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Background: The sciatic nerve is a peripheral nerve and is more vulnerable to 
compression with subsequent short- or long-term neuronal dysfunction. The 
current study was designed to elucidate the possible ameliorative effect of L-car-
nitine and sildenafil (SIL) on sciatic nerve crush injury. We sought to determine 
the effects of L-carnitine, a neuroprotective and a neuro-modulatory agent, and 
SIL citrate, a selective peripheral phosphodiesterases inhibitor, on modulating 
neuro-degenerative changes due to sciatic nerve compression.
Materials and methods: The comparative effect of L-carnitine (at an oral dose of 
20 mg/kg/day) or SIL citrate (20 mg/kg/day orally) administration for 21 days was 
studied in a rat model of sciatic nerve compression. Sciatic nerve sections were 
subjected to biochemical, histological, ultrastructure, and immunohistochemical 
studies to observe the effects of these treatments on neurofilament protein. 
Results: The sciatic nerve crush injury group (group II) showed a sig-
nificant decrease in tissue catalase (CAT), superoxide dismutase (SOD) 
and increase in malondialdehyde (MDA) as compared to control group  
(p < 0.01). Histological changes in the form of degenerated and vacuolated axo-
plasm with areas of nerve fibre loss and pyknotic nuclei were reported. The blood 
vessels were dilated, congested with areas of haemorrhage and mononuclear 
cell infiltration. Histo-morphometrically, a statistically significant reduction in the 
nerve fibres’ number, mean axon cross-sectional area, myelin sheath thickness 
and a significant increase in collagen fibres’ percentage (p < 0.05) as compared 
to control group. Immunohistochemically, neurofilament protein was significantly 
downregulated as proved by a significant reduction in mean area per cent of neu-
rofilament expression. L-carnitine ameliorated the studied parameters through its 
neuroprotective effect while SIL, a selective peripheral phosphodiesterases (PDE-5) 
inhibitor, improved crush injury parameters but with less extent than L-carnitine.
Conclusions: These findings indicate the valuable effects of L-carnitine adminis-
tration compared to that of SIL citrate in alleviating the serious debilitating effects 
of sciatic nerve crush injury. Our results provide a new insight into the scope of 
neuroprotective and neuro-regenerative effects of L-carnitine in a sciatic nerve 
compression model. (Folia Morphol 2022; 81, 2: 421–434)
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INTRODUCTION
It is vital for the characteristic morphology of the 

peripheral nerve bundle to remain intact for normal 
autonomic, motor, and sensory nerve functions. Pe-
ripheral nerves injury results in transient or long-term 
neuronal dysfunction, often leading to subsequent 
social and economic disability [37].

The various types of nerve injuries include com-
pression (crush), stretch, and laceration [10]. Acute 
traumatic peripheral nerve injury induces tissue le-
sions at the damaged site, such as axonal degener-
ation, demyelination, multifocal loss of nerve fibres, 
oedema in the endoneurium as well as enhanced vas-
cular permeability with axoplasmic flow block [8, 55]. 
Persistent nerve crushing can affect microcirculation 
which play main role in nerve regeneration, oxygen 
supply and maintain neural conduction [23]. Release 
of nerve compression (reperfusion) leads to release of 
nerve tissue pressure and subsequent redeposition of 
nutrients and oxygen in high pressure and enhances 
free radicals formation leading to lipid peroxidation 
and tissue damage [54, 71]. 

The chances of sensory function returning are still 
very poor even with expert surgical repair, and this may 
have subsequent adverse effects on motor function, 
particularly fine motor skills [34]. If medical treatment 
is not available, death can occur in the injured nerve 
cell, resulting in functional loss [47]. Various agents 
have been tested via experimental trials in an attempt 
to prevent this loss of motor function [13, 20].

Carnitine is an amine with vitamin-like character-
istics and a non-amino acid structure [6]. There are 
two forms of carnitine: L-carnitine and its analogues. 
These have a protective effect against tissue ischaemia 
and subsequent reperfusion damage [55]. It is respon-
sible for the transportation of fatty acids from the 
cytoplasm to the mitochondria, allowing adenosine 
triphosphate production via oxidative phosphoryla-
tion process [36]. It may also play a role in acetylcho-
line synthesis and release. Acetyl L-carnitine also plays 
a role in neuron repair and balances nerve growth 
factor expression in the central nervous system [63].

Researches have evaluated the neuroprotective 
effect of acetyl-L-carnitine in patients suffering from 
neuropathic pain, nerve function loss, and damaged 
sciatic nerve. Furthermore, marked improvement and 
symptom relief has been reported in these patients 
[14, 32, 55].

Pettegrew et al. [51] studied the neuromodu-
latory and neuroprotective effects of carnitine on 

Alzheimer’s disease, revealing its beneficial effects on 
cognitive function and neurodegeneration in these 
patients. L-carnitine has also been shown to possess 
analgesic [22] and antidepressant properties [11].  
Moreover, L-carnitine has been reported to play  
a key role in treating diabetes-induced retinopathy 
and neuropathy as shown by a decrease in the level 
of L-carnitine in the sciatic nerve. Additionally, it exerts 
antinflammatory activity by decreasing interleukin 
(IL)-6, IL-1b, and tumour necrosis factor alpha (TNF-a) 
levels [69] and antifibrotic activity [46].

Sildenafil (SIL) is a selective peripheral phosphodi-
esterases (PDE-5) inhibitor and has been shown to 
have a therapeutic effect in improving erectile dys-
function by increasing the level of intracellular cGMP 
[25, 50]. Moreover, SIL also has a beneficial effect on 
several diseases [64] such as having peripheral antino-
ciceptive properties, resulting in the accumulation of 
intracellular cGMP [30]. Additionally, it exacerbates 
the antinociceptive character of different analgesics 
such as morphine, celecoxib, and indomethacin via 
the nitric oxide-cyclic guanosine monophosphate 
(NO-cGMP) pathway [17, 44]. According to the Amer-
ican Heart Association [5], SIL increases the level of 
brain neurotransmitters that enhances stroke recov-
ery. Furthermore, it can improve the neurological 
effects of brain neurotransmitters when administered 
to rats within 2–24 hours of stroke.

The present study was designed to elucidate the 
possible ameliorative effect of L-carnitine and SIL on 
sciatic nerve crush injury. To observe these effects, we 
conducted histological, ultrastructure, morphometric, 
and quantitative immunohistochemical studies in rats 
administered these agents.

MATERIALS AND METHODS
Animals

In this study, 65 adult female albino rats were 
obtained from the Menoufia University animal house 
located in the Faculty of Medicine. Each rat weighed 
approximately 200–220 g. The rats were housed in 
metal cages under suitable laboratory conditions  
(12 h light/dark cycle, with lights on from 07:00 to 
19:00). The environment was maintained a tempera-
ture of 22 ± 2°C during the experimental period. The 
rats had access to tap water and standard food ad 
libitum. The study was conducted in accordance with 
all international guidelines for animal care. All exper-
imental protocols and animal care were approved by 
the Experimental Animal Ethics Committee, Menoufia  
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University, Shibin Elkom, Egypt. This experiment  
was prepared and designed according to guidelines 
approved by the Menoufia University Ethical Com-
mittee.

Experimental design

The female rats were divided into four groups.  
—— group I: was designated as the control group, and 
was subdivided into four groups (n = 5 rats/group):

—— subgroup IA, in which rats did not receive 
any experimental treatment through the study 
duration;

—— subgroup IB (sham operation subgroup), in 
which the sciatic nerves were exposed on the 
right hindlimb of each rat without crushing;

—— subgroup IC (L-carnitine subgroup), in which 
rats were orally administered with L-carnitine 
(100 mg/kg/day) which was dissolved in dis-
tilled water for 21 days [6];

—— subgroup ID (SIL citrate subgroup), in this 
group rats were orally administered SIL citrate 
(20 mg/kg/day) which was dissolved in normal 
saline for 21 days [39];

—— group II (sciatic nerve crush injury group): animals 
were subjected to sciatic nerve crush injury (n = 15);

—— group III (L-carnitine-treated sciatic nerve crush 
injury group) animals were orally administered 
with L-carnitine at the same dosage and schedule 
as subgroup IC, and were subjected to sciatic 
nerve crush injury (n = 15);

—— group IV (SIL citrate-treated sciatic nerve crush 
injury group) animals were administered with 
SIL citrate at the same dosage and schedule as 
subgroup ID, and were subjected to sciatic nerve 
crush injury (n = 15).
The duration of the experiment was 21 days. 

Twenty-four hours after the final dosages were ad-
ministered, rats were anesthetised with an overdose 
of phenobarbital via inhalation (200 mg/kg) then 
sacrificed by rapid cervical dislocation. The proximal 
segments of the sciatic nerve of the right hindlimb 
were obtained from each animal using scissors.

Drugs and chemicals

L-carnitine. L-carnitine base (350 mg) was ob-
tained in tablet from MEPACO–MEDIFOOD (Arab 
Company of Pharmaceuticals and Medicinal Plants, 
Sharkeya, Egypt). Each tablet was dissolved in distilled 
water to obtain the required dose, and was used 
immediately subsequent to dilution.

Sildenafil citrate. SIL citrate (VIAGRA) was ob-
tained in tablet form, and each tablet contained  
50 mg of the active ingredient (Pharmaco-Vigilance 
Centre, Pfizer Pharmaceutical Company, Dokki, Egypt). 
The estimated dose was suspended in normal saline.

Surgical procedure

Rats were anesthetised before surgery via intra-
peritoneal injection of ketamine (100 mg/kg body 
weight) (Pfizer, New York, USA) and 10 mg/kg xylazine 
(Xyla-Ject, ADWIA Pharmaceuticals Co, El Obour City, 
Egypt) [53, 74].

Nerve crushing was performed on the right hind 
limb. The area of incision was shaved, and skin was 
sterilised with 10% povidone iodine. A 2-cm incision 
was then performed along the proximal half of the line 
between the greater trochanter and the knee joint. To 
expose the sciatic nerve, a splitting incision was made in 
the gluteal muscle. The vastus lateralis and biceps femo-
ris muscle were then separated using artery forceps [53].

Nerve crush was performed by applying sustained 
pressure for 15 s to the exposed sciatic nerve with 
artery forceps, at an area 1 cm proximal to the sciatic 
nerve division into the tibial and common peroneal 
nerves. To confirm complete nerve crush injury with 
intact epineurium, a microprobe was used to elevate 
the nerve slightly and confirm the appearance of  
a clear area within the nerve, as shown in Figure 1. Fi-
nally, the skin incision was sutured, and rats were kept 
warm by placing them on a heating pad [53]. Each rat 

Figure 1. Exposure and compression of the sciatic nerve;  
A, B. Sciatic nerve exposure; C, D. Sciatic nerve compression.
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received (10 mg/kg) kataflam (Novartis Pharmaceuti-
cals Corporation, East Hanover, New Jersey, USA) via 
intramuscular injection for pain relief and (10 mg/kg) 
flumox (Egyptian Int. Pharmaceutical industries CO 
EIPICo, 10th Ramadan City, Egypt) via intramuscular 
injection to prevent secondary bacterial infection. 
The local antibiotic Biovitracin spray (Egyptian Com-
pany for Advanced Pharmaceuticals, Giza, Egypt) was 
also applied once daily in spray form (two puffs) to 
treat local infection. All medications were used for 
5 days to facilitate healing. The right hind limb was 
obtained after animal scarifications and divided into 
two samples. The first was subjected to histological 
study and the second was kept in an Eppendorf tube 
and stored at –80oC until the day of the experiment 
for biochemical study.

Evaluation methods

Biochemical study. The frozen sciatic nerve spec-
imens were homogenized in cold 0.9% NaCl using 
glass homogenizer. The homogenates were centrifuged 
to obtain the supernatant fraction for catalase (CAT), su-
peroxide dismutase (SOD) and malondialdehyde (MDA) 
determination [70]. Sciatic nerve tissue MDA levels were 
estimated using Mihara and Uchiyama [43] method 
based on estimating colour absorbance of complex 
result from MDA and thiobarbituric acid mixing in an 
acidic environment at 532 nm using turnable microplate 
reader (Molecular Devices, LLC, Sunnyvale, CA, USA). 
MDA values were expressed as nmol/g wet sciatic tissue.

Catalase levels in sciatic nerve tissue (CAT) were 
measured using Goth’s [26] method which depend 
on measuring the absorbance of yellow coloured 
complex developed from ammonium molybdate and 
hydrogen peroxide at 405 nm. Tissue CAT result was 
expresses as U/mg protein. Tissue superoxide dismu-
tase (SOD) was evaluated using Sun et al.’s [60] meth-
od. It depends on nitroblue tetrazolium reduction by 
O2 s and measuring the absorbance of the resulting 
purple formazan molecule at 560 nm using turnable 
microplate reader (VERSA max). The final SOD activity 
was obtained by dividing SOD activity on total protein 
level and expressed as U/mg protein.

Histology. Sciatic nerve specimens were fixed in 
10% formal saline for 24 h and then processed for 
paraffinization. The paraffin blocks were cut into 
slices (of 5 μm thickness), and haematoxylin and eo-
sin (H&E) staining was conducted to determine the 
general architecture of the sciatic nerve [59].

Histochemistry. Paraffin slices were stained with 
Masson trichrome (MT) stain to visualise collagen 
fibres [9].

Immunohistochemistry. The avidin-biotin-per-
oxidase method was used for immunohistochemical 
study of neurofilament protein expression. Paraf-
fin-embedded tissue sections were placed on poly-L-ly-
sine coated glass slides, followed by deparaffinization 
and rehydration in ethyl alcohol. To block endogenous 
peroxidase activity, the slides were incubated with 
3% hydrogen peroxide in a humidity chamber for 
10–15 min, then washed three times with phosphate 
buffered saline (PBS) for 10 min. Sciatic nerve sections 
were incubated with primary antibody (polyclonal 
rabbit anti-neurofilament-200, N4142, Sigma-Aldrich) 
for 1 h at 4°C. Primary antibody was diluted at 1:80 
in PBS and kept in a humidity chamber. Sections 
were first incubated with secondary antibody (1:200, 
ab97055; Abcam, Cambridge, MA, USA) in PBS for 
30 min at 37°C after washing 3 times. Then, section 
were incubated with the avidin-biotin-peroxidase 
complex (Universal Elite ABC kit PK-6200; Vectastain, 
Burlingame, CA, USA) for 30 min followed by rinsing 
with PBS. Sections were then stained with Vexation 
diaminobenzidine (DAB) (Kit HK153–5K; Biogenex,  
San Ramon, CA, USA) for 10 min to visualise the 
areas of antibody immunostaining. Finally, the sec-
tions were washed with tap water. The sections were 
counterstained with haematoxylin, dehydrated, 
cleared, and covered with glass mounted with Canada  
balsam (C1795, Sigma-Aldrich). The primary anti-
body was replaced by PBS and served as a negative 
control. Rat cerebral cortex was used as a positive 
control. Positive expression of neurofilament protein 
in the cytoplasm of the nerve fibres was indicated by  
a brown colour.

Transmission electron microscopy (TEM). Sci-
atic nerve was cut into small pieces (1 mm3) and 
kept in 2.5% gluteraldhyde for 24 h for fixation. 
Using an ultra-microtome 0.5–1 µm-slices were 
obtained as semithin sections and subjected to 
toluidine blue staining for analysis via light micros-
copy. The blocks were trimmed, and some areas 
were selected for ultrathin sections preparations. 
The blocks were encapsulated in a copper grid. 
Uranyl acetate and lead citrate stains were used for 
ultrathin sections staining, followed by examination 
using a TEM (Seo-Russia) in the Alexandria Medical 
Research Institute [9].
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Quantitative assessment

Image J software (version K.1.45) was used for 
measuring the following parameters:

—— the number of myelinated axons (nerve fibre 
number);

—— axon cross-sectional area;
—— myelin sheath thickness in apparently non-degen-
erated nerve fibres;

—— the percentage of collagen fibres;
—— mean percentage of the area of positive neurofil-
ament protein expression.
The quantitative measurements were performed 

by using a Leica DML B2/11888111 microscope con-
tained Leica DFC450 camera and were evaluated and 
measured. For each of the chosen groups, five slides 
were selected from each specimen. Ten non-over-
lapping fields were picked up for measurement at  
a 40× magnification.

Ethical approval

All relevant institutional, national, and interna-
tional guidelines related to animal use and care was 
followed. All methods and strategies were managed 
according to the guidelines approved by the Animal 
Research Ethics Committee, Menoufia University, Fac-
ulty of Medicine. 

Statistical analysis

Image analysis data were obtained, and their 
means ± standard deviation (SD) were calculated 
and statistically analysed. The different groups were 
compared using various parameters using one-way 
analysis of variance (ANOVA) and then post-hoc Bon-
ferroni test to determine statistical significance. Data 
were considered statistically significant and highly 
significant at p < 0.05 and 0.001, respectively. The 
results were listed in tables and plotted graphically.

RESULTS
Histochemical results

Oxidative enzymes’ results in all studied groups are 
represented in Figure 2A, B. Compared with control 
group (group I), tissue CAT and SOD activities were sig-
nificantly decreased (79.31 ± 46 vs. 154.18 ± 50 U/mg  
protein and 86.82 ± 26.31 vs. 191.4 ± 45 U/mg protein, 
respectively) while MDA was significantly increased 
(6.61 ± 2.51 vs. 1.53 ± 1.1 nmol/mg protein) in crush 
group (group II) (p < 0.05) as compared to group I. 
After L-carnitine treatment, tissue CAT and SOD activities 
were significantly elevated (139.25 ± 45 vs. 79.31 ± 46 

and 175.32 ± 41 vs. 86.82 ± 26.31 U/mg protein, re-
spectively) and MDA level declined significantly (2.06 ±  
± 0.98 vs. 6.61 ± 2.51 nmol/mg protein) as compared 
to group II (p < 0.05). However, administering SIL 
also increased CAT and SOD activities (99.54 ± 39 vs.  
79.31 ± 46 and 109.62 ± 27 vs. 86.82 ± 26.31 U/mg  
protein, respectively) and decreased MDA activity  
(4.95 ± 1.92 vs. 6.61 ± 2.51 nmol/mg protein) as com-
pared to group II but the difference was not statistically 
significant.

Figure 2. A. A histogram revealing a significant decrease in cat-
alase (CAT) and superoxide dismutase (SOD) level in group II as 
compared to control group (0p < 0.05) and were significantly  
elevated in group III as compared to group II (*p < 0.05);  
B. A histogram revealing a significant increase in the malondi­
aldehyde (MDA) level in group II as compared to control group  
(0p < 0.05) and declined significantly in group III as compared  
to group II (*p < 0.05); SIL — sildenafil (+p < 0.05).
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Histological results

H&E-stained longitudinal sections of the different 
studied groups were examined using light microscopy. 
In the control group (group I), the nerve fibres were 
parallel, and were packed together with Schwann cell 
nuclei between the nerve fibres (Fig. 3A). Sections from 
the sciatic nerve crush injury group (group II) showed 
various histological changes, including degenerated 
and vacuolated axoplasm with areas of nerve fibre loss 
with pyknotic nuclei. The other sections showed dilated 
and congested blood vessels with areas of haemor-
rhage and mononuclear cell infiltration (Fig. 3B, C).

Additionally, in the sections from the L-carni-
tine-treated sciatic nerve crush injury group (group III), 
regeneration and some vacuolation was observed in 
most nerve fibres, with Schwann cell nuclei observed be-
tween them (Fig. 3D). Moreover, in the SIL citrate-treat-

ed sciatic nerve crush injury group (group IV), most 
nerve fibres showed widespread vacuolation (Fig. 3E).

The longitudinal sciatic nerve sections from group I  
control rats showed minimal collagen fibres between 
nerve axons after MT staining (Fig. 3F). A marked 
increase in collagen fibres was observed in sections 
from group II compared to the group I control sec-
tions (Figs. 3G). A mild increase in collagen fibres 
was observed in group III (Fig. 3H), while a moderate 
increase in collagen was observed in group IV (Fig. 3I). 
A statistically significant increase in the percentage of 
collagen fibres (p < 0.05) was observed in both group II  
and group IV (18.33 ± 2.51 and 13.0 ± 1.65, respec-
tively) compared with that in group I (1.67 ± 0.58). 
However, the percentage of collagen fibres significantly 
decreased in group III when compared with that in 
group IV (5.50 ± 0.71 vs. 13.0 ± 1.65, p < 0.05).  

Figure 3. Representative photomicrographs of longitudinal rat sciatic nerve sections from each of the experimental groups; A. Control group 
I showing myelinated nerve fibres (F), with Schwann cell nuclei (arrow) between the fibres; B. Group II showing discontinuity of most nerve 
fibres (red arrow), with vacuolated axoplasm (V), some pyknotic nuclei (arrow head), and areas of nerve fibre loss (*); C. Group II showing 
nerve fibres with widespread vacuolations (V), mononuclear cell infiltration (curved arrow), and dilated congested blood vessels (BV) with 
areas of haemorrhage (notched arrow); D. Group III showing regeneration of most of the nerve fibres (F). Some vacuolation (V) can be seen 
in the fibres with Schwann cell nuclei (arrow); E. Group IV showing widespread vacuolations (V) (haematoxylin and eosin staining, scale bar 
20 µm, 40× magnification); F. Control group I showing minimal collagen fibres between the nerve axon. A marked increase in collagen fibres 
was observed in group II (G), a mild increase was observed in group III (H) and a moderate increase was observed in group IV (I) (Masson’s 
trichrome staining, scale bar 20 µm, 40× magnification); J. Histogram demonstrating a significant increase in the percentage of collagen 
fibres in both groups II and IV when compared with that in control group I (0,+p < 0.05). The percentage of collagen fibres was significantly 
reduced in group III compared with that in group II (*p < 0.05), and significantly decreased in group III compared to group IV (*p < 0.05).
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Furthermore, the percentage of collagen fibres in 
group III was reduced compared with that in group II  
(5.50 ± 0.71 vs. 18.33 ± 2.51, p < 0.05) (Fig. 3J). 

Immunohistochemical results

Immunohistochemical staining of the longitudinal 
sciatic nerve sections revealed that neurofilament 
protein was significantly downregulated in groups II 
and IV (3.80 ± 0.52 and 7.40 ± 0.89, respectively) 
compared with its expression in group I (34.40 ±  
± 3.1) (p < 0.05). Moreover, neurofilament protein 
was significantly downregulated in group IV com-
pared with that in group II (p < 0.05). In contrast, 
neurofilament protein was significantly upregulated 
in group III compared with its expression in group II  
(28.60 ± 2.64 vs. 3.80 ± 0.52, p < 0.05) (Fig. 4A–E).

Results of toluidine blue staining of semithin 
sections

Control group semithin sections stained with 
toluidine blue demonstrated that part of the nerve 
bundles were surrounded by perineurium. The myeli-
nated nerve fibres had regular oval or rounded myelin 
sheaths, and were stained dark blue around the light 
blue-stained axons. The blood vessels could also be 
observed (Fig. 5A). Group II showed degenerative 

changes in the myelin coat, with disintegrated myelin 
fragments completely covering normal fibre sections 
areas or compressing the axons. Few nerve fibres 
with thin myelin could be seen (Fig. 5B). Group III  
showed restoration of the normal appearance of mye-
lin sheaths compared with the control group (Fig. 5C).  
Group IV had many myelinated nerve fibres with an 
irregular myelin sheath, with myelin in-folding and 
out-folding and degenerated axons (Fig. 5D).

There was a statistically significant reduction in the 
number of nerve fibres (p < 0.05) in both groups II  
and IV (2.00 ± 0.11 and 4.41 ± 0.89, respective-
ly) when compared with that in the control group 
(28.24 ± 4.44). However, the number of nerve fibres 
increased in group III compared with that in group II 
(24.29 ± 1.89 vs. 2.00 ± 0.11, p < 0.05). Moreover, 
the number of nerve fibres increased in group III 
when compared with that in group IV (24.29 ± 1.89 
vs. 4.41 ± 0.89, p < 0.05) (Fig. 5E).

	There was a statistically significant decrease in the 
mean axon cross-sectional area in groups II and IV  
(8.68 ± 1.75 vs. 14.11 ± 2.89 μm2, respectively) 
compared with that in the control group (40.95 ±  
± 2.87 μm2, p < 0.05). However, a significant reduc-
tion was observed in the mean axon cross-sectional 
area in group IV compared with that in group III 

Figure 4. Representative neurofilament immunostaining in rat sciatic nerve sections from the different experimental groups. Immunostaining 
revealed that neurofilament protein expression was significantly downregulated in groups II and IV compared with the adult control group I 
(0,+p < 0.05) (A, B, D, E), and also in group IV compared with group II (+p < 0.05) (B, D, E). In contrast, a significant upregulation was 
observed in group III compared with that in group II (*p < 0.05) (B, C, E) (scale bar 20 µm, 40× magnification).
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(14.11 ± 2.89 vs. 36.26 ± 2.53 μm2, p < 0.05). 
Moreover, there was a significant increase in the mean 
axon cross-sectional area in group III compared with 
that in group II (36.26 ± 2.53 vs. 8.68 ± 1.75 μm2, 
p < 0.05) (Fig. 5E).

The thickness of the myelin sheath significantly 
decreased (p < 0.05) in groups II and IV (0.84 ±  
± 0.14, 0.91 ± 0.06 μm vs. 1.55 ± 0.39, respective-
ly) as compared with the control group. Moreover,  
a highly significant increase (p < 0.05) in myelin 
sheath thickness was reported in group III compared 
with that in group IV (1.84 ± 0.4 vs. 0.91 ± 0.06 μm, 
respectively). Additionally, there was a highly signifi-
cant reduction (p < 0.05) in myelin sheath thickness in 
group II compared with that in group III (0.84 ± 0.14  
vs. 1.48 ± 0.40 μm, respectively) (Fig. 5F).

TEM analysis 

Transmission electron microscopy analysis of the 
control group showed myelinated axons surround-
ed by a thick regular myelin sheath. The axoplasm 
contained mitochondria, neurofilaments, and micro-
tubules. Axons were enclosed by Schwann cell cyto-
plasm, and the Schwann cell had a large nucleus with 
peripheral heterochromatin. Groups of unmyelinated 
nerve fibres were also observed (Fig. 6A).

Transmission electron microscopy examination 
of group II showed irregular and distorted myelin 
sheaths. The sheaths did not have a uniform thick-
ness, and some had multiple vacuolations. Other 
myelin sheaths showed separation in the myelin 
sheath lamellae. Retracted degenerated myelinated 
axons with small vacuolation were observed in the 

Figure 5. Representative photomicrographs of the stained semithin rat sciatic nerve sections from the different experimental groups;  
A. Control group I showing bundles of nerve fibres. The myelinated nerve fibres have regular myelin sheaths (M) stained dark blue around 
the axons (A). The perineurium surrounds the nerve bundles (P), and blood vessels (BV) can be seen; B. Degenerative changes of the myelin 
coat in group II, with disintegrated myelin fragments covering the sections with normal fibres (arrow) or compressing the axons (A). Some 
have thickened myelin (M) and some nerve fibres have thin myelin (arrowhead); C. Group III showing restoration of the normal appearance of 
myelin sheaths (M) and axons (A) in most myelinated nerve fibres; D. Group IV showing many myelinated nerve fibres with irregular myelin 
sheaths (M), with in-folding, out-folding, and degenerated axons (A) (Toluidine blue, scale bar 10 µm, 1000× magnification); E. Histogram 
for the number of nerve fibres and the mean axon cross-sectional area showing a significant reduction in the number of nerve fibres and the 
mean axon cross-sectional area in both group II and group IV compared to that in group I (0,+p < 0.05). There were also increased numbers 
of nerve fibres in group III compared to those in groups II and IV (*p < 0.05). The mean axon cross-sectional area was increased in group III  
compared to group II (*p < 0.05). However, a significant reduction in the mean axon cross-sectional area was observed in group IV com-
pared to that in group III (+p < 0.05); F. Histogram showing a significant reduction in the mean of myelin sheath thickness in group II and IV 
compared to that in group I (0p < 0.05). A significant increase in myelin sheath thickness was reported in group III compared to that in group II 
and IV (*p < 0.05). However, a significant reduction in in the mean of myelin sheath thickness was observed in group IV compared to that  
in group III (+p < 0.05).
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axoplasm (Fig. 6B–E). The Schwann cell nucleus was 
irregular and indented with peripheral chromatin 
condensation. In another section, the Schwann cell 
cytoplasm had multiple vacuolations and dense bod-
ies (Fig. 6E, B).

Group III mostly demonstrated normal myelinated 
nerves with a regular compact myelin sheath and ho-
mogenous axoplasm. However, some nerve fibres still 

had splitting in the myelin sheath (Fig. 6F). Group IV 
had some nerve fibres with irregular myelin sheaths, 
with focal thickening compressing the axons (Fig. 6G)

DISCUSSION
Peripheral nervous system injuries are increasing 

in frequency, and pose a health hazard. Such injuries 
mostly affect young adults, resulting from traffic acci-

Figure 6. Representative electron micrographs of rat sciatic nerve sections from the different experimental groups; A. Cross-section of con-
trol group showing myelinated axons (A) ensheathed with a myelin sheath (M) of uniform thickness. The electron-dense dots present in the 
axons are neurotubules, neurofilaments (arrow), and mitochondria (arrow head). Schwann cells (Shc) have large nuclei (N) and enclose the 
myelinated nerve fibres. Unmyelinated nerve fibres are indicated (UM); B. Cross-section of the group II showing an irregular myelin sheath 
(M) with multiple vacuolations (V). These are enclosed by Schwann cells (Shc), which have vacuolated (V) cytoplasm and dense bodies (DB). 
We observed a compressed axon (A) with a small vacuolation (arrow head); C. Cross-section of the group II showing separation in the myelin 
sheath lamellae (yellow arrow); D. Cross-section of the group II with a thin and irregular myelin sheath (M) and axon retraction (*); E. Longitu-
dinal section of group II showing distortion of the myelin sheath (arrow) and an irregular indented Schwan cell nucleus (ShcN) with peripheral 
chromatin condensation; F. Cross-section from group III, showing that myelinated nerves appear nearly normal with a regular compact myelin 
sheath (M) and homogenous axoplasm (A). Some of the myelin sheaths have either splitting (yellow head arrow) or in-folding (red arrow), 
while others are thin and irregular (chevron arrow); G. Cross-section from group IV, showing an irregular myelin sheath (arrow) with focal 
thickening in some nerve fibres (red arrow) compressing the axons (A). (A–E, 17500× magnification) (F, G, 5000× magnification).
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dents, falls, and surgery [42]. These injuries may lead 
to lifelong debilitating disability, potentially resulting 
in loss of organ functions [76]. Feng and Yuan [21] 
concluded that drugs can be a reliable method for 
obtaining acceptable functional recovery in crush in-
jury, but that surgical repair is a more precise option 
for transection injury.

In a peripheral nerve crush injury, the mechanism 
of injury is unclear, as some nerve integrity is main-
tained. Emel et al. [19] have demonstrated that the 
possible mechanism of crush injury is due to mechan-
ical compression, followed by oedema and ischaemia 
of the crushed nerve fibres. Moreover, enhanced ara-
chidonic acid metabolism and both intracellular and 
extracellular endoperoxide accumulations occur at the 
lesion site as sequalae of morphological changes and 
deficient oxygen supply [73]. Zhang and Chopp [74] 
concluded that neurorepair processes (angiogenesis 
and neurogenesis) are activated in adults after the 
occurrence of various pathological conditions.

Sciatic nerve crush injury results in vasa nervosa 
damage and impairment of nerve blood flow if per-
sistent compressive ischaemia lasts for long period 
[45]. The pathology of crush injury in sciatic nerve may 
be due to various factors such as endogenous chem-
ical mediators’ accumulation, apoptosis, free radical 
generation and ischaemia [59]. Oxidative stress gives 
rise to cellular damage with activating apoptosis. 
Free oxygen radicles (ROS) are the main source of 
lipid peroxidation (LPO) and induce oxidative stress 
by modulating antioxidant activities [52]. Various 
antioxidant enzymes as CAT, SOD and glutathione 
peroxidase (GSH) can be involved in detoxification of 
ROS. CAT and SOD are capable of scavenging peroxide 
and superoxide anions [12]. Therefore, their elevated 
level in tissue pointed to raised antioxidant activity 
[58]. Hence, during cell injury, there is a reduction in 
antioxidant enzymes activity such as SOD, CAT and 
GSH [62]. On the other hand, MDA and myelop-
eroxidase activity was reported to increase due to 
inflammatory reaction associated with tissue injury 
leading to direct membrane function impairment and 
indirect cellular component damage [71]. 

In the current study tissue CAT and SOD activities 
were significantly decreased in crushed group as 
compared to control group (p < 0.05) while MDA 
was significantly increased (p < 0.05). Our findings 
were in line with Kocaoglu et al. [38] who reported 
same findings. They explained that nerve compression 
induced blood brain barrier disruption and nerve 

oedema with a decrease in peripheral nerve oxygen 
supply and morphological changes. The previous 
findings enhance arachidonic acid metabolism and 
permit unstable endoperoxides accumulation both 
extracellular and intracellular. Moreover, reperfusion 
after nerve compression causes free radical formation 
similar to ischaemia-reperfusion injury [73]. Nerv-
ous system injuries stimulate glutamate production, 
glutamate receptor activation and calcium ion accu-
mulation with subsequent induction of ROS, hydro-
gen peroxide, and superoxide anion formation. Lipid 
peroxidation cascades are initiated by oxidative stress 
leading to cell membrane damage during the initial 
period after injury [18].

Light microscopic examination of the H&E sec-
tions from the specimen of nerve crush injury group 
showed degenerated and vacuolated axoplasm, with 
areas of nerve fibre loss and pyknotic nuclei. Other 
sections showed dilated and congested blood ves-
sels with areas of haemorrhage and mononuclear 
cell infiltration. These findings were in accordance 
with those obtained by some researches [4, 40, 61]. 
These findings were supported by a significant reduc-
tion in the number of sciatic nerve fibres (p < 0.05)  
in the sciatic nerve crush group compared to that 
in control group. This was reflected by the weak 
anti-neurofilament antibody expression observed in 
the crush group. Tomassoni et al. [63] reported the 
apparent loss of both myelinated and unmyelinated 
nerve fibres after nerve ligation. Moreover, Di Cesare 
Mannelli et al. [15] determined that more significant 
axonal degeneration and nerve trunk apoptosis, along 
with Schewann cells DNA fragmentation in the nuclei, 
were reported in the distal end of the nerve.

In the current study, MT staining revealed a signifi-
cant increase in the perineurial and endoneurial collagen 
fibres in group II compared to those in group III and 
the control group (p < 0.05). This can be attributed to 
fibrin deposition as a consequence of sciatic nerve injury, 
resulting in enhanced nerve damage, alteration of the 
composition of the extracellular matrix and the sup-
pression of Schwann cell migration [16]. However, an 
inflammatory reaction with proinflammatory cytokines 
occurs due to fibrin deposition and macrophage accu-
mulation. This may induce tissue injury, but its main role 
lies in mechanisms involved in tissue regeneration [49]. 
Moreover, other studies involving sciatic nerve crush in-
jury have observed an increased number of endoneurial 
fibroblasts and an accumulation of connective tissue in 
the interfibre endoneurium [35].
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In this manuscript, we observed misexpression and 
weak neurofilament expression in group II; there was 
strong neurofilament expression in the nerve fibres 
in group III. Additionally, the mean percentage of 
the area of neurofilament expression increased in  
a significant manner (p < 0.05) in the control group 
compared to groups II and VI. Our results are in ac-
cordance with those obtained by Song et al. [58] who 
observed that a decrease in positive neurofilament 
expression in the nervous system microtubules was 
correlated with diabetes and various nerve injuries. 
This results from a disturbance in the synthesis and 
transport of neuronal substances, and therefore, the 
irregular activity in the nervous system.

The immunohistochemical findings from our study 
were supported by a significant increase in the num-
ber of sciatic nerve fibres (p < 0.05) in group III com-
pared to that in group II. These immunohistochemical 
findings are in line with those obtained by Khabiri et 
al. [33] who reported that olfactory ensheathing cells 
transplantation accelerates nerve axon myelination 
and regeneration following crush nerve injury. Omura 
et al. [48] concluded that neurofilament expression 
in sciatic nerve axons was correlated with early signs 
of nerve regeneration.

In the present study, TEM examination of the nerve 
crushed group showed irregular and distorted myelin 
sheaths with lamellar separation and degenerated 
myelinated axons. However, the Schwann cell nucleus 
was irregular and indented with peripheral chromatin 
condensation, while multiple vacuolations and dense 
bodies were reported in its cytoplasm. These results 
are consistent with previous research demonstrat-
ing myelin sheath degeneration and splitting [1, 2]. 
Furthermore, Tamaddonfard et al. [61] suggested 
that Schwann cells accumulation and the attraction 
of macrophages to the nerve injury site can assist 
scavengers of degenerated nerve axons and myelin 
sheath fragmentation to enhance the initiation of 
nerve regeneration. Moreover, previous studies have 
suggested that the regeneration process is influenced 
by inflammatory changes and oxidative stress at the 
injury site and the distal nerve [28, 56].

Yuan and Feng [72] demonstrated that Wallerian 
degeneration can occur after sciatic nerve crush injury, 
which involves nerve axon degeneration, Schwann 
cell accumulation, myelin sheath disintegration and 
macrophage infiltration. Moreover, Schwann cells and 
macrophages play a major role in the secretion of 
various cytokines and a variety of inflammatory medi-

ators, such as IL-1b, TNF-a and interferon, all of which 
regulate Wallerian degeneration [35, 57]. Additionally, 
damaged tissue proximal to the injured area may in-
hibit axonal extension and impair the healing process. 
Wallerian degeneration may assist macrophages and 
white blood cells accumulation to remove the dam-
aged myelin sheath and injured axons. Furthermore, 
accelerated Schwann cell division and differentiations 
plays a major role in axon renewal [41, 66, 75].

L-carnitine is a potent antioxidant with neuropro-
tective potential and can suppress oxidative damage 
in neurodegenerative diseases such as Parkinson’s 
and Alzheimer’s disease [3, 27]. It is considered as an 
exogenous neurotrophic factor, decreasing neuronal 
loss after nerve injury and improving neuronal regen-
eration [67]. Collectively, we explored the possible 
ameliorative effects of L-carnitine administration on 
sciatic nerve crush damage. L-carnitine administration 
improved the antioxidant status as proved in group III.  
Administration of L-carnitine after crush nerve injury 
improved all biochemical parameters as tissue CAT 
and SOD activities were significantly elevated and 
MDA level declined significantly (p < 0.05) as com-
pared to group II. It also reduces the damage to the 
axon and myelin sheath, with a near-normal struc-
ture observed in the nerve fibres. Our results were in 
accordance with findings reported by Avsar et al. [6] 
who studied the alleviating effect of L-carnitine on 
sciatic nerve crush injury in rats. It was found that 
L-carnitine had an effect on the recovery of sciatic 
nerve function as well as enhancing nerve regener-
ation and suppressing injury-induced degeneration 
in the nerve axon and its myelin sheath. Wilson et al. 
[68] and Babicova et al. [7] explained that L-carnitine 
blocked the cell death pathway at the mitochondrial 
level by limiting reactive oxygen species synthesis in 
addition to reducing the nitric oxide and nitric oxide 
synthase levels. 

Sildenafil is a PDE-5 inhibitor with neuroprotective 
effect, which is initiated by stimulating neurotrophic 
factors encountered in neuronal regeneration and 
survival [29]. In this manuscript, SIL administration 
in group IV led to a mild improvement in the histo-
pathological findings and biochemical parameters 
as proved by increased CAT and SOD activities and 
decreased MDA activity as compared to group II but 
the difference was not statistically significant. These 
results were in line with those obtained by Vakharia 
et al. [65] who studied the neuroprotective properties 
of SIL on facial nerve functional recovery following 
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nerve crush injury. The study concluded that SIL ad-
ministration following facial nerve crush injury had 
only a mild transient effect on the functional recovery 
of the facial nerve, despite its neuroprotective effect 
in previous studies. On the other hand, Garcia et 
al. [24] found that SIL could ameliorate oxidative 
and inflammatory stress on pelvic ganglion neurons 
after inducing damage to bilateral cavernosal nerve 
through compensatory elevated antioxidant enzymes. 
These findings were proved by an increase in NADPH 
complex expression such as p22-phox and toxol which 
represent the main source of ROS formation. It indi-
cates higher ability for superoxide production. It may 
also induce anti-inflammatory feedback. This was 
thought to occur by regulating inflammatory cytokine 
expression by preventing leukocyte accumulation and 
migration near the neuronal lesion. Moreover, Jeong 
et al. [31] studied the effect of SIL on the kidneys of 
streptozotocin-diabetic rats and reported diminished 
oxidative stress and reduced pro-inflammatory cy-
tokine expression.

Quantitative morphometric study demonstrated 
a significant increase in the thickness of the myelin 
sheath, the number of nerve fibres, and the axon 
cross-sectional area in L-carnitine-treated group. These 
findings were in agreement with those obtained by 
Avsar et al. [6] who concluded that L-carnitine had 
an excellent ability to prevent nerve function loss 
following nerve injury, accelerate nerve degeneration, 
and ameliorate axon and myelin sheath degeneration. 
On contrary to insignificant increase in the previous 
parameters in the group treated with SIL.

According to the histopathologic, immunohisto-
chemical, and histo-morphometric findings, L-carni-
tine had an alleviating effect on nerve crush injury 
lesions, and this effect was greater than that observed 
by SIL administration. This is suggestive of the more 
potent antioxidant and anti-inflammatory effect of 
L-carnitine with respect to nerve injuries.   

CONCLUSIONS
Nerve crush injury can result in serious debilitating 

effects which can be partially relieved by administer-
ing substances such as nutrients and drugs. In this 
study, by means of histopathology, electron micros-
copy, and morphometric studies, it was demonstrated 
that these effects may be alleviated by L-carnitine 
administration and minimally ameliorated by SIL up-
take. It provides a new scope to the neuroregenerative 
effect of L-carnitine on nerve compression.
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