses were selected from previous work [23-
28]. At days zero (basal), 7, 14 and 21 days after injury, the animals 
were evaluated in relation to mechanical hyperalgesia and grip 
force, as previously described.

Comparison of the Levels of Anti-Inflammatory Cytokine 
(Il-10) and Neurotrophins (BDNF and IGF-1) from the 
Sciatic Nerve in Animals Under Different Treatments

The next protocol was carried out to investigate, if possible, 
changes in the levels of cytokines and neurotrophins in the nerve 
could be related to an increase of the late hyperalgesia (neuropathic 
pain) observed in the model, as well as possible influences of 
the different treatments on these markers. On the 7th day after 
the induction of the nerve injury by crushing, animals were 
euthanized and the sciatic nerve was removed by incision. The 
distal portion of the nerve was homogenized with PBS containing 
Tween 20 (0.05%), 0.1 mM phenylmethylsulfonyl fluoride, 0.1 mM 
benzomethonium chloride, 10 mM EDTA, and 2 ng/ml aprotinin 
A. The solution formed was centrifuged at 3,000 x g for 10 min at 
4°C, and the supernatant was stored at -80°C for a maximum of 2 
weeks. Cytokine or neurotrophin levels were determined using 
specific ELISA kits (R&D systems) according to the manufacturer’s 
recommendations.

Statistical Analysis

Results are presented as the mean ± standard errors of the 
mean (S.E.M.) for each group. A statistical comparison of the data 
was performed by two-way ANOVA followed by Bonferroni’s 
test or one-way ANOVA followed by Newman-Keuls’s test when 
appropriated. P-values less than 0.05 were considered to be 
statistically significant.

Results
In the present study crushing of the sciatic nerve induced a 

behavior of mechanical hyperalgesia in relation to the sham group, 
already observed from the 7th day after the procedure (Figure 
1, Panel A). On the other hand, the treatment of animals with 
GABAP at doses of 30 and 100 mg/kg (intragastric) promoted an 
antihyperalgesic effect when compared to the vehicle group. The 
antihyperalgesic effect of GABAP was observed on the 7th day after 
the nerve injury (Figure 1, Panel B), remaining until the highest 
evaluation time used in this study, 21 days after the injury (Figure 1, 
Panel C). In this last observation period, the percentage of inhibition 
of the hyperalgesic effect induced by the lesion after treatment 
with 30 mg/kg GABAP (12.50 ± 5.26% response) in relation to the 
vehicle group (65.71 ± 8.41% response) was 81.0%. On the other 
hand, in the present study GABAP, at doses of 30 and 100 mg/kg, did 
not influence the effect of reduction of grip strength of the affected 
limb induced by nerve injury in the periods (Figure 2, Panel A). On 
the 21st day after sciatic nerve injury (Figure 2, Panel B), the mean 
values of the right hind paw grip strength difference compared to 
the left hind paw for the different groups were sham: 0.76 ± 1.23 g, 
vehicle: -5.19 ± 0.92 g, GABAP 10 mg/kg: -4.48 ± 0,69 g, GABAP 30 
mg/kg: -5.01 ± 2.08 g and GABAP 100 mg/kg: -4.78 ± 1.00 g.
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Figure 1: Influence of GABAP on the hyperalgesia observed in the sciatic nerve crush model in mice. Data are expressed as 
the mean ± standard error of the mean (n= 8 animals). (*)represents the comparison with the sham group; (#)represents the 
comparison with the vehicle group. Two-way (Panel a) or One-way ANOVA (Panels b and c), followed by the Dunnets’s test; 
P  0.05.

Figure 2: Influence of GABAP on the grip force in mice. Data are expressed as the mean ± standard error of the mean (n= 8 
animals). (*)represents the comparison with the sham group. Two-way (Panel a) or One-way ANOVA (Panel b), followed by 
the Dunnets’s test; P  0.05.

When animals were treated with a combination of GABAP 
(30 mg/kg) with different doses of ATORV (3 and 10 mg/kg), as 
shown in (Figure 3, Panel A) there was no difference statistically 
significant on this antihyperalgesic effect in the tests performed 
on day 7 (Figure 3, Panel B). On the 21st day after the injury, the 
percentages of inhibition of the hyperalgesic effect induced by 
the lesion after the different treatment groups were sham: 8.57 
±4.04 % of response, vehicle 76.00 ± 11.66% of response, GABAP 
30 mg/kg: 26.67 ± 4.21% of response, ATORV 3 mg/kg: 36.67 ± 
10.85% of response, GABAP+ATORV 3 mg/kg: 8.57 ± 4.04% and 
GABAP+ATORV 10 mg/kg: 10.00 ± 4.47% of response (Figure 3, 

Panel C). Regarding motor function, ATORV alone (3 mg/kg), as 
well as GABAP 30 mg/kg) did not influence the effect of reducing 
the grip force of the affected limb induced by the nerve injury in the 
evaluated periods (Figure 4, Panel A). On the other hand, as can be 
seen in Figure 4, on the 21st day after sciatic nerve injury (Panel 
B) the mean values of the right hind paw grip force compared to 
the observed at paw of the animals treated with ATORV 3 mg/kg+ 
GABAP 30 mg/kg (-1.29 ± 1.22 g) or ATORV 10 mg/kg+GABAP 30 
mg/kg (-1.72 ± 1.74 g) were no longer statistically significant in 
relation to the sham (2.00 ± 1.38 g) and vehicle (-4.19 ± 0.57 g) 
groups.
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Figure 3: Influence of ATORV, alone or in combination with GABAP on the hyperalgesia observed in the sciatic nerve crush 
model in mice. Data are expressed as the mean ± standard error of the mean (n= 8 animals). (*) represents the comparison with 
the sham group; (#)represents the comparison with the vehicle group. Two-way (Panel a) or One-way ANOVA (Panels b and 
c), followed by the Dunnets’s test; P  0.05.

Figure 4: Influence of ATORV, alone or in combination with GABAP on the grip force of the affected limb at different time 
periods in mice. Data are expressed as the mean ± standard error of the mean (n = 8 animals). (*)represents the comparison with 
the sham group. Two-way (Panel a) or One-way ANOVA (Panel b), followed by the Dunnets’s test; P  0.05.

The results shown in Figure 5 demonstrate that the levels of 
BDNF (105.30 ± 12.53 pg/mg protein) and IGF-1 (399.60 ± 61.30 
pg/mg protein) were increased in animal groups (11.51 ± 3.69 
pg/mg of protein and 25.84 ± 4.91 pg/mg of protein, respectively) 
submitted to the nerve injury by crushing (vehicle groups). In 
addition, for BDNF (Figure 5, Panel A) treatment with either GABAP 
(34.92 ± 5.92 pg/mg protein) or ATORV alone (33.77 ± 4.20 pg/
mg protein), or in combination (30.33 ± 5.88 pg/mg protein), 
promoted a reduction in the levels of this neurotrophin in relation 
to the group with nerve damage (data above). Despite this, no 
statistically significant differences were observed in the mean 

values of the three treatment groups. On the other hand, in the 
case of neurotrophin IGF-1 ±, while the treatment of animals with 
GABAP (388.30 ± 38.57 pg/mg protein) or ATORV (306.50 ± 16.72 
pg/mg of protein) alone did not change in relation to the group that 
suffered the nerve damage (data above), the association of the two 
drugs caused a statistically significant reduction in relation to this 
group (210.40 ± 23.92 pg/mg protein). The percentage inhibition 
of IGF-1 levels in the group treated with drug combinations was 
47.35% relative to the vehicle group. Finally, no changes in IL-10 
levels were observed between any of the study groups (Figure 5, 
Panel C).
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Figure 5: Influence of ATORV, alone or in combination with GABAP on the levels of IL-10, BDNF and IGF-1 in the sciatic nerve. 
Data for BDNF and IGF-1 are expressed as mean ± standard error of the mean (n= 8 animals), while for IL-10 are presented 
as median ± interquartile range. (*) represents the comparison with the sham group; (#) represents the comparison with the 
vehicle group. One-way ANOVA followed by Dunnets’s test; P  0.05.

Discussion
The mechanisms responsible for nerve regeneration and 

chemical factors are not completely elucidated. Some patients 
already use some medications of continuous use, including statins 
in older patients which can be associated to other drugs to relieve 
pain and prevent neuropathies, such as gabapentinoids. The effects 
of these drugs and their combinations are under invetigated, 
justifying the interest in assessing the effect of the association of 
ATORV with GABAP on parameters of sensory and motor activity 
in a model of crushing-induced nerve injury. Our data that GABAP 
was antihyperalgesic on crushing model agree with the literature, 
since the GABAP also showed reduction of sensorial information 
in other studies involving thermal hyperalgesia or motor function. 
Besides of this, it broadens those in the literature, since no records 
were found for the effects of GABAP on mechanical hyperalgesia 
and grip strength in mice after sciatic nerve crush injury. In respect 
to that observed to ATORV in the present study, it was observed that 
this drug alone promoted antihyperalgesic activity in the model 
between days 7 and 21 after the injury. The association of ATORV 
to GABAP did not alter the antihyperalgesic effect of GABAP alone 
on day 7, but the increase in antihyperalgesic action on the 21st day 
was evident. 

These findings reinforce the benefit observed with the treatment 
of animals with ATORV in models where their neuroprotective action 

has been investigated; in rats with ischemia and multiple sclerosis, 
the drug protected the neurons from the injury caused by free 
radicals or limited the secondary damage after spinal cord injury. 
Regarding the possible mechanisms associated with this effect 
of gapapentinoids on hyperalgesia and motor recovery, it could 
involve aspects of nerve regeneration. For ATORV, it is known that 
statins, particularly ATORV and sinvastatin, have been extensively 
studied in vivo for their positive neuroprotective effect on different 
models [25-27]. Thus, a synergistic effect between these two drugs 
may be suggested, especially if we evaluate our other findings for 
the association of ATORV to GABAP on the grip strength and BDNF 
levels, as discussed below. Statins are also related to pleiotropic 
effects such as anti-inflammatory, antiproliferative, antithrombotic 
properties and antioxidants.

In the present study, ATORV alone promoted an antihyperalgesic 
effect, this being another fact that had not yet been reported in the 
literature. However, since the mean values of hyperalgesia for both 
ATORV and GABAP, alone, reached values close to the control, it was 
not possible to observe a possible synergistic effect between both 
regarding this parameter. However, although in the grip force test 
the association of ATORV to GABAP did not promote a statistically 
significant improvement over this parameter, a rather important 
trend in this sense was noted by the fact that in this group the mean 
values of loss of grip strength decreased significantly in relation to 
the GABAP group alone and were very close to the values of the 
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control group. The almost significant effect of the association of 
ATORV with GABAP on motor recovery is striking, since in addition 
to the actions of these two drugs on nerve protection mentioned 
above, another action that could add to this would be a possible 
control of the inflammatory process; this idea is reinforced 
especially if we consider that the antihyperalgesic effect of both 
GABAP and ATORV are already observed on the 7th day after the 
injury, that is, a period in which the inflammatory component is 
more present.

Studies have shown that the suppression of the release of 
inflammatory cytokines after experimental injury of the peripheral 
nerve reflects a positive effect on neurological recovery. Despite this, 
it should be remembered that some researchers have also reported 
that statins may be toxic to neurons; in these cases, the toxicity 
seems to depend on factors such as the structural characteristics 
and the concentration of the agent employed, as well as the 
cholesterol content of the affected neural cell. In the present work, 
a finding that reinforces a possible anti-inflammatory action of the 
drugs ATORV and GABAP is that the levels of BDNF and IGF-1 in the 
nerve, increased after the nerve injury by crushing, after treatment 
with both drugs, alone or in association, have been reduced. The 
determination of the possible influence of the treatments with 
these two agents on these two mediators is justified, since studies 
focusing on the speed of axonal regeneration in the distal part of 
the nerve have so far focused on three groups of factors, including 
trophic factors such as IGF-1, IGF-2 and BDNF, as well as the 
neurotrophic factor derived from glial cell line and cytokines (IL-
6 and IL-10). It is known that BDNF and IGF-1 are induced in the 
distal part of the injured peripheral nerves. 

Thus, the fact that in the present study, the levels of BDNF in 
the nerve have reduced after treatment with ATORV and GABAP 
may suggest that by treatment with them there is a control of the 
inflammatory process that decreases the need for expression of this 
factor, even occurring for IGF-1 when treated with the combination 
of ATORV and GABAP. Confirmation for a possible anti-inflammatory 
effect of treatments in the present study was not possible since no 
changes were observed in the levels of IL-10 for any treatment in 
relation to the control group (sham). This is an anti-inflammatory 
cytokine that can inhibit the production of other proinflammatory 
cytokines, and its expression is increased in the distal portion of the 
sciatic nerve seven days after its crush injury. 

Conclusion
the findings of present study demonstrate the beneficial 

effect of GABAP or ATORV, alone, on mechanical hyperalgesia in 
the sciatic nerve crush model in mice. In addition, an important 
effect for the association of these drugs was observed on the grip 
strength in this model, and the influence of the two agents on 
the inflammatory process following the nerve injury may serve 

as a possible mechanism of action for the observed effects. As a 
perspective, it is suggested that the association of substances of 
different pharmacological classes, such as GABAP and ATORV, in 
products aimed at the treatment of comorbidities associated with 
nerve lesions can be evaluated in humans, mainly because they are 
already used in the population that is more neuropathic conditions, 
and epidemiological studies such as clinical trials may confirm the 
potential benefit raised here.
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