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Objective(s): Most individuals who suffer from spinal cord injury (SCI) experience neuropathic 
pain, which currently has no effective treatment. In this study, we examined how testosterone affects 
neuropathic pain resulting from SCI. 
Materials and Methods: We administered three different doses of testosterone (4, 8, 16 mg/kg, 
intraperitoneal) to male rats after an electrolytic lesion of the spinothalamic tract. We then conducted 
behavioral tests, including open field and von Frey tests, within 28 days post-SCI. On day 28 after SCI, 
we analyzed spinal tissue using western blot to measure the levels of ionized calcium binding adaptor 
molecule 1 (Iba1), glial fibrillary acidic protein (GFAP), phospho-extracellular signal-regulated kinase 
(p-ERK1/2), and p-P38 at the injury site. 
Results: The results showed that testosterone significantly improved both motor activity and 
mechanical allodynia compared to the SCI-only group. Testosterone also inhibited microglia and 
astrocyte activation. Furthermore, testosterone significantly decreased p-P38 and p-ERK levels.  
Conclusion: The findings indicate that testosterone may alleviate SCI-induced neuropathic pain by 
inhibiting the activation of astrocytes and microglia, as well as suppressing MAPK signaling pathways.
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Introduction
Every year, between 250,000 to 500,000 people around 

the world suffer from spinal cord injury (SCI). Various 
reasons, such as accidents, can cause these injuries, falls, 
or acts of violence. Men are more likely to suffer from SCI 
than women. SCI is often associated with mobility issues, 
central pain syndrome, and metabolic abnormalities, 
which can ultimately lead to a decreased life expectancy 
and induction of depression (1). Central pain syndrome 
manifests as a continuous burning sensation that can be 
evoked by mechanical touch or temperature stimuli (2). 
The spinothalamic tract (STT) is an essential sensory 
pathway in the nervous system responsible for transmitting 
pain, temperature, and crude touch sensations to the 
somatosensory region of the thalamus. Studies have shown 
that preserved tissue bridges and the recovery of STT 
function are associated with the emergence and intensity 
of neuropathic pain after SCI (3, 4). Despite significant 
progress in understanding the molecular and cellular 
changes caused by SCI, current treatments for neuropathic 
pain are limited due to the complex pathophysiological 
mechanisms involved. Therefore, neuropathic pain remains 
one of the most challenging medical conditions to treat.

The development of new drugs is crucial for individuals 
suffering from neuropathic pain. In men, SCI can cause 
endocrine dysfunction, leading to changes in testosterone 
production. Studies have indicated that men with SCI 

generally have lower testosterone levels than healthy men 
(5, 6). Testosterone administration has been shown to 
enhance hearing and performance (7, 8), increase bone 
density, strength, and recovery, improve muscle tone, boost 
libido and energy levels (9), reduce anxiety and depression, 
and improve cognitive function (10).

Testosterone can cross the blood-brain barrier by 
binding to androgen receptors in the brain. This binding can 
prevent the growth of astrocytes and microglia, reducing 
the neuroinflammatory response and stimulating myelin 
regeneration and healing (11). These effects can help to 
reduce neuronal apoptosis (12). Additionally, testosterone 
therapy has been found to have some neuroprotective and 
neurotherapeutic effects (13) that can improve neuropathy 
and chronic pain, as well as the quality of life (14-16). 
However, researchers still need to conduct more studies to 
understand the underlying mechanisms of testosterone’s 
analgesic effects. In this study, we aimed to evaluate the 
mechanism of action of testosterone in reducing neuropathic 
pain after SCI.

Materials and Methods
Animals

For this study, a total of 42 adult male Wistar rats 
weighing 250–280 g were used. The rats were housed in a 
controlled environment with 12-hour light and dark cycles 
and provided free food and water access. All procedures 
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were approved by the Neuroscience Research Center 
ethics committee at Shahid Beheshti University of Medical 
Sciences (IR.SBMU.PHNS.REC.1394.57).

Spinal cord injury
The experiment involved administering a ketamine/

xylazine mixture to rats at a dose of 60/20 mg/kg through 
an intraperitoneal injection. A procedure similar to the one 
used in a previous study (17) was applied to induce SCI with 
a few adjustments. Specifically, the spinal cord at the T8-
T9 level was accessed through a laminectomy, targeting the 
spinothalamic tract (STT).

During the surgical procedure, the protective membrane 
around the spinal cord called the dura, was cut. The 
electronic device used in this study was the UGO Basile 
model 53500 from Italy, which was connected to a tungsten 
electrode with a 5 µm tip and 1 MΩ resistance. The electrode 
was inserted into the right STT according to stereotaxic 
integration at a depth of 1.6-1.9 mm and a midline lateral 
position of 0.5–0.7 mm. A pulse current of 300 μA for 60 
sec was passed through the electrodes to produce unilateral 
lesions. Following the surgery, each animal was given a 
single dose of antibiotics to prevent potential infections 
from surgery and sutures. Additionally, animals receive 
about 1 ml of sterile normal saline (S.C.) during surgery or 
post-surgery to maintain electrolyte balance in the case of 
intraoperative bleeding and dehydration.

Experimental groups
The rats in this study were divided into four main 

groups. The first group, known as the sham group (n=7), 
only underwent laminectomy without an electrolytic lesion. 
The second group, known as the injury group (n=7), was 
subjected to an electrical lesion. The third group, known 
as the injury+vehicle group (n=7), received an electrolytic 
lesion and 0.5 ml of sesame oil as a vehicle. Lastly, the 
treatment group was divided into three subgroups (n=7 
in each group) and given different doses of testosterone 
(Sigma–Aldrich, St. Louis, MO, USA) (4, 8, and 16 mg/kg) 
via intraperitoneal injection 30 min after the injury. 

Open field test
To evaluate the rats’ movement activity, a black wooden 

box measuring 60x60x40 cm was used. The rats were allowed 
to explore the environment for 30 min after which they were 
placed in one corner of the box and given 5 min to move around 
freely. During each trial, the distance and velocity of each 
mouse were recorded using the Ethovision software package 
(version 7, Noldus Information Technology, the Netherlands).

Mechanical allodynia
In order to evaluate the mechanical allodynia, von 

Frey filaments were used. The filaments were applied in 
ascending order to the dorsal surface of the hind paw of 
both legs, between the second and third toes of the paw. The 
paw withdrawal threshold was defined as the force at which 
the animal withdrew the paw to three out of the five stimuli 
applied. To calculate the final response, the average score 
from both legs was considered (18).

Western blot analysis
On Day 28, a western blotting analysis was conducted 

on the T8-T9 spinal segments at the lesion site, following a 
previously published protocol (19, 20). Total protein extract 
was obtained by homogenizing spinal cord tissue with a lysis 
buffer containing NaCl (150 mM), sodium deoxycholate 
(0.25%), Triton X-100 (0.1%), Tris-HCL (50 mM), SDS 
(0.1%), EDTA (1 mM), and protease inhibitor cocktail 
(1%). The tissue homogenate was then centrifuged at 12,000 
rpm for 45 min at 4 °C, and the protein concentration was 
determined using the Bradford assay. The protein samples 
were loaded on SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred to a polyvinylidene difluoride 
(PVDF) membrane. The membranes were incubated with 
non-fat dry milk 5% w/v, primary antibodies (anti-Iba1, 
anti-GFAP, anti-p-ERK, anti-p-P38 (1:1000), and anti-β 
actin (1:10000)) and secondary antibodies (rabbit or mouse, 
diluted at 1:3000). Finally, the membranes were reacted with 
the enhanced chemiluminescence kit (ECL solution) and 
exposed to x-ray films. The intensities of the bands were 
quantified using the Image J software. 

Statistical analysis
The statistical analysis was conducted using GraphPad 

Prism 8.0 Software. The data underwent one-way and two-
way ANOVA tests, followed by post hoc tests, including 
Tukey’s or Bonferroni’s. A significance level of P<0.05 was 
considered statistically significant. The results are presented 
as mean ± SEM.

Results
Motor activity

The analysis of the open field test data indicated that after 
the SCI, both the distance moved and velocity of movement 
in 5 min were significantly reduced on the 14th and 28th 
days (P<0.001). However, treatment with different doses of 
testosterone, especially at 16 mg/kg, significantly improved 
both parameters compared to the injury group (P<0.05) 
(Figure 1A & 1B). 

Figure 1. Effects of testosterone on motor function after spinal cord injury in rats
(A) Total distance moved and (B) velocity of movements. Data are shown as mean ± SEM (n=7). **P<0.01, ***P<0.001 versus sham; and ^P<0.05, ^^P<0.01 versus Injury+Vehicle 
group. Statistical comparisons were made using a two-way analysis of variance with the Bonferroni post-hoc test.
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Mechanical allodynia
At four weeks of follow-up, the sham group’s response 

to mechanical pain remained unchanged and was similar 

to that of day 0. However, spinothalamic pathway injury 
caused a significant and long-term reduction in the response 
threshold to mechanical stimulus, indicating mechanical 
allodynia on days 14 and 28 after the injury (P<0.001). 
Treatment with different doses of testosterone, particularly 
16 mg/kg, significantly alleviated the symptoms caused by 
SCI and increased the response threshold to painful stimuli 
(P<0.001) (Figure 2). 

GFAP and Iba1 expression
The levels of GFAP and Iba1 proteins in the spinal cord 

tissue after SCI were measured using western blot analysis 
(Figure 3A). The Injury group had significantly higher levels 
of GFAP and Iba1 proteins than the sham group (P<0.001). 
However, the administration of testosterone doses resulted 
in a significant reduction in the levels of these proteins, 
especially with a dose of 16 mg/kg (P<0.05, Figure 3B, C).

Figure 2. Effects of testosterone on mechanical pain after spinal cord injury in rats
Data are shown as mean ± SEM (n=7). ***P<0.001 versus sham; ^^P<0.01, 
^^^P<0.001 versus Injury+Vehicle group and +P<0.05 versus Injury+ Testosterone 
16 mg/kg group. Statistical comparisons were made using a two-way analysis of 
variance with the Bonferroni post-hoc test.

Figure 3. Effects of testosterone on expression levels of glial fibrillary acidic protein and Iba1 after spinal cord injury in rats
(A) Western blot analysis and optical density ratio of (B) GFAP, (C) Iba1 to β-actin 28 days after SCI. Data are shown as mean ± SEM (n=3). **P<0.01, ***P<0.001 versus sham 
^P<0.05, ^^^P<0.001 versus Injury+Vehicle group and  +++P<0.001 versus Injury+ Testosterone 16 mg/kg group. Statistical comparisons were made using a one-way analysis of 
variance with the Tukey post-hoc test. GFAP: Glial fibrillary acidic protein, Iba1: Ionized calcium-binding adaptor molecule 1; SCI: Spinal cord injury.

Figure 4. Effects of testosterone on expression levels of p-P38 and p-P38 after spinal cord injury in rats
(A) Western blot analysis and optical density ratio of (B) p-P38 and (C) p-ERK to β-actin 28 days after SCI. Data are shown as mean ± SEM (n=3). **P<0.01, ***P<0.001 versus 
sham; ^^P<0.01, ^^^P<0.001 versus Injury+Vehicle group and  +P<0.05, ++P<0.01, +++P<0.001 versus Injury+ Testosterone 16 mg/kg group. Statistical comparisons were made 
using a one-way analysis of variance with the Tukey post-hoc test. p-ERK: Phosphorylated extracellular signal-regulated kinase; SCI: Spinal cord injury.
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MAPK signaling pathways
Western blot analyses were conducted to determine the 

expression levels of p-P38 and p-ERK (Figure 4A). The 
results showed that after SCI, the expression levels of p-P38 
(Figure 4B) and p-ERK (Figure 4C) were observed to be 
higher in spinal tissue than in the sham group. However, 
treatment with testosterone, especially at 16 mg/Kg, 
significantly reduced the increased expressions (P<0.01).

Discussion
The present study aimed to investigate the effects of 

different doses of testosterone on changes in pain threshold, 
motor function, and inflammatory markers after a model of 
SCI. Following an electrolytic lesion on the STT, rats were 
administered varying doses of testosterone intraperitoneally. 
The findings revealed that testosterone, particularly at 16 
mg/kg, was highly effective in reducing pain sensitivity after 
SCI in rats. This positive effect of testosterone was linked to 
decreased inflammatory markers of MAP-kinase subtypes, 
such as p-38 and p-ERK, and reduced astroglia activity, such 
as Iba1 and GFAP.

Neuropathic pain affects almost 53% of SCI patients 
(21). Unfortunately, there is no effective treatment 
available to reduce it. An appropriate animal model can 
help us understand the molecular mechanisms involved 
in neuropathic pain. The STT is the main pain tract, and 
destroying it unilaterally causes hyperalgesia and bilateral 
allodynia, which can last for weeks. These features are 
similar to those experienced by humans with central pain 
syndrome following SCI (22, 23). Therefore, this model can 
help to understand the main biological mechanisms of pain 
after SCI. 

Moreover, unlike the other SCI models, such as 
compression and contusion, which result in complete 
paralysis and require specialized care, such as urine drainage 
and daily administration of antibiotics to prevent post-
surgery bacterial infection, the STT model does not require 
extensive. In this model, rats retain most of their normal 
reflexes, including bladder control, with no paralysis, and 
there is a lower rate of post-surgery infection than other 
SCI models. We found that administering a single dose 
of penicillin G effectively prevented bacterial infections, 
including those typically associated with surgical sites. 
There were no indications of urinary tract infections in the 
rats with SCIs either. 

The optimal time for drug administration for the 
treatment of SCI is also a subject of ongoing research and 
debate. Timing is crucial, and generally, the earlier the drug 
is administered, the better potential outcomes are expected. 
This is because an immediate cascade of events occurs after 
SCI, including inflammation, oxidative stress, and cell death. 
Early administration of a neuroprotective drug can prevent 
a cascade of cellular events in the acute phase and protect 
from progressive damage in the chronic phase. Several 
studies have suggested that the first few hours after injury 
are a critical time window for drug administration. There 
are reports that some neuroprotective drugs have shown 
better efficacy when given within the first few hours (24, 
25). Therefore, in this study, testosterone was administered 
30 min post-injury.

Our study found that administering a 16 mg/kg dose of 
testosterone significantly reduced mechanical allodynia and 
motor function deficits. Other studies in different animal 
models of SCI have shown that neurosteroids like testosterone 

can improve functional problems in SCI. They mainly act 
via autocrine and paracrine in the CNS (26), playing roles 
as neuroprotective, anti-apoptotic, anti-nociceptive, and 
anti-inflammatory agents (7, 27-29). A retrospective study 
shows that intramuscular injections of testosterone (200 mg, 
monthly) also improve motor function in SCI patients (30). 
Based on a report, lower testosterone levels (4.32 ng/ml) are 
associated with increased pain perception and activation of 
brain regions representing pain-related unpleasantness, but 
not pain intensity itself (31). Calabrese et al. also indicated 
that testosterone metabolites have analgesic properties for 
diabetic neuropathic pain, suggesting that they could be 
potential therapeutic agents for managing neuropathic pain 
in the clinic (15). 

Activation of microglia and astrocytes is known to be 
involved in the maintenance of neuropathic pain (32, 33). 
MAPK pathways such as p38 and ERK play a crucial role in 
the initiation and persistence of both central and peripheral 
neuropathic pain and are activated by glial cells (32, 34). 
Spinal cord glial cells are significantly activated by SCI, 
leading to the activation of MAPKs (35). A study reported 
that activated microglia enhance p-P38 and p-ERK (36). 
Additionally, it has been shown that intrathecal injection of 
SB203580 (as p38 inhibitor) or PD98059 (as ERK inhibitor) 
after SCI can effectively reduce mechanical and thermal pain 
threshold, indicating that the activation of p38 and ERK in 
microglia and astrocytes is implicated in the development of 
neuropathic pain following SCI (36).

Our results indicate that administering a 16 mg/kg dose 
of testosterone significantly reduces the expression levels 
of GFAP and Iba1 and the expression levels of p-ERK and 
p-P38 after SCI. It has been stated that testosterone exerts 
its effects through two main mechanisms. It can directly 
activate androgen receptors in different body tissues and 
can also be converted into other steroid hormones, such as 
androgen or estrogen, which play an essential role in the 
body. Both androgens and estrogens have been found to 
have neuroprotective properties in the nervous system (37). 
A study reported that estrogen inhibits neuropathic pain 
caused by SCI by inhibiting the activation of microglia and 
the activation of p38 and ERK in activated microglia in the 
spinal cord (38). Our previous studies have also demonstrated 
that estrogen inhibits neuropathic pain following SCI 
by suppressing glial cell activation (39) and decreasing 
glutamate levels in the ventral posterolateral nucleus 
(VPL) nuclei of rats (40). Testosterone administration has 
been shown to decrease GFAP expression and increase the 
recovery rate of facial muscle paralysis in hamsters following 
facial nerve injury (41). On the other hand, a decrease in 
circulating testosterone is associated with an age-related 
increase in GFAP (42).

Testosterone plays a crucial role in promoting 
neuroprotective signaling through several pathways. 
These pathways include regulation of transcription by 
nuclear medicine, non-genomic signaling via the MAP 
or phosphatidylinositol 3-kinase (PI3K) pathways, and 
non-receptor pathways through anti-oxidants scavenging 
free radicals (43, 44). Testosterone interacts directly 
with the MAP kinase pathway, which activates signaling 
molecules like Ras. This interaction activates various 
transcription factors that promote neuronal survival (45) 
and neuroprotection after neurotoxic events (46, 47). 
Testosterone reduces intracellular calcium and activates ERK 
in midbrain astroglia (48-50) while affecting the PI3-K/Akt 



1421Iran J Basic Med Sci, 2024, Vol. 27, No. 11

Testosterone and neuropathic pain after SCI Alimoradian et al.

signal transduction pathway (43, 51, 52). It plays a crucial 
role in promoting neuron survival and differentiation while 
providing protection against excitotoxicity and apoptosis. 
This is accomplished by triggering neurochemical changes 
in GABAergic neurons and opioid receptors in the spinal 
cord and periaqueductal gray (PAG) region. Ultimately, 
these changes reduce inflammatory mediators such as PGE2 
and metalloproteinase-9 (51) as well as pain sensitivity (39). 
The MAPK/ERK pathway, activated by testosterone and 
its metabolites, is a major pathway for signaling related to 
cell growth, differentiation, and neuronal plasticity (53, 
54). Carrier and Kabbaj reported that the MAPK signaling 
pathway mediates the effects of testosterone (55).

Conclusion
Based on this research, it seems that administering a 

16 mg/kg dose of testosterone through intraperitoneal 
injection can help alleviate neuropathic pain resulting 
from a unilateral STT lesion. The relief happens due to the 
inhibition of microglia and astrocyte activation, along with 
the suppression of MAPK signaling pathways.
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