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Antioxidants (selenium and garlic) 
alleviated the adverse effects 
of tramadol on the reproductive 
system and oxidative stress 
markers in male rabbits
Salah A. Sheweita1,2*, Yassmin A. El‑dafrawi2, Osama A. El‑ghalid3, Alaa A. Ghoneim4 & 
Ahmed Wahid5

Tramadol has been used by millions of patients as an analgesic drug to relief the severe pain caused 
by cancers and other diseases. The current study aimed to investigate the protective effects of 
antioxidants (garlic and selenium) against the toxic effects of tramadol on semen characteristics, 
steroid hormones, the protein expressions of different cytochrome P450 isozymes [CYP 21A2, CYP 
19, and 11A1], and on antioxidant enzyme activities in testes of rabbits. Western immunoblotting, 
spectrophotometric, and histological methods were used in this study. Tramadol (1.5 mg/kg body 
weight) was administered orally to male rabbits for up to three months (three times/week), and after 
pretreatment of rabbits with garlic (800 mg/kg) and/or selenium (1 mg/kg body weight) by 2 h. The 
present study showed that motilities, semen volumes, morphologies, sperm counts, testosterone, 
and estrogen levels were significantly decreased after 4, 8, and 12 weeks of tramadol treatment. In 
addition, the protein expressions of CYP 21A2, CYP 19, and 11A1 were down‑regulated in the testes of 
the tramadol‑treated rabbits. On the other hand, pretreatment of rabbits with garlic, selenium, and/or 
garlic‑selenium for 2 h before administration of tramadol restored the downregulated CYP 21A2 and 
11A1 to their normal levels after 12 weeks of tramadol treatment. Activities of antioxidant enzymes 
including glutathione reductase, glutathione peroxidase, glutathione S‑transferase, catalase, 
superoxide dismutase, and levels of glutathione were inhibited in the testes of tramadol‑treated 
rabbits. On the other hand, free radical levels were significantly increased in the testes of tramadol‑
treated rabbits for 12 weeks. Interestingly, such changes in the activities of antioxidant enzymes 
as well as free radical levels caused by tramadol were restored to their normal levels in the rabbits 
pretreated with either selenium, garlic, and/or their combination. Histopathological investigations 
showed that tramadol caused substantial vacuolization with the presence of damaged immature 
spermatozoid in the testes. However, selenium and garlic treatments showed an increase in healthy 
sperm production with normal mitotic and meiotic divisions. The present study illustrated for the first 
time the mechanisms of low steroid hormone levels in the testes of tramadol‑treated rabbits which 
could be due to the downregulation of CYPs proteins, induction of oxidative stress, and inhibition of 
antioxidant enzyme activities. In addition, the present data showed that such toxic effects of tramadol 
were attenuated and restored to their normal levels after pretreatment of rabbits with garlic, 
selenium, and/or their combination. This finding may pave the way for a new approach to reducing the 
toxicity of tramadol.
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Numerous new analgesic drugs have been used to relieve mild to severe pain  conditions1. Tramadol is a highly 
effective analgesic drug that is used to relieve acute and chronic pains through its binding to the μ-opioid recep-
tor and inhibiting norepinephrine and serotonin uptake in  neurons2–4. Tramadol is metabolically activated by 
CYP3A4 and CYP2D6 into a more powerful opioid analgesic metabolite  M14–7. Tramadol’s opioid analgesic 
efficacy was affected by the CYP isozymes, because patients with low metabolizers converted less tramadol to the 
active M1 metabolite, whereas those with higher metabolic rates had the greatest analgesic effects. Furthermore, 
polymorphisms in the CYP2D6 gene increased hepatotoxicity by accumulating tramadol bioactive metabolite 
(M1)8. The M1 metabolite of tramadol is well known to cause severe toxic effects in different organs of rats and 
is mainly detoxified after its conjugation with glucuronic acid and  sulfate9,10.

Tramadol has been shown to reduce sperm count, motility, and morphology while also increasing oxidative 
stress markers in rat  testes11,12. Also, it caused testicular mitochondrial dysfunction by producing swelling of 
the testicular mitochondrial membrane. Furthermore, tramadol increased pro-apoptotic Bax expression as well 
as levels of tumor necrosis factor-, interleukin-1, and nuclear factor kappa B, while decreasing anti-apoptotic 
Bcl-2 expression and causing histological degenerative changes in the  testes11,12. Also, tramadol lowered serum 
levels of luteinizing hormone (LH), follicle-stimulating hormone (FSH), and testosterone in rats and humans in 
another  research13,14. Degenerative changes in the seminiferous tubules were also seen, and Leydig cells in the 
testes of rats had euchromatic nuclei and dilated smooth endoplasmic  reticulum13.

Infertility is one of the major medical and social  problems15. Infertility, which affects about 40% of all couples, 
is linked to different  causes16. Unfortunately, many men with normal semen analysis findings are still  infertile13. 
This means that standard semen analysis may not always provide complete diagnostic information In about 25% 
of partners, there is no actual cause for primary or secondary infertility, which is referred to as undiagnosed 
 infertility18,19. Therefore, oxidative stress [OS] and reactive oxygen species (ROS) generation are two suggested 
causes behind the undiagnosed and unexplained  infertility20–22. Therefore, the decrease in sperm function has 
been linked to oxidative stress, which happens when antioxidant enzyme activities are inhibited, and antioxi-
dants are overwhelmed by  oxidants23–25. It has been found that oxidative stress disrupted the function of sperms 
via generation of free radicals in the seminal  fluid26,27. In addition, antioxidant enzymes including glutathione 
S-transferase, glutathione peroxidase, glutathione reductase, superoxide dismutase have been found to play an 
important role in scavenging free radicals in the seminal fluid, which consequently could improve the fertility 
in the human  being22.

The biosynthesis of steroid hormones is mainly mediated by cytochrome P450 isozymes including CYP11A, 
CYP11B1, and CYP11B2 which are localized on mitochondrial membrane-bound proteins, whereas CYP17, 
CYP19, and CYP21 are localized in the endoplasmic reticulum (microsomal) membrane-bound  proteins28,29. 
The steroidogenic acute regulatory protein (StAR) was responsible for transferring cholesterol from the outer 
mitochondrial membrane to the inner one, which hosts the cytochrome P450 side-chain cleavage (P450 SCC) 
 enzyme30. P450scc converts cholesterol to pregnenolone, which is subsequently transported to the smooth endo-
plasmic reticulum, where it is converted to testosterone by CYP17, CYP21, 3-hydroxysteroid dehydrogenase 
(3-HSD), and 17-hydroxysteroid dehydrogenase (17-HSD)31–35. In the testes, the 17-HSD enzyme is almost 
expressed and is needed for testosterone  biosynthesis36. It has been found that inhibition17-HSD causes male 
pseudo  hermaphroditism33. CYP19 is working as the rate-limiting enzyme in changing androgens to estrogens. 
Therefore, CYP19 is a key enzyme in estrogens  biosynthesis38,39.

Garlic and selenium have been shown in our previous research to protect the liver and other organs of rats 
against the harmful effects of toxic  compounds40–43. To our knowledge, no previous study has looked at the 
mechanisms of low steroid hormone levels after tramadol treatment. Therefore, under the impact of tramadol 
alone or after pre-treatment of rabbits with garlic, selenium, and/or their combination, alterations in the protein 
expression of cytochrome P450 isozymes [CYP 21A2, CYP 19, and 11A1] involved in the steroidogenesis of 
steroid hormones were studied. Furthermore, changes in the antioxidant enzyme activities, semen properties, 
and the architecture of male rabbit testes were studied.

Materials and methods
Materials. ABCAM1 pharmaceuticals, UK, provided a Western blotting detection kit, primary anti-rab-
bit antibodies for CYP 21A2 [Cat no:67421-1-Ig], CYP 19 [Cat no.PA1-21398], CYP 11A1 [Cat no:MO-AB-
07770Y], and secondary antibody-antirabbit-HRP [Cat no: ab6721]. Tramadol hydrochloride [ N02AX02] was 
obtained from Accord-UK Ltd, UK. Sigma Chemical Company (Saint Louis, USA) provided all the other chemi-
cals.

Animals. Twenty-five male New Zealand white rabbits aged seven months and weighing 2.5–3.5 kg at the 
beginning of the experiment were used. Rabbits were purchased from the Breeding Rabbit Section, Poultry 
Research Center, Faculty of Agriculture, Alexandria University, Egypt. The experimental design and technique, 
which meet the requirements of the National Institute of Health, were authorized by the local committee of ani-
mal care at Graduate Studies and Research, Alexandria University, Egypt. In addition, the committee approved 
all used methods following the relevant guidelines and regulations of the published papers. We confirm that the 
present study is reported following the “ARRIVE guidelines” statement. The rabbits were housed in stainless 
steel-bottomed wire cages in a well-ventilated animal house with a temperature of 22 °C, relative humidity of 
40–60%, a 12-h light/dark cycle, and free access to a pellet meal. After one week of acclimatization, the rabbits 
were divided into five equal groups [five rabbits/each]. Five rabbits in each group were chosen according to the 
study of Almodin et al.43.
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Research design. Group I: Rabbits received 0.5  ml saline/kg body weight by oral gavage three times a 
week for 12 weeks. Group II, rabbits received 1.5 mg/kg tramadol dissolved in saline by oral gavage three times 
per week for 12 weeks. Rabbits in groups III, IV, and V were pretreated with sodium selenite (1 mg/kg), allium 
sativum garlic extract (800 mg/kg), and garlic (800 mg/kg) plus sodium selenite (1 mg/kg) for 2 h before admin-
istration of tramadol three times per week for 12 weeks. Tramadol, garlic, and selenium doses have been chosen 
based on previous  studies10,44,45. A human-like tramadol dosage was used.

Methods. Semen analysis. Ejaculations were collected in a clean glass wide container using an artificial 
vagina every 4 weeks during the 12 weeks of the study. The specimen was incubated at 37 °C during the liquefac-
tion of the semen. Semen analysis was started after liquefaction within 30–60 min of semen collection to prohibit 
dehydration or changes in the temperature that can affect semen quality.

Sperm motility. The sperm motility test was assayed using the method of Atashfaraz et al.46. 10 µl of the sperm 
suspension was put on a clean, pre-warmed slide at 27 °C. A coverslip was used to protect it. Then, using a light 
microscope (Leica DM 750) on a stage heated to 37 °C, slides were observed at 100 times magnification.

Sperm count. The sperm count was estimated using the method of Freund and  Carol47. After collecting the 
semen, 50 µl of semen [ejaculate] was diluted with 2 ml normal saline and prewarmed to 37  °C. After that, 
the spermatozoa were diluted and suspended in regular saline. 200 µl of the suspension was pipetted into the 
two chambers of a Neubauer hemocytometer using a Pasteur pipette. This was accomplished by contacting the 
coverslip’s edge and enabling capillary action to fill each of the  chambers47. The spermatozoa were then counted 
under a microscope (Leica DM 750).

Sperm morphology. To examine sperm morphology, we put a drop of the sperm solution prepared for sperm 
count on a glass slide. After that, the suspension was stained with 1% eosin, air dried, and examined at a magni-
fication of 400 times under the light  microscope48. In each animal, we computed anomalies in the head, middle 
piece, and tail of spermatozoa.

Blood samples. After every 4 weeks of treatment throughout the whole period of the study, about 3 ml of blood 
withdrawn from the marginal ear veins of each rabbit from each group and placed in clean tubes with a clot 
activator or gel for serum separation. The clear serum was isolated from coagulated blood samples and stored at 
− 80 °C after centrifugation at 3000×g for 15 min.

Hormonal assays. The concentrations of testosterone and estrogen measured in the serum using solid-phase 
enzyme immunoassay (ELISA) kits (Diagnostics Biochem, Canada Inc. AIA -360). 20 µl of serum was added to 
a cell containing magnetic beads coated with immobilized antibodies/antigens and incubated to start the immu-
nological response. When the incubation period has ended, the excess mixture rinsed away, the substrate and 
fluorescence reagents added, and the reaction mixture incubated. After the incubation time, the fluorescence 
intensity measured with a spectrophotofluorometer at a wavelength of 940 nm.

Preparation of the microsomal fraction. At the end of the 12th week, rabbits fasted for 12  h, and after that 
received intramuscular injections of xylazine for anesthesia (10 mg/kg), and then  sacrificed49. The testes were 
removed, rinsed in a cold 0.1 M potassium phosphate buffer (PH 7.3), allowed to dry, and weighed. A Teflon pis-
ton homogenizer was used to homogenize the testes in 3 volumes of 0.1 M phosphate buffer (pH 7.3) at 4 °C. To 
eliminate nuclei and cell debris, the testes’ homogenates were centrifuged for 20 min at 4° C. at 12,000×g. 1.5 ml 
of supernatant was stored at − 80 °C for biochemical analysis. The remaining supernatant was ultra-centrifuged 
at 105,000×g for 60  min at 4  °C to sediment microsomal pellets. Finally, the microsomal pellets containing 
cytochrome P450 isozymes were suspended in 0.1 M potassium phosphate buffer (PH 7.3) and frozen at − 80 °C.

Biochemical assays. The total protein content was determined using the method of Lowry et al.50. The activity 
of 17β–hydroxysteroid dehydrogenase activity was assayed according to the method of Bogovich and  Payne51. 
The amount of reduced glutathione in the supernatant of testes tissues homogenate was determined using sulfo-
salicylic acid for protein precipitation and bis-(3-carboxy-4-nitrophenyl)-disulfide for color  development45. Glu-
tathione reductase activity was determined by measuring the oxidation of NADPH at 340 nm using the method 
of Suojanen et al.53. 1 nmole of NADPH oxidized/min/mg protein is one unit of enzyme activity.

Glutathione S-transferase [GST] activity was assessed according to the method of Lee et al.54. The conjugate 
of GSH with l-chloro-2, 4-dinitrobenzene (CDNB) was used detected at 340 nm using a double beam spec-
trophotometer. Under the assay conditions, a unit of enzyme activity is defined as the quantity of enzyme that 
catalyzes the production of 1 mmol of CDNB conjugate/mg protein/min. The molar extinction coefficient of 
9.6  mM−1  cm−1 used in the calculations of GST activity. The activity of the glutathione peroxidase enzyme (GPx; 
EC. 1.11.1.9) was determined using the technique of Chiu et al.55. The enzyme source, 0.05 M Tris–HCl buffer 
(pH 7.6), 1.5 mM GSH, and cumene hydroperoxide added to a 1 ml reaction mixture and incubated for 5 min 
at 37 °C. The control sample was made without cumene hydroperoxides and incubated at 37 °C for 5 min in 
a separate tube. TCA (15%) used in both the control and test samples, while cumene hydroperoxide (0.1 ml) 
used alone in the control. Both tubes were incubated for 10 min at 37 °C before being centrifuged for 20 min at 
3000 rpm. Catalase (CAT; EC1.11.1.6) activity was assayed in the supernatant fractions of testes homogenates 
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according to the method of  Luck56. The molar absorbance coefficient was used to calculate the amount of  H2O2 
decomposed over a certain time at a wavelength of 240 nm. Catalase activity is expressed as unite/mg protein.

Superoxide dismutase (SOD; EC 1.15.1.1) activity in the supernatant of testes homogenate was assayed by 
the method of Misra and  Fridovich57. The generation of superoxide radicals by xanthine and xanthine oxidase, 
which react with nitro tetrazolium blue (NTB) to create formazan dye, used to estimate SOD activity. At 560 nm, 
the generated formazan dye was spectrophotometrically quantified. The degree of inhibition of this enzyme was 
measured in micromoles/minute/mg protein. Malondialdehyde (MDA), the lipid peroxidation end-product in 
testes, was quantified as thiobarbituric acid reactive substance (TBARS) using Tappel and Zalkin’s  technique58. 
At 532 nm, the color intensity of the reactants (MDA) measured. An extinction coefficient of 156,000  M−1 cm1 
used for calculation of TBARS levels.

Western blotting and detection of the immobilized proteins. Pooled protein sample from each group (50 µg) 
was mixed with sample application buffer, then boiled for 3 min before being placed onto the gel. The gel was 
removed after the electrophoretic termination. To transfer proteins onto the nitrocellulose membrane, a V20-
SDB semi-dry blotter was used. For 60 min, the current was set at 0.8 mA/cm2. The membranes were peeled off 
and rinsed twice with TBS for 15 min after the electrotransfer of protein bands was completed. After blocking 
for 1–2 h in a blocking buffer containing 5% non-fat dried milk, the membranes were washed twice with TBS 
for 15  min. Membranes were then incubated overnight with primary antibodies generated in goats for rab-
bits CYP21A1 and Anti-rabbit CYP19 and CYP11A1 raised in goats at a dilution of 1:1000 in 20 ml TBS, then 
washed twice with TBST (0.2 ml Tween 20/1 L TBS) for 20 min and then with TBS for 15 min. T-TBS for 20 min 
and TBS for 15 min were used to clean up the membranes twice. The membranes were then washed twice with 
T-TBS for 15 min after being incubated with secondary donkey anti-goat IgG-HRP at a dilution of 1:500 in 15 ml 
TBS. On the surface of the membrane, a combination of 1:1 luminal/enhancer and peroxide buffer was applied 
for 5 min as an immunodetection solution. The excess substrate was drained off the membrane’s surface, which 
was then carefully wrapped in a transparent plastic sheet to protect  it59. The fluorescent protein bands were then 
visualized using an x-ray film.

Histopathology. Small portions of testes of each group were preserved in 10% buffered formalin, then treated 
with standard grades of alcohol and xylol, embedded in paraffin, and sectioned at a thickness of 4–6 µm. The 
sections were stained with Hematoxylin and Eosin (H&E) and examined under a light microscope to examine 
the histopathological alterations in testes of various experimental groups (Leica DM 750)60.

Statistical analyses. The mean, standard deviation, and standard error for each group were calculated 
using the SPSS 16 statistical software. The significance levels between groups were set at P < 0.05 and/or P < 0.001 
using one-way ANOVA.

Table 1.  Changes in levels of testosterone, estrogen, and semen paramters at 4, 8, and 12 weeks after 
pretreatment of male rabbits with selenium, garlic, and/or their combination before administration of tramadol 
by 2 h. All values were presented as the mean and standard error of five rabbits for each treatment. abc Means 
with different superscript letters were stastiscially significants. abc Means with the same superscript letter were 
not stastiscially significant. The level of significance for the differences between means was set at P < 0.05.

Weeks

Testosterone (ng/dl) Estrogen (ng/dl)

Control Tramadol Tramadol + Se Tramadol + garlic
Tramadol 
 + Garlic + Se Control Tramadol Tramadol + Se Tramadol + garlic

Tramadol  
+ Garlic + Se

4 7.6a ± 0.3 6.4c ± 0.2 7abc ± 0.3 6.6bc ± 0.5 7.2ab ± 0.1 6.9c ± 0.2 6.3a ± 0.1 6.94c ± 0.2 6.5 b ± 0.2 7.0c ± 0.2

8 7.5a ± 0.3 5.7 b ± 0.1 7.4a ± 0.4 6.9a ± 0.4 7.2a ± 0.1 7c ± 0.2 5.99a ± 0.2 6.9c ± 0.1 6.4ab ± 0.3 6.8bc ± 0.2

12 7.6ab ± 0.2 4.7c ± 0.1 7.8a ± 0.2 7.3b ± 0.3 7.8a ± 0.1 7.2d ± 0.2 5.4a ± 0.1 6.78c ± 0.3 6.3b ± 0.2 6.7c ± 0.1

The volume of semen [Ejacule] (ml) pH of semen

4 1.5a ± 0.1 1.0c ± 0.1 1.3ab ± 0.1 1.1c ± 0.08 1.2 ± 0.1bc 7.53ab ± 0.05 7.52b ± 0.02 7.58ab ± 0.06 7.52b ± 0.01 7.6 ± 0.02b

8 1.4a ± 0.2 0.8c ± 0.09 1.4a ± 0.04 1.1bc ± 0.1 1.3ab ± 0.1 7.54a ± 0.07 7.4b ± 0.07 7.57a ± 0.76 7.51ab ± 0.01 7.6a ± 0.07

12 1.5ab ± 0.1 0.5c ± 0.1 1.5a ± 0.2 1.2c ± 0.1 1.3bc ± 0.1 7.55a ± 0.06 7.3b ± 0.06 7.56a ± 0.03 7.4a ± 0.01 7.5a ± 0.03

Motility % Sperm count (million/ml)

4 207.0a ± 5.6 127.0c ± 5.6 160.0b ± 7.9 135.0c ± 5.5 146.0bc ± 6 9.8a ± 0.10 8.8d ± 0.09 9.4bc ± 0.06 9.4c ± 0.05 9.6b ± 0.08

8 208.0a ± 9.6 86.0c ± 6.0 156.0b ± 8.3 126.0c ± 6.7 139.0bc ± 8 9.8a ± 0.09 7.7d ± 0.03 9.5b ± 0.05 9.4b ± 0.06 9.7a ± 0.04

12 222.0a ± 5.0 67.0e ± 2.2 156.0b ± 8.3 106.0d ± 6.8 127.0c ± 5.6 9.8a ± 0.07 6.5d ± 0.02 9.8bc ± 0.03 9.6c ± 0.05 9.8ab ± 0.10

Sperm morphology %

4 7.88c ± 0.30 14.50a ± 0.67 10.14b ± 0.61 12.36b ± 0.74 9.84bc ± 0.46

8 7.86d ± 0.27 18.36a ± 1.49 13.94b  ± 0.84 16.60b ± 3.06 12.86c ± 0.93

12 7.76d ± 0.17 24.44a  ± 1.12a 17.48b  ± 1.18 18.86b ± 1.49 16.22d ± 0.84
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Results
Tramadol changed levels of steroid hormones. In the current investigation, testosterone levels 
in the serum of male rabbits were reduced as the duration of tramadol administration increased at 4, 8, and 
12 weeks (Table 1). Pretreatment of rabbits with selenium and/or garlic for 2 h before tramadol administration 
was observed to raise and restore the reduced testosterone levels to normal levels (Table 1). On the other hand, 
pretreatment of rabbits with garlic extracts alone did not recover the tramadol-induced drop in estrogen levels 
compared to the control group (Table1). Interestingly, pretreatment of rabbits with selenium alone or in combi-
nation with garlic extract before administration of tramadol attenuated the decrease in estrogen levels compared 
to the control group (Table 1). Furthermore, motilities and sperm counts were reduced after treatment of rabbits 
for 4, 8, and 12 weeks with tramadol (Table 1). After pretreatment of rabbits with selenium, garlic extract, or a 
combination of the two, tramadol-induced sperm counts were restored to their normal levels (Table 1). Pretreat-
ment of rabbits with selenium, garlic extract, or a combination of the two improved the lower motility of sperms 
produced by tramadol, but not to the normal levels (Table 1).

The semen volumes [Ejaculates] were decreased with increasing the duration of tramadol therapy of rabbits 
at 4, 8, and 12 weeks (Table 1). The decrease in ejaculates caused by tramadol, on the other hand, was restored 
to normal levels after pretreatment of rabbits with selenium (Table 1). However, pretreatment of rabbits with 
garlic extracts only could not restore such decrease caused by tramadol compared to the control group (Table 1). 
Interestingly, combining selenium with garlic extract reduced the tramadol-induced drop in ejaculates to nor-
mal levels (Table 1). Selenium proved to be more effective than garlic extract alone in restoring the decrease in 
ejaculate volumes caused by tramadol compared to the control group (Table 1).

Effect of Tramadol on the antioxidant enzyme activities. Furthermore, the levels of free radicals 
were measured as thiobarbituric acid reactive substances which were markedly increased in the testes of tram-
adol-treated rabbits (Table 2). In addition, all antioxidant enzyme activities, including superoxide dismutase 
[SOD], glutathione peroxidases [GPx], and catalase [CAT] enzymes, were significantly inhibited in the testes 
of tramadol-treated rabbits (Table 2). However, pretreatment of rabbits with selenium or selenium plus garlic 
before tramadol administration was found to restore the inhibited antioxidant enzyme activities to their normal 
levels (Table 2). However, pretreatment of rabbits with garlic alone before tramadol administration increased the 
activity of SOD and CAT but did not reach their normal levels (Table 2). The activities of glutathione S-trans-
ferase [GST], glutathione reductase [GR], and reduced glutathione [GSH] levels were significantly decreased 
in tramadol-treated rabbits for 12 weeks compared to the control group (Table 2). On the other hand, pretreat-
ment of rabbits with selenium, garlic, or their combination for 2 h before tramadol administration restored the 
tramadol-induced inhibition of GST, GR, and GSH to the normal levels (Table 2).

Effect of tramadol on the protein expression of cytochrome P450 isozymes and the activity of 
17β‑hydroxysteroid dehydrogenase. According to the findings of this study, the activity of 17-hydrox-
ysteroid dehydrogenase was dramatically inhibited in the testes of rabbits given tramadol for 12 weeks (Table 2). 
However, pretreatment of rabbits for 2  h with selenium, garlic, and/or their combination before tramadol 
administration restored the decrease in 17-hydroxysteroid dehydrogenase activity caused by tramadol to the 
normal level (Table 2). Western immunoblotting data demonstrated that the protein expressions of CYP11A1, 
CYP21A2, and CYP19 were down-regulated in the testes of tramadol-treated rabbits (Fig. 1A,B,C). Pretreat-
ment of rabbits with either selenium or garlic increased and upregulated the protein expression of CYP 11A1 
levels above the normal level, whereas selenium was more efficient than garlic in restoring tramadol-induced 

Table 2.  Changes in the activity of 17β-hydroxysteroid dehydrogenase and antioxidant enzymes in testes of 
rabbits after pretreatment with selenium, garlic, or their combination for 2 h prior to tramadol administration. 
All values were presented as the mean and standard error of five rabbits. abc Means with different superscript 
letters were stastiscially significants. abc Means with the same superscript letter were not stastiscially significant. 
The level of significance for the differences between means was set at P < 0.05.

Enzymes

Treatments

Control Tramadol Tramadol + Se Tramadol + garlic Tramadol + Garlic + Se

17β-hydroxysteroid dehydrogenase
(Unit/ mg protein /min) 1.1561d ± 0.08 0.75a ± 0.02 1.5b ± 0.02 1.4b ± 0.02 1.8a ± 0.04

Superoxide dismutase activity (U/mg 
protein) 149.0a ± 3.6 70.0d ± 2.1 128.0b ± 0.1 91.0c ± 2.7 111.0b ± 3.1

Glutathione S-transferase (GST) (U/mg 
protein) 0.92b ± 0.06 0.50a ± 0.02 1.5a ± 0.01 0.9b ± 0.01 1.3a ± 0.1

Glutathione reductase (µmol/g tissue) 85.20b ± 1.90 44.0d ± 1.25 96.9a ± 1.21 69.9c ± 1.39 75.0c ± 0.79

Thiobarbituric acid reactive substances 
(µmol/g tissue) 1.83b ± 0.02 3.8a ± 0.23 0.87c ± .032 1.3bc ± 0.09 0.80c ± .01

Glutathione peroxidase (GPx) (U/mg 
protein) 7.3b ± 3.28 4.0d ± 1.85 7.0a ± 0.3 4.207d ± 1.9 8.4bc ± 3.75

Glutathione level (µmol GSH /g tissue) 4.4ab ± 0.29 1.7c ± 0.04 4.2b ± 0.40 5.5a ± 0.23 4.6ab ± 0.24

Catalase activity  (H2O2/mg protein/min) 66.7a ± 1.20 43.2c ± 1.71 86.2a ± 3.33 54.6bc ± 2.24 64.0b ± 1.93
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A

B

Figure 1.  Western blot analysis showed the changes in CYP11A1 (A), CYP21A1 (B), CYP19 (C) protein 
expression after treatment of rabbits for 12 weeks with Tramadol (2 lanes), Tramadol + garlic (2 lanes), 
Tramadol + selenium (2 lanes), Tramadol + garlic + selenium (1 lane). (B) Quantification of the band density of 
each protein band was expressed in the histogram and columns with various letters are statistically significant 
[P < 0.05].



7

Vol.:(0123456789)

Scientific Reports |        (2022) 12:13958  | https://doi.org/10.1038/s41598-022-16862-4

www.nature.com/scientificreports/

down-regulation of CYP 11A1 (Fig. 1A). The downregulated protein expression of CYP21A1 was potentially 
upregulated after pretreatment of rabbits with garlic before tramadol administration (Fig. 1B). Garlic or gar-
lic mixed with selenium was more effective than selenium alone in restoring and upregulating the tramadol-
induced downregulation of the protein expression of CYP21A1 to its normal level (Fig. 1B). On the other hand, 
selenium was found to be more effective than garlic in restoring the tramadol-induced down-regulation of the 
protein expression of CYP19 (Fig. 1C).

Histopathological examination of testicular tissues. To verify the changes in the above biochemi-
cal data, a histological investigation of testes tissues was performed. Figure 2A showed the normal architec-
ture of the control group’s testes after they were given saline solution. Spermatogenic cells with considerable 
vacuolization and the presence of degraded immature spermatozoid after tramadol administration were found 
(Fig. 2B). The Tramadol-Garlic group had a higher number of spermatogenic stem cells sitting on the basement 
membrane, as well as some mitotic division abnormalities with aberrant chromatin, were present (Fig. 2C,D). 
Tramadol-selenium therapy caused an increase in the sperm numbers, as well as normal mitotic and meiosis 
divisions, were obtained (Fig. 2E,F). The Tramadol-garlic-selenium-treated rabbits showed a lot of sperm with 
healthy sperms, spermatogenic epithelium, and normal mitotic and meiotic divisions. Pretreatment of rabbits 
with selenium, and garlic either alone or in combination restored and alleviated the deleterious effects of trama-
dol in the architectures of testes (Fig. 2G,H).

Discussion
Architectures of testis were found to be damaged as a result of exposure to toxic substances in both humans and 
 rats22,61. Toxic substances have been identified to interact with hormone receptors and/or inhibit the activity of 
several enzymes involved in steroidogenesis, resulting in hormonal  disruption62. Supporting these findings, it has 
been found that the testosterone and estrogen levels were decreased after chronic administration of tramadol to 
rabbits for 4, 8, and 12 weeks. In addition, the semen volumes decreased in tramadol-treated rabbits from 1 ml 
in the fourth week to 0.5 ml in the 12th week. Interestingly, pretreatment of rabbits with selenium and/or garlic 
before tramadol administration restored the decreased testosterone, and estrogen levels and volumes of semen 
compared to the control rabbits. Supporting our finding, the tramadol-treated female rats had lower estrogen 
levels in their serum, whereas the tramadol/vitamin C and tramadol/vitamin E treated groups had significantly 
higher  levels56. In agreement with the previous studies, it has been found that opioids reduced serum testoster-
one levels in both rats, mice, and  humans1,63–67. Histopathological investigation of tramadol-treated rabbit testes 
demonstrated vacuolization and the presence of disrupted immature spermatozoid. A healthy sperm, spermato-
genic and normal mitotic and meiotic divisions were obtained in the tramadol-garlic-selenium treated group. 
Moreover, tramadol treatment reduced the number and the motility of sperms significantly in testes of rabbits, 

C

Figure 1.  (continued)
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Figure 2.  (A) Male rabbit testes from a healthy control group were examined histopathologically. Primary spermatocytes with 
condensed chromatin differentiated nuclei (yellow arrow), spermatozoa (blue arrows), and Leydig cells (cells that make testosterone) 
in a rabbit’s testis (green arrow) (stain H&E ×400). (B) Male rabbit testes from the tramadol group showed degenerated spermatozoids 
near the basement membrane (yellow arrow), necrosed secondary spermatocytes with dark stain nuclei (green arrow), and disruption 
of the normal spermatogenic series are seen in the testis of a rabbit (StainH&EX200). (C) Testis of a rabbit pretreated with garlic before 
administration of tramadol showed high predominant of spermatogonium stem cells with undifferentiated nuclei (yellow arrows) 
(StainH&E ×200). (D) High magnification of C image showed sperm spermatozoids with abnormal bent shapes, some with preserved 
cytoplasm (yellow arrows), and degenerated necrosed cells (lost their nuclei; green arrows) (StainH&EX400). (E) Histopathological 
study of male rabbits testes of Tramadol and selenium group, in most of the testis tubules, histopathological examination revealed 
moderate to high improvement of the spermatogenic epithelium, good height and volume of spermatogenic epithelium (yellow 
arrows), and a few degenerated testis tubuli with low volume of spermatogenic epithelium (green arrows) (StainH&E ×200). (F) High 
power of E image showed high number of secondary spermatogenic cells (yellow arrows) and healthy spermatozoids (green arrows) 
(StainH&E × 400). (G) Histopathological analysis of male rabbit testes treated with Tramadol, garlic, or selenium showed a significant 
increase in the height and volume of the spermatogenic epithelium, a high percentage of spermatogenic stem cells (pink arrows), a 
high yield of healthy spermatozoid (yellow arrow), and a strong supporting interstitial tissue with myoid cells (green arrows) (stain 
H&E ×200). (H) High-resolution image reveals a high yield of spermatozoids (yellow arrows) and clear evidence of normal mitotic 
division, indicating a normal spermatogenic series (StainH&E ×400).
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while pretreatment of rabbits with selenium and garlic restored such changes. In agreement with the present 
study, it has been found that tramadol therapy showed lower sperm counts and sperm abnormal  forms66–72.

Cytochrome P450 isozymes [CYP21A1, CYP11A1, and CYP 19C] are involved in steroid hormone biosyn-
thesis. In the present study, the downregulation of CYP21A1, CYP11A1, and CYP 19C protein expression and 
inhibition of 17-hydroxysteroid dehydrogenase in rabbit testes after tramadol administration may represent a 
unique mechanism resulting in reduced testosterone levels and sperm count. Furthermore, a decrease in plasma 
cholesterol levels [the substrate of testosterone synthesis] following tramadol therapy could be another plausible 
mechanism of sperm production and testosterone  levels10. The present study showed that pretreatment of rabbits 
with garlic was more effective than selenium in restoring the down-regulated protein expression of CYP21A1 
caused by tramadol over the normal levels. On the other hand, pretreatments of rabbits with selenium and/or 
selenium plus garlic were more effective than garlic only in restoring the tramadol-induced down-regulation of 
CYP19. Supporting our finding, pretreatment of rats with curcumin and/or gallic acid before tramadol admin-
istration recovered the down-regulated protein expression of CYP 2E1, 3A4, 2B1/2)10.

Seminal plasma contains several antioxidants that protect sperm from reactive oxygen species [ROS]. 
High amounts of ROS were reported to impair fertility by causing lipid oxidation, DNA damage, and sperm 
 apoptosis73,74. Because spermatozoa have a low concentration of antioxidants, they are extremely susceptible to 
the adverse effects of  ROS10. In addition, Oxidative stress is caused by high levels of ROS and is predominantly 
found in tissues with low antioxidant enzyme activity [SOD, CAT, GR, GPx, and  GST]10. In the present study, 
tramadol therapy inhibited SOD, GSH, GST, CAT, GSR, and GPx activities and depleted glutathione levels, 
resulting in a rise in free radical levels and, as a result, increased oxidative stress in rabbits’ testes. In agreement 
with the present study, SOD, CAT, GR, GPx, and GST activities are inhibited in the livers of rats after tramadol 
 treatment10. The mechanism of inhibition of antioxidant enzyme activities might be due to the interaction of 
tramadol or its metabolites with certain metal ions, such as selenium, that function as cofactors for antioxidant 
enzymes (SOD, GPx)75. Supporting this finding from the present study, when selenium was given to rabbits before 
tramadol therapy was found to increase the activities of SOD, GPx. Therefore, antioxidant treatments may be 
efficient therapeutic choices for dealing with the burden of oxidative stress-induced male  infertility70,74. In agree-
ment with our finding, pretreatment of rats with other antioxidants [Curcumin, Gallic acid, and/or Nigella sativa 
oil] before tramadol administration restored such inhibition in antioxidant enzyme  activities10,74,75. Therefore, 
the low number of spermatozoa and testosterone levels in tramadol-treated rabbits could be due to depletion of 
glutathione levels and inhibition of antioxidant enzyme activity which leads to induction of free radical levels.

Garlic has an abundance of chemical compounds such as diallylthiosulfinate [allicin], alliin, S-allyl cysteines, 
thiacremonone, allyl sulfide, and diallyl  sulfide76. Supporting our finding, it has been found that diallyl sulfide 
attenuated and improved the decrease in epididymal sperm count and motility, spermatogenesis score, serum tes-
tosterone, SOD, and GSH levels caused by lead in testes of  rats77. Furthermore, diallyl sulfide enhanced testicular 
CYP19 expression significantly, which was downregulated after lead  exposure77. Moreover, pre-treatments of rats 
with diallyl sulphide and/or aged garlic extract effectively reduced the testicular toxicity caused by cyclophos-
phamide and adriamycin, including decreased sperm count, epididymal sperm motility, and epididymal index, 
as well as increased histopathological alterations, decreased sperm count and abnormalities, low testosterone 
level, high MDA concentration, low GSH level, and decreased GSH-Px, CAT, and SOD activity in the  test78,79.

It is concluded that tramadol therapy reduced testosterone levels, downregulated the protein expression of 
CYPs isozymes, inhibited antioxidant enzyme activity, and induced free radical levels. Such changes were reversed 
and alleviated in rabbits pretreated with garlic and/or selenium before tramadol administration. The findings of 
this study could point to a potential mechanism for lowering steroid hormone levels in tramadol-treated rabbits. 
Furthermore, it is advised to take garlic and/or selenium for at least 2 h before tramadol administration. Based 
on the outcomes of this investigation, other clinical trial studies may be suggested.

Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary 
information files].
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