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Abstract: Tramadol is a centrally acting analgesic agent with low affinity for opioid receptors, used for
treating moderate to severe pain. Tramadol, like other opioids, induces neuronal apoptosis, which
causes multiple neuronal impairments. The current study was conducted to evaluate the potential
neuroprotective role of physical exercises on tramadol-induced neuronal apoptosis in the cerebral cortex
of rats. Thirty adult male rats were divided into three groups (n= 10) as follow; the control group was
gavaged with physiological saline (0.9% NaCl); tramadol group was daily administered with tramadol
(40 mg/kg) for 28 days, and physical exercise group was administered with the same dose as tramadol
group, then rats were forced to run on the treadmill for 30 min, once a day for 28 days. Tramadol
induced histopathological changes in the form of neuroses degeneration and apoptosis. These findings
were confirmed by immunohistochemical and blotting studies, which showed upregulation of p53 and
downregulation of Bcl-2. In addition, malondialdehyde (MDA), myeloperoxidase (MPO), and nuclear
factor kappa B (NF-κB) significantly increased following tramadol administration. At the same time,
glutathione (GSH) and glutathione peroxidase (GPx) were decreased. In contrast, physical exercise was
found to protect cortical neurons from degeneration and apoptosis produced by tramadol. This was
evidenced by the downregulation of p53 and upregulating Bcl-2 expression and the improved changes
in the oxidative stress biomarkers in rats. Physical exercise reduced the neuronal apoptosis and
degeneration in the cerebral cortex following tramadol administration through suppressing oxidative
stress.
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1. Introduction
The cerebrum is the most highly developed part of the brain that manages the essential
and complex mental processes as language, thinking, perceiving, producing, and understanding
[1]. The cerebral cortex is the largest brain region that controls learning, spatial memory, and
other functions [2]. Tramadol is a synthetic codeine analog that is commonly used in treating
severe to mild pains therapy and has an efficacy ranging from weak opioids to morphine [3].
Tramadol is categorized as a non-classical opioid combining the agonist activity of μ-opioid
receptors with blocking the activity of monoamine reuptake [4-8]. Although tramadol has a
low incidence of side effects as respiratory depression and addiction compared to other opioids
[9], several studies have linked between tramadol and the development of apoptosis in tissues
of different organs as liver, kidney, and testis [10-14]. In addition, chronic tramadol
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administration causes histomorphological changes and impairs memory function in the cerebral
cortex by activation of μ-opioid receptors and enhancing the formation of red neurons and
further apoptotic cascade [15,16]. Neuronal apoptosis produced by tramadol is thought to be
involved in the development of several neurological deficits. It was reported that chronic
administration of tramadol had been associated with reactive oxygen species (ROS) production
and the development of oxidative stress [16]. ROS is known to attack DNA, proteins, and
lipids, and enhance neuronal apoptosis, and further produce sever cellular dysfunction [18-20].
The protective role of the natural products and/or supplements on neuronal apoptosis
induced by tramadol in cerebral cortex showed a decrease in the neuronal apoptosis in rats
cerebral cortex, but not fully cured [21-23]. Furthermore, influences of withdrawal were
slightly associated with oxidative stress inhibition and improvement of histological
abnormalities in the brain tissue [16,24]. Interestingly, treadmill exercise showed a
neuroprotective effect in the schizophrenic model through inhibiting apoptotic cascade. Also,
physical exercise decreased the number of hippocampal apoptotic cells in ischemic rats [25,26].
Moreover, Physical exercise has been found to protect brain tissue against neuronal
degeneration through inhibiting oxidative stress [26]. Hence, this study was designed to
evaluate the potential neuroprotective role of physical exercise on cortical apoptosis and
oxidative stress induced by tramadol.
2. Materials and Methods
2.1. Experimental animals.

Thirty male Wistar albino rats (200-250 g; 10 weeks old) were used in this study.
Animals were obtained from the animal house of King Abdulaziz University, Jeddah, Saudi
Arabia. Animals were fed on a standard laboratory food and kept in specially designed cages
and kept for acclimatization under standard conditions for at least one week.
2.2. Animals groups and doses of the treatment.

Tramadol hydrochloride was purchased from (ADWIA, 10th of Ramadan City, Egypt),
each ampoule contains 20 mg. Animals were divided into three groups (10 each) as follows:
control group, tramadol group, and physical exercise group. Rats in the control group were
administered with physiological saline (0.9% NaCl) for four weeks. Rats in the tramadol group
were treated with tramadol (40 mg/kg) according to El-Ghawet [27] for four weeks. Rats in the
physical exercise group were administered with the same dose as the group of tramadol. Then
rats were forced to run for 30 min once a day on the treadmill. All animal groups were sacrificed
by the end of the fourth week. The experiment was conducted at the laboratories of the Faulty
of Medicine, Taif University, Taif, Saudi Arabia.
2.3. Exercise protocol

The treated-rats in the physical exercise group were forced to run on a motorized
treadmill for 30 min once a day for 28 days. The exercise load consisted of running at a speed
of 2 meters/min for the first 5 min, 5 meters/min for the next 5 min, and 8 meters/min for 20
min, at room temperature. Animals in the physical exercise group were sacrificed after their
final exercise session [25].
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2.4. Histopathological and immunohistochemical examinations.

After the animals were sacrificed, brains were obtained from the skulls. For
histopathological and Immunohistochemical studies, the cerebral cortex area was immediately
separated from the brain. The cerebral cortex was fixed in 10% neutral buffered formalin.
Following fixation, specimens were dehydrated, embedded, and then cut at 8 µm thickness
using Leica microtome (Leica RM 2025; Nassloch, Germany). Then, sections of the cerebral
cortex were mounted on the clean slides and left-over night to dry. For histological
examination, sections of the cerebral cortex were stained with Ehrlich Hematoxylin and Eosin
[28], while immunohistochemical sections were placed on positive coated slides and then
stained with anti-p53 and anti-Bcl-2 according to the method of Palermo et al. [29]. The slides
were incubated with primary rabbit antibodies, anti-p53 (1:500, Biotechnology, Santa Cruz,
USA) and anti-Bcl-2 (1:300, Biotechnology, Santa Cruz, USA) for 2 hours. Consequently, the
slides were re-incubated with goat anti-rabbit (dilution 1:1000, Biotechnology, Santa Cruz,
USA) as a secondary antibody for 1 hour at room temperature. Sections of the cerebral cortex
stained with anti-p53 appear brown-colored nuclei of the neurons, indicating favorable
neuronal apoptosis. Perinuclear membrane peri-Bcl-2 stained cerebral cortex segments
emerged in brown-colored neurons, indicating favorable neuronal apoptosis.
2.5. Counting of the apoptotic cells in the cortical tissue.

The number of apoptotic cells in rats' cerebral cortex were counted using an Olympus
microscope with a ×40 objective lens using rectangular grids placed randomly in the
investigated areas. Morphometrical methods were applied to count apoptotic cells per unit area
in the cerebral cortex. Apoptotic cells were recognized in the histology and were identified on
the basis of apoptotic cell morphological criteria as; brightly stain with scanty eosinophilic
cytoplasm, nuclear pyknosis, and forming of apoptotic membrane-bounded bleb [30-32]. The
mean number of apoptotic cells per unit area in different regions of the cerebral cortex were
calculated according to the method of Baghishani et al. [33].
2.6. Counting of the stained neurons with anti-p53 and anti-Bcl-2 in the cerebral cortex of rats.

The stained neurons of cerebral cortex tissues with anti-p53 and anti-Bcl-2 were
counted using an Olympus microscope with a ×40 objective lens using rectangular grids placed
randomly in investigated areas and away from lesions. Examination of the
immunohistochemical sections showed nuclei of the neurons with brown color (for p53) and
perinuclear membrane of the neurons with brown color (for Bcl-2), which considered as a
positive marker of apoptotic neuronal cells. Semi-quantification analysis of the apoptotic index
(AI) was determined by counting a total of at least 1000 cells per slide subdivided in 10 fields
chosen randomly at ×400 magnification. AI% = [number of positive cells/total number of
calculated cells] ×100, which represented the percentage of positive cells in 1000 cells [32].
2.7. Western blot.

According to the method described by Liu et al. [34], protein was extracted from the
cerebral cortex using ice-cold RIPA buffer in the presence of protease and phosphatase
inhibitors. Samples were homogenized by sonication and centrifuged at 14,000 rpm at 4°C for
30 min. Supernatants were collected and stored at -80 °C. Standard Laemmli buffer was added,
and samples were boiled for 5 min. Equal amounts of protein were resolved in gradient 10–
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20% SDS-PAGE gel and transferred to a polyvinylidene difluoride (PVDF) membrane
overnight. Membranes were blocked with 5% non-fat milk in Tris buffer saline, 0.1% Tween
(TTBS) for 1 hour. Membranes were incubated at 4°C overnight with primary rabbit antibodies,
anti-p53, anti-Bcl-2, and anti-β-actin. Goat anti-rabbit HRP-conjugated immunoglobulins were
used as the secondary antibody for 1 hour at room temperature. After stripping, membranes
were re-probed with mouse monoclonal antibody β-actin as an internal control for loading and
transfer of proteins. Band detection was performed using the enhanced chemiluminescence
(ECL) detection kit (Bio-Rad), and the light was captured using auto-radiographic Hyperfilm
in a hyper-cassette. Hyperfilm was developed and fixed, and the image was scanned so that
bands can be sized against the pre-stained rainbow ladder, and the obtained bands were
quantified using a scanning densitometer (model 670, Bio-Rad). Western blots of p53 and Bcl2 were quantified according to the method described by Taylor C. et al. [35]. The results were
normalized to β-actin and presented as a percent of control.
2.8. Oxidative stress and inflammatory markers in the cortical tissue.

At the end of the experiment, rats of all experimental groups were sacrificed under
anesthesia, and samples were collected. Frontal parts from the cerebral cortex were
homogenized in cold phosphate-buffered saline (PBS), centrifuged, and the clear homogenate
was collected for biochemical assays. The formed supernatant was stored at -80°C for later use
in biochemical measurements. The brain protein content was measured according to the Lowry
protocol [36]. The lipid peroxidation marker MDA estimation was determined according to the
protocol of Ohkawa et al. [37]. Levels of GSH was estimated according to the protocol of
Elman [38]. The activity of GPx was measured using the method described by Paglia and
Valentine [39]. Myeloperoxidase (MPO) activity and nuclear factor kappa B (NF-κB) content
in the brain homogenates were assessed based on the method of Bradly et al. [40] and Hussein
et al. [41], respectively.
2.9. Ethical considerations.

All experiment protocols, including the use of animals, were approved by the
Committee of Research Ethics for Laboratory Animal Care, Anatomy Department, School of
Medicine, Taif University (approval no, 40-36-0191).
2.10. Statistical analysis.

All analyses were carried out using SPSS version17. Data collected from all techniques
used in this study were presented as mean ± SEM. Data were analyzed using statistical t-tests.
*P < 0.05, **P < 0.01 and ***P < 0.001.
3. Results and Discussion
3.1. Histology of the cerebral cortex.

Histological examination of the control group showed that the cerebral cortex is consist
of groups of nerve cells arranged in six layers from outside inwards: I; outer molecular layer,
II; outer granular layer, III; outer pyramidal layer, IV; inner granular layer, V; inner pyramidal
and VI; polymorphic layers (figure 1 A). Whereas, the outer molecular layer showed
comparatively consists of fibrous tissue with few neurons and neuroglia cells. Both inner and
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outer pyramidal layers consist of large and medium-sized pyramidal cells, respectively. The
inner and outer granular layers showed to consist of a stellate-shaped nerve with large round
nuclei (figure 1 B) while polymorphic layer showed to consist of a variety of nerve cells in
different sizes.

Figure 1. Effect of physical exercise on cortical histological alterations following tramadol administration. (A
and B) control group, (C and D) tramadol administered group, and (E and F) tramadol and physical exercised
group. G; shows the mean number of the apoptotic cells of the control group, tramadol group, and physical
exercise group. A, C, and E x200. B, D, and F x400. Data are expressed as Mean ± SEM, n=10. *P < 0.05, **P
< 0.01 and ***P < 0.001.

3.2. Cortical histopathological changes following tramadol administration.

Light microscopic examination of the tramadol treated group showed severe multifocal
histological changes in all cortical layers as compared to the control group. Disorganization of
cortical layers with degenerated neurocytes, vacuolation of neuropil, vacuolated foci with
cellular loss and intense eosinophilic staining of neuropil. In this group, congested and dilated
blood vessels were also shown (figure 1 C). Degenerative changes of apoptotic neurons were
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characterized by irregular nuclei in some neuronal cells with brightly stained scanty
eosinophilic cytoplasm, darkly stained nuclei, and perineural retraction spaces. The pyramidal
cells in both pyramidal layers were appeared irregular in shape with deeply stained nuclei. Most
cells of granule layers were appeared with faintly stained and loss of their nucleoli. However,
apoptotic cells, degenerative and necrotic cells were more marked in the treated rats (figure 1
D).
3.3. Effects of physical exercise on the cortical histopathological changes following tramadol
administration.

Microscopic examination of rats' cerebral cortex in the physical exercise group showed
the return of cortical tissues nearly to the typical histological structure as evidenced by the
decreased number of apoptotic cells and remarkable regression of the degenerative changes
and decreased perineuronal haloes that induced by tramadol (figure 1 E). However, multiple
pyramidal cells and granular cells appeared normal; but, some of the pyramidal cells were still
affected in between the normal granule cells and appeared shrunken with darkly stained nuclei.
Granule cells that lost their nuclei appeared faintly stained. Neuroglial cells were also nearly
similar to those neuroglial cells in the control group. However, few of these cells appeared
more darkly stained, and the neuropil was still vacuolated in some areas (figure 1 F).
3.4. Effects of physical exercise on apoptotic cells count in the cortical tissue following
tramadol administration.

Apoptotic cell analytical score showed a few numbers of apoptotic cells in the control
group. While the average number of apoptotic neurons in the tramadol group improved
considerably (P<0.001) relative to the control group. In contrast, the mean number of apoptotic
cells in the physical exercise group were significantly decreased (p< 0.001) when compared to
the tramadol group and non-significant as compared to the control group (figure 1 G).
3.5. Effects of physical exercise on p53 and Bcl-2 expression following tramadol
administration.

Immunohistochemical results showed that few numbers of neurons were negatively
stained with anti-p53 (figure 2 A) and positively with anti-Bcl-2 in the control group (figure 2
B). Tramadol group showed a large number of neurons that stained positively with anti-p53
(figure 2 C) and weakly stained with anti-Bcl-2 (figure 2 D). In contrast, the physical exercised
group showed a few numbers of the neurons stained positively with anti-p53 (figure 2 E) and
a few numbers stained with anti-Bcl-2 (figure 2 F). Analysis of stained neurons with anti-p53
and anti-Bcl-2 as an apoptotic marker of the neurocytes in the cerebral cortex of rats in tramadol
group showed a significant increase (P<0.001) of p53 (figure 2 G) along with a significant
decrease (P<0.001) of Bcl-2 as compared to control group. In contrast, the exercised group
exhibited neuroprotective effect through decrease negative staining with anti-p53 (figure 2 H)
and increased positive staining with anti-Bcl-2 (figure 2 G) following tramadol administration
as compared to the control group, but still partially different when compared to tramadol group.
3.6. Effect of physical exercise on p53 and Bcl-2 protein levels.

In this study, Western blot was used to study the impact of treadmill exercise on the
expression of p53 and Bcl-2 following tramadol administration in the cerebral cortex of rats.
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Western blot of the control group showed that Bcl-2 protein was constitutively expressed in
the cerebral cortex of rats, whereas p53 protein was weakly expressed in the same group (figure
3 A).

Figure 2. Expression of p53 and Bcl-2 in control, tramadol, and physical exercised groups using
immunohistochemistry. (A and D) Control, (B and E) tramadol, and (C and F) tramadol and physical exercised
group. G and H show changes in the apoptotic index of the neurocytes of the cerebral cortex tissue stained with
anti-p53 and anti-Bcl-2 in the control group, tramadol group, and physical exercise group. A, B, C, D, E, and F
x400. Data are expressed as Mean ± SEM, n=10. *P < 0.05, **P < 0.01 and ***P < 0.001.

Meanwhile, the tramadol treated group showed a significant increase (P<0.001) in p53
protein expression (figure 3 B) and a significant decrease (P<0.001) in Bcl-2 protein expression
as compared with the control group (figure 3 C). The exercise group showed that the expression
proteins levels of p53 restored to the control level as compared with the tramadol group, along
with increased Bcl-2 protein expression as compared with the control group as presented in
figures 3 B and C, respectively.
3.7. Effect of physical exercise on the oxidative status following tramadol administration.

The tramadol-intoxicated group showed a significant increase in MDA level (P< 0.001)
as compared to control levels (figure 4 A), whereas a significant decrease in GSH and GPx
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activity (P< 0.01) was observed as shown in figures. 4 C and D, respectively. Notably, physical
exercise was found to decrease MDA (figure 4 A) and increase GSH content and GPx activity
when compared against the tramadol-intoxicated group, as shown in figures. C and D,
respectively.

Figure 3. Representative blots of p53, Bcl-2, and β-actin in the control group, tramadol group, and physical
exercise group (A). B and C show Western blot analysis of Bcl-2 protein and P53 protein in the cerebral cortex
of rats in the control group, tramadol group, and physical exercise group. Data are expressed as Mean ± SEM,
n=10. *P < 0.05, **P < 0.01 and ***P < 0.001.

3.8. Effect of physical exercise on MPO activity and NF-κB following tramadol administration.

Rats treated with tramadol showed a significant elevation in MPO activity (P< 0.01)
and NF-κB content (P< 0.01) as compared to control levels, whereas a significant decrease was
observed in physical exercise exposed group following tramadol treatment when compared
against the tramadol-intoxicated group as shown in figures. 4 D and E, respectively

Figure 4. Shows oxidant and antioxidant markers of rat cerebral cortex tissue of the control group, tramadol
group, and physical exercise group. Results are presented as mean ± SEM, n= 10. *P < 0.05, **P < 0.01 and
***P < 0.001.
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7216

https://doi.org/10.33263/BRIAC106.72097222

3.9. Discussion.

The cerebral cortex is the most important region in the brain, controlling several
neuronal functions like learning and spatial memory [2]. It is known that excessive tramadol
administration induces several histopathological changes in the brain tissues, including
apoptosis, which triggers the development of numerous neurological impairments [42]. The
neuroprotective effect of natural products and against apoptosis induced by tramadol in the
brain tissues have been discussed in previous studies [21,24]. Here, we investigated the
potential protective role of physical exercise on neuronal apoptosis in the cortical tissue
following tramadol administration. It has been reported that chronic tramadol administration
was found to be associated with structural changes in pyramidal cells with faintly stained
cytoplasm and nuclei, as well as increased apoptotic cells in the cortical tissue [16]. In addition,
tramadol enhanced degenerative changes in the neural cells and changed the thickness of the
cerebral cortex and hippocampus of rats [43]. In the current study, tramadol administration
increased the apoptotic cells in the cortical tissue. These results are partially in agreement with
a previous report [21], the authors reported that administration of different tramadol doses
caused a significant increase in the shrunken pyramidal cells in rat cerebral cortex [21].
The histopathological results were confirmed by IHC studies that showed a large
number of apoptotic neurons in the tramadol treated group and also showed a positive reaction
for p53. Few apoptotic neurons have a positive reaction for Bcl-2 in the cerebral cortex. These
findings are in line with Shaibah et al. [44], who recorded a significant increase in p53
expression accompanied by a decrease in Bcl-2 expression in the cortical tissue following
tramadol administration.
In a step to evaluate the protective role of the physical exercise on neuronal apoptosis
induced by tramadol in the cortical tissue, rats were forced to run on the treadmill for 30 min
daily for 4 weeks. Our findings revealed a significant improvement in the apoptotic reactions
and histological alterations in the physical exercised group. However, some pyramidal cells in
the physical exercise group were still affected and appeared shrunken with darkly stained
nuclei. Increasing blood supply into the brain tissue during the physical exercise was found to
increase oxygen and glucose supply into the brain tissue, which helps to protect the tissue and
the cells from apoptosis [45]. Also, regular physical exercise protected the central nervous
system (CNS) against aging diseases and helped to recovery after CNS injury [46]. In this
regard, it has been reported that the physical exercise ameliorates complex partial seizures
induced by tramadol through decreasing the neuronal apoptosis in the hippocampus [47]. To
further confirm the development of neuronal apoptosis in the cerebral cortex following
tramadol treatment, the pro-apoptotic p53 and anti-apoptotic Bcl-2 proteins were examined
using IHC and blotting methods [48]. Tramadol administration was found to be associated with
the upregulation of p53 and the downregulation of Bcl-2. These results confirm the
histopathological result following tramadol treatment, which showed apoptotic cells in several
layers of the cerebral cortex. These results are in line with Shaibah et al. [44], who reported
that the histopathological deformations were coupled with p53 upregulation. Additionally,
Khodeary et al. [49] demonstrated that the administration of tramadol with high and low doses
caused alteration in p53 and Bcl-2 apoptotic pathway homeostasis in cerebral cortex and
hippocampus. It has been reported that chronic use of opiates was associated with a significant
increase of pro-apoptotic Fas receptor and decrease expression of Bcl-2 in rats cerebral cortex
tissue [50]. Several studies have shown the neuroprotective role of the physical exercise on cell
https://biointerfaceresearch.com/

7217

https://doi.org/10.33263/BRIAC106.72097222

apoptosis in the brain tissue in different models [25,51], and it was found to regulate the
expression of pro-apoptotic, p53 and anti-apoptotic, Bcl-2 proteins [25,34]. In the current
study, physical exercise was found to decrease the expression of p53 protein and upregulated
Bcl-2 expression in the cortical tissue in response to tramadol administration. It has been shown
that physical exercise inhibited neuronal apoptosis via inhibiting NMDA receptor expression
in schizophrenic mice [25]. Moreover, [51] reported that the force ischemic-Gerbils to run on
a treadmill for thirty min per a day ameliorated nervous system complications such as the shortterm memory deficits, through inhibiting neuronal apoptosis, and thus improve the cortical
tissue.
Several studies have linked between neuronal apoptosis and oxidative stress in brain
tissue following tramadol administration [24,52,53]. Apoptosis can be initiated responses to
several agents as DNA damage or opioids, which lead to the activation of oxidative stress [31].
In another study, it has been reported that the chronic administration of tramadol was found to
enhance ROS production in brain tissues, which attack DNA, lipids, and other macromolecules
[16]. In this study, the biochemical results showed an increase in MDA, MPO, and NF-κB
following tramadol administration, while GSH and GPx were decreased. Awadalla et al. [43]
reported that the tramadol significantly increased MDA level and decreased GSH, SOD, and
CAT levels in cortex and hippocampus tissues of rats. The elevated MDA could be due to the
overproduction of ROS [54]. Hussein et al. [24] stated that the treatment with both the
therapeutic and overdoses of tramadol for four weeks induced a significant decline in the level
GSH and the activity of GPx, and an increase in MDA and MPO activity in the brain tissue.
Ismail et al. [52] reported that tramadol inhibited GPx activity through the interaction with the
transition metal in the GPx enzyme. It has been reported that the neuronal damage in the brain
tissue of mice was oxidative stress-dependent, and suppressor activity of MPO conserves
neuronal function via inhibits oxidative stress and then cell apoptosis [55].
The biochemical results showed a significant increase in NF-κB in cortical tissue
following tramadol administration. NF-κB is one of the family transcription factors which
regulate the inflammation in response to injury and infection. NF-kB is known to enhance the
production of cytokines, inflammatory mediators, and apoptosis. NF-κB can be stimulated in
response to several factors, including ROS, which disturbs DNA transcription and enhances
cytokine production, and cell apoptosis [17,56]. It has been reported that the activation of NFκB has been associated with the development of inflammation and oxidative stress following
tramadol administration in rats' brain tissue [24]. Mohamed et al. [22] reported that tramadolinduced neurotoxicity depends on oxidative stress, inflammation, and apoptosis, which is
associated with the elevation of lipid peroxidation and upregulated inflammation markers in
the cerebrum tissue.
Regular exercise inhibits lipid peroxidation and enhances antioxidant enzymes [57].
Upregulating the activity of antioxidant molecules is expected to inhibit neurodegenerative and
cell apoptosis [26]. Biochemical results of the physical exercise group showed a significant
increase in GSH content, GPx activity, and decreased MPO activity in the cortical tissue,
coupled with a significant deactivation of NF-κB. The results of this study reflect the
neuroprotective role of physical exercise against tramadol-induce oxidative stress,
inflammation, and apoptosis in the cortical tissue. Ferrer et al. [57] stated that the physical
exercise activates catalase as a part of the antioxidant defenses to avoid neutrophil-induced
oxidative stress. Besides, activation of catalase leads to the inhibition of cytochrome c release,
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which prevents the formation of caspase activation complexes and thus inhibiting the release
of caspase-independent proteins.
4. Conclusions
Collectively, tramadol was found to induce histological changes in the cortical
structure, enhanced apoptotic pathway through upregulating the expression of p53, and downregulating Bcl-2 expression. Also, tramadol disturbs the oxidative status via enhancing the
oxidation of lipids, decreasing glutathione, and glutathione peroxidase. In addition, tramadol
enhances inflammatory response as indicated by the elevated MPO and NF-κB levels.
However, physical exercise reversed these alterations to be near the control values, reflecting
its neuroprotective effect against tramadol-induced neurotoxicity.
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