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A B S T R A C T

Several studies have implicated codeine use in the aetiopathogenesis of male infertility. The purpose of this study
was to investigate the role of HER2, Ki67, oestrogen and p53/Bcl-2 signaling pathways and the possible outcome
of codeine cessation on codeine-induced reproductive toxicity. Thirty adult male Wistar rats of comparable ages
and weights were randomly allocated into 5 groups. The control animals received distilled water per os (p.o),
while animals in the low-dose (LDC) and high dose (HDC) codeine-treated groups received 2 and 5 mg/kg/day of
codeine respectively p.o for 6 weeks. The animals in the low-dose codeine recovery (LDC-R) and high-dose co-
deine recovery (HDC-R) groups received treatment as LDC and HDC respectively followed by another drug-free six
weeks, recovery period. Cessation of codeine exposure led to a partial reversal of codeine-induced poor sperm
quality, reduced litter size and weight, increased oxidative testicular injury, testicular apoptosis, and testicular
DNA damage caused by codeine administration. Codeine-induced gonado-spermotoxicity was associated with a
reduction of circulatory testosterone, suppression of testicular HER2, Ki67, and Bcl-2 expression, down-regulation
of oestrogen signaling, and upregulation of testicular caspase 3 activities and p53 signaling pathway. Conclusion:
Upregulation of oestrogen signaling associated with enhanced testicular HER2 and Ki67 expression during the
recovery period is seemingly beneficial in protecting against codeine-related testicular injury and infertility.
1. Introduction

Increasing evidence is implicating various drugs in the aetiopatho-
genesis of infertility. Drug-induced infertility may be reversible or irre-
versible [1]. These drugs include those that are used for medical and
recreational purposes [2] such as alcohol, marijuana, cannabis and opi-
oids. Global reports showed codeine as the most commonly abused
opioid [3]. Although codeine enhances locomotor activities associated
with sexual performance, it has been reported to impair copulatory ef-
ficiency and fertility [4]. Following oral codeine exposure in rabbits,
generation of reactive oxygen species and associated redox imbalance
triggered a rise in caspase 3 activities and results in structural and
functional impairment in the testes with subsequent gonadal apoptosis
[5, 6]. Also, codeine has been observed to induce spermDNA damage and
results in reduced sperm quality [7].

A strong link has been identified between p53, a sequence-specific
transcription factor, and Bcl-2. p53 has been reported to activate cell
cycle check-points, while Bcl-2 inhibits apoptosis [8]. p53 mediates
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apoptosis in response to various cellular stress [9, 10] through its tumor
suppressive function [11] and its ability to function as a transcription
factor [12, 13, 14, 15]. Primarily, it triggers apoptosis by regulating Bcl-2
expression [11]. Stress-activated p53 induces Bax transcription, which
overwhelms anti-apoptotic Bcl-2 [16,17]. Furthermore, p53 could
directly repress Bcl-2 expression [11]. Similarly, in response to oxidative
stress, activation of caspase 3 defaults to an intrinsic apoptotic pathway
[18].

The essential role of erb type-1 tyrosine kinase receptors such as c-
erbB2, commonly referred to as HER2, in male germ cell development
has been established. HER2mediates Sertoli and Leydig cell proliferation
and differentiation [19]. Studies have shown that HER2 is important in
mitosis and meiotic entry of germ cells, production of sperm cells and
steroids by mediating epidermal growth factor-growth factor (EGF-GF)
signaling [20]. HER2-mediated Sertoli and Leydig cell functions influ-
ence oestrogen production. Before puberty, Sertoli cells serve as the
primary source of oestrogen, while Leydig cells take over this re-
sponsibility in adulthood via the activity of aromatase [21, 22]. Besides
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the regulation of Sertoli and Leydig cell proliferation, growth and func-
tion, oestrogen influences the apoptosis of germ cells and acrosome
biogenesis [23, 24, 25]. Oestrogen regulates spermiogenesis via oes-
trogen receptor-α (ERα), while it regulates spermatocyte apoptosis and
spermiation via ERβ [26].

Human and animal studies have implicated several drugs, including
drugs that are commonly abused such as codeine, in male infertility [27].
Although, our previous studies reported that codeine impaired male
fertility, testicular and sperm integrity with their functions [4, 5, 7] via
oxidative damage and caspase 3-mediated apoptosis, there are still some
shortcomings. The previous studies did not provide information on the
effect of codeine cessation and other apoptotic pathways. Therefore, the
present study aimed at evaluating whether or not codeine-induced
reproductive toxicity is irreversible. It also investigated the role of
HER2, Ki67, oestrogen and p53/Bcl-2 signaling pathways on
codeine-induced gonadotoxicity.

2. Materials and methods

2.1. Animals

Thirty male rats (150–180g) of the Wistar strain, obtained from the
Ladoke Akintola University of Technology (LAUTECH) Animal house,
were housed in a well-ventilated room with light and dark cycle of 12 h
and under standard laboratory conditions. Animals had unrestricted ac-
cess to rat chow and water. The experiments were carried out in
compliance with the guidelines of the Ministry of Health, Oyo state, and
Guide for the Care and Use of Laboratory Animals outlined by the Na-
tional Academy of Science (NAS), as published by the National Institute
of Health. Experimental procedures were approved by the Ministry of
Health, Oyo state (AD13/479/1396).

2.2. Drugs and chemicals

Codeine was a donation of the National Drug Law Enforcement
Agency (NDLEA), Nigeria. All reagents used, except otherwise stated,
were of analytical grade and obtained from Sigma Chemical Co, USA.

2.3. Experimental design

Rats were randomly assigned to 5 groups (n ¼ 6/group) after two
weeks of acclimatization. The control group received distilled water per
os, low-dose (LDC) and high dose (HDC) codeine-treated groups received
2 and 5 mg/kg of codeine respectively per os for six weeks, while the low-
dose recovery (LDC-R) and high-dose codeine recovery (HDC-R) groups
also received 2 and 5 mg/kg of codeine respectively per os for six weeks
which was immediately followed by another drug-free 6 weeks, recovery
period (Figure 1). Although spermatogenesis takes about 50–57 days in
rats, the present study did not target a particular phase of the sper-
matogenic cycle; it rather focused on the toxic effect of codeine on the
2

testes and testicular functions, hence codeine was administered for six
weeks [28].

The dose of 2 mg/kg used in this study is the human equivalent dose
recommended using the formula:

Human Equivalent Dose (in mg/kg) ¼ Animal dose (in mg/kg) X Animal Km/
Human Km

where the adult human Km is 37 and rat km is 6 [29].
The rationale of the high dose selection in this study was based on our

previous study, using the rat equivalent doses of the rabbit doses previ-
ously used [4, 5, 7].

Five days prior to culling, male rats were cohabitated with untreated
females (1:1), previously confirmed by a combination of visual assess-
ment and vaginal smear to be in estrus [30], for a maximum of two
nights. Mating was established by the presence of sperm in the vaginal
smear. The litter (offspring) size and weight of the damns were deter-
mined and recorded.

At the end of the experiment, rats were euthanized with intracardiac
blood withdrawal under ketamine-xylazine anaesthesia [31], and the
testes were removed. The caudal epididymis of each animal was excised
for sperm analysis. Half of the left testis of each animal was put in
formaldehyde solution for immunohistochemistry, while the other half
was put in phosphate buffer solution (PBS) and stored at -20 �C for
biochemical analyses. The right testis of each rat was placed in lyses
buffer containing 5mM Tris–HCl, pH 8.0, 20mM EDTA, and 0.5% Triton
X-100 for assessment of caspase 3 activity and DNA fragmentation.
Testosterone and oestrogen levels were measured in serum samples by
Enzyme-Linked ImmunoSorbent Assay (ELISA) following the manu-
facturer's guidelines (Monobind Inc., USA).
2.4. Assessment of caudal epididymal sperm and litter parameters

For sperm analysis, about 1mm-long incision was made on the caudal
epididymis to liberate the sperm content into a clean petri dish con-
taining 2ml normal saline solution [7]. A drop of the sperm suspension
was placed on a clean pre-warmed slide mixed with 2 drops of 2.9%
sodium citrate and, covered with a coverslip. Motility was assessed under
a microscope at x 10 magnification. For sperm count, a drop of sperm
suspension in formo-saline was transferred to each chamber of the
Improved Neubauer Haemocytometer and counted under a light micro-
scope at x 100 magnification. For sperm viability, a mixture of Eosin and
Nigrosin stains was added to the drop of sperm suspension on a glass
slide. A thin smear was made, air-dried, and examined under a light
microscope at x 40 magnification to obtain the ratio of live/dead sperm.
For sperm morphology, a smear of the sperm suspension was made, fixed
with alcohol, air-dried, and stained with Methylene blue, and then
observed under a light microscope to assess various sperm defects.

Pups delivered by the untreated damns were counted and weighed to
determine the litter size and weight, respectively.
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2.5. Extraction of testicular mitochondrial fraction and measurement of
oxidative stress and inflammatory markers

Testes were homogenized in PBS and centrifuged at 10, 000 rpm for
15 min at 4 �C to obtain the supernatant (mitochondrial fraction) for
biochemical assay. Markers of oxidative stress were determined spec-
trophotometrically. Ferrous Oxidation-Xylenol Assay with Triphenyl-
phosphine was employed to assess the production of hydrogen peroxide
as previously described [5, 32], while malondialdehyde (MDA) levels
were identified as a product of lipid peroxidation by measuring thio-
barbituric acid reactive substances (TBARS) [5, 33]. The testicular con-
centrations of Advanced Glycation Endproducts (AGE), a product of
oxidative protein denaturation, was determined by ELISA method using
standard kits according to the manufacturer's guideline (Elabscience
Biotechnology Co Ltd, USA), while reduced glutathione (GSH) levels
were determined by spectrophotometric methods using Ellman's pro-
cedure [5, 34]. Testicular activities of endogenous enzymatic
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antioxidants such as superoxide dismutase (SOD), catalase, glutathione
peroxidase (GPx), and glutathione–S-transferase (GST) were assayed
using established spectrophotometric methods as reported by Fridovich
andMisra [35], Euler et al. [36], Rotruck et al. [37], and Habig et al. [38]
respectively.

Testicular myeloperoxidase (MPO) activity was determined to quan-
tify the accumulation of polymorphonuclear leukocytes. This assay is
based on hydrogen peroxide-dependent oxidation of guaiacol [39].
Testicular levels of nitric oxide (NO) were assessed using the Griess re-
action [40]. The concentrations of testicular TNF-α and IL-1β were
determined by ELISA method using standard kits according to the man-
ufacturer's guideline (Elabscience Biotechnology Co Ltd, USA).

2.6. Measurement of the activities of testicular proton pumps

Testicular Naþ-Kþ-ATPase and Ca2þ-ATPase activities were spectro-
photometrically determined as previously reported [41]. Two (2mL) of
Sperm motility
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Figure 3. Effect of low-dose codeine (LDC) and high-dose codeine (HDC) and their cessation during the recovery period (-R) on testicular H2O2 generation (a), MDA
(b), AGE (c), GSH (d), SOD (e), catalase (f), GPx (g), and GST (h) in wistar rats. Values are expressed as mean � SD of 6 rats per group. Data were analyzed by one-way
ANOVA followed by Tukey's post hoc test. *p < 0.05 vs control, #p < 0.05 vs LDC, þ p < 0.05 vs HDC, ~ p < 0.05 vs LDC-R.
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the standard reagent was added to the homogenate and left to stand for
30 min at room temperature for colour change development. Afterwards,
the absorbance was read at 820mm using a spectrophotometer. The
principle is based on the hydrolysis of adenosine triphosphate (ATP) in
the presence of appropriate cations to release inorganic phosphate. The
amount of inorganic phosphate released is measured using the ammo-
nium molybdate-ascorbic acid system. Concentrated sulphuric acid oxi-
dizes ammonium molybdate acid and gives a yellow colour with
inorganic phosphate. Ascorbic acid reduces the molybdic acid to give a
characteristic blue colour. The intensity of the colour is proportional to
the concentration of the inorganic phosphate liberated into the reaction
medium.
4

2.7. Immunohistochemistry analyses for Ki67, HER2, p53 and Bcl-2
expression

Formalin-fixed and paraffin-embedded testicular tissues were
sectioned at 4 μm for immunohistochemistry. Immunohistochemical
procedures were performed using Thermo Fischer kit (Thermo Fischer
Scientific Inc., USA) and appropriate antibodies; anti-mouse Ki67
monoclonal for Ki67 expression (1:200), anti-mouse HER2 monoclonal
for HER2 expression (1:100), anti-mouse p53 monoclonal for p53
expression (1:100), and anti-mouse Bcl-2 monoclonal for Bcl-2 expres-
sion (1:200) (Thermo Fischer Scientific Inc., USA). Shortly, after de-
paraffinization and rehydration of sections, the antigen was retrieved
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using preheated citrate buffer and allowed to cool for 30 min. The slides
were cleaned with Kim wipes, section areas marked with a hydrophobic
pen, and slides were then arranged in a humidified chamber. The slides
were incubated for 10 min following blockade of endogenous peroxidase
activity using hydrogen peroxide. The slides were rinsed with PBS once,
and ultra V protein block was applied and incubated for 10 min. After-
wards, the slides were rinsed with PBS twice, and the corresponding
primary antibodies (Ki67, HER2, p53, and Bcl-2) were applied. The slides
were then incubated for 45 min, rinsed twice with PBS, and the primary
antibody amplifier (secondary antibody) was applied. The slides were
further incubated for 25 min, rinsed with PBS twice, and HRP polymer
was added. The cycle of incubation for 25 min and rinsing twice with PBS
was repeated. Sections were incubated for 5 min in diaminobenzidine
(DAB) substrate, rinsed with PBS twice, counterstained with Haematox-
ylin, and rinsed with distilled water. Blueing solution was applied to the
sections and rinsed, dehydrated, clear, and mounted for qualitative ex-
amination. For quantification, digital photographs obtained were
5

imported unto the Image J software with specific plugins. Immunoratio
pseudo images were produced and the percentage of DAB stained nuclear
area evaluated as previously established by Tuominen et al. [42]. Briefly,
a microscope image, an optional blankfield correction image, and
thresholding adjustment parameters were received as an input, and
background subtraction was carried out using the Rolling ball algorithm.
The Colour Deconvolution plugin was used to separate the stains into two
eight-bit component images: diaminobenzidine (DAB) and hematoxylin
(H). The components were processed with a mean filter and binarized
using adaptive IsoData thresholding. Component specific threshold ad-
justments were applied and processed with a median filter to smooth the
thresholding result. Nucleus segmentation was performed on both com-
ponents by using the Watershed algorithm and small particles were dis-
carded based on their sizes. For the H component, thin (fibroblastic) cells
were identified and discarded using non-round particle removal. The H
and DAB components are overlaid on the source image, and then the
percentage of DAB-stained nuclear area out of the total nuclear area (the
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labeling index) was calculated. The results were normalized with the
control group.

2.8. Measurement of testicular 8-hydroxydeoxyguanosine (8OHdG),
caspase 3 activity and DNA fragmentation

Testicular oxidative DNA damage was evaluated by measuring the
tissue concentrations of 8OHdGmethod using ELISA kits according to the
manufacturer's guideline (Elabscience Biotechnology Co Ltd, USA).
Similarly, testicular caspase 3 activities were determined as a marker of
apoptosis using ELISA kits (Elabscience Biotechnology Co Ltd, USA) as
Figure 5. Effect of low-dose codeine (LDC) and high-dose codeine (HDC) and their
negative control (a), LDC (b), HDC (c), LDC-R (d), and HDC-R (E)groups in wistar rat
one-way ANOVA followed by Tukey's post hoc test. *p < 0.05 vs control, #p < 0
Immunoratio pseudo image. Spermatogenic cells (LINE) of the seminiferous tubules
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previously documented [5, 7]. Testicular DNA fragmentation index was
determined spectrophotometrically using diphenylamine (DPA) methods
as previously reported [5, 43].

2.9. Statistical analysis

Statistical analysis was carried out by the use of GraphPad Prism 5.0
(GraphPad Software, San Diego, USA). One-way ANOVA and Tukey's
posthoc test was used for data analysis. Data are expressed as means �
SD. p < 0.05 was considered statistically significant.
cessation during the recovery period (-R) on testicular Ki67 expression in the
s. Values are expressed as mean � SD of 6 rats per group. Data were analyzed by
.05 vs LDC, þ p < 0.05 vs HDC, ~ p < 0.05 vs LDC-R. 1: original image; 2:
(ST) and leydig cells (arrow head).



Figure 6. Effect of low-dose codeine (LDC) and high-dose codeine (HDC) and their cessation during the recovery period (-R) on testicular HER2 expression in the
negative control (a), LDC (b), HDC (c), LDC-R (d), and HDC-R (E)groups in wistar rats. Values are expressed as mean � SD of 6 rats per group. Data were analyzed by
one-way ANOVA followed by Tukey's post hoc test. *p < 0.05 vs control, #p < 0.05 vs LDC, þ p < 0.05 vs HDC, ~ p < 0.05 vs LDC-R. 1: original image; 2:
Immunoratio pseudo image. Spermatogenic cells (LINE) of the seminiferous tubules (ST) and leydig cells (arrow head).
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3. Results

3.1. Sperm and litter parameters

Codeine, at low and high doses, significantly reduced sperm count,
motility, viability, and increased abnormal morphology. The differences
observed were dose-dependent except for sperm count which was similar
between the low- and high-dose groups. Caseation of codeine adminis-
tration for six weeks to allow recovery significantly improved sperm
7

quality, although the sperm quality was not completely restored. Simi-
larly, the litter size and weight were significantly lower in codeine-
treated rats in a dose-dependent fashion; codeine caseation led to a
significantly higher litter size and weight (Figure 2).

3.2. Oxidative markers

Treatment with codeine impaired the activities of testicular enzy-
matic antioxidants and led to increased generation of hydrogen peroxide



Figure 7. Effect of low-dose codeine (LDC) and high-dose codeine (HDC) and their cessation during the recovery period (-R) on testicular p53 expression in the
negative control (a), LDC (b), HDC (c), LDC-R (d), and HDC-R (E)groups in wistar rats. Values are expressed as mean � SD of 6 rats per group. Data were analyzed by
one-way ANOVA followed by Tukey's post hoc test. *p < 0.05 vs control, #p < 0.05 vs LDC, þ p < 0.05 vs HDC, ~ p < 0.05 vs LDC-R. 1: original image; 2:
Immunoratio pseudo image. Spermatogenic cells (LINE) of the seminiferous tubules (ST) and leydig cells (arrow head).
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when compared with the control group. The treatment also caused
enhanced production of oxidative stress markers assessed by MDA, AGE,
and GSH. Nevertheless, these alterations were significantly improved
following codeine cessation (Figure 3).
3.3. Inflammatory markers and proton pumps

Testicular MPO activity, used as a marker of neutrophil infiltration to
the testes, was significantly raised in the codeine-treated groups when
compared to the control group. NO, TNF-α, and IL-1β concentrations in
the rat testes were elevated considerably in the codeine-treated groups,
8

suggesting elevated inflammatory response. However, these elevations
were abolished significantly in the recovery groups (Figure 4). Testicular
Naþ-Kþ-ATPase and Ca2þ-ATPase activities demonstrated significant
depression as compared to the control group indicating codeine-induced
impairment of the proton pumps. Nonetheless, drug cessation improved
the activities of these proton pumps (Figure 4).
3.4. Testicular Ki67 and HER2 expression

Immunohistochemistry analysis revealed that the administration of
codeine to Wistar rats significantly reduced the expression of nuclear-
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associated antigen Ki67 (Figure 5), a marker of cell proliferation, indi-
cating that codeine impairs germ cell proliferation, especially the actively
growing and rapidly dividing spermatogonia and primary spermatocytes.
Table 1. Effect of codeine and its cessation during the recovery period on testicular

Control LDC

8OHdG (ng/ml) 7.39 � 0.41 10.02 � 0.75*

Caspase 3 activity (ng/mg) 0.92 � 0.14 2.20 � 0.18*

Testicular DFI (%) 10.28 � 1.34 22.27 � 1.18*

LDC: low dose codeine, HDC: high dose codeine, –R: recovery period, DFI: DNA fragm
analyzed by one-way ANOVA followed by Tukey's post hoc test. *p < 0.05 vs contro
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Likewise, codeine treatment led to a significant reduction in testicular
expression of HER2 (Figure 6), a mediator of EGF-GF signaling which is
essential for Sertoli and Leydig cells growth, indicating repression of the
genotoxicity, apoptosis, and DNA fragmentation.

HDC LDC-R HDC-R

12.48 � 0.53*# 8.88 � 0.69*#þ 11.29 � 0.67*#þ~

3.88 � 0.19*# 1.99 � 0.132*þ 2.98 � 0.18*#þ~

30.58 � 1.40*# 20.16 � 1.09*þ 28.50 � 1.31*#~

entation index. Values are expressed as mean � SD of 6 rats per group. Data were
l, #p < 0.05 vs LDC, þ p < 0.05 vs HDC, ~ p < 0.05 vs LDC-R.



Table 2. Effect of codeine and its cessation during the recovery period on serum testosterone and oestrogen.

Control LDC HDC LDC-R HDC-R

Testosterone (ng/ml) 8.40 � 0.74 6.69 � 0.57* 5.14 � 0.49*# 7.46 � 1.15þ 6.46 � 0.35*þ

Oestrogen (ng/ml) 9.33 � 0.76 8.17 � 0.95* 7.17 � 0.41* 8.94 � 0.35þ 8.29 � 0.49þ

LDC: low dose codeine, HDC: high dose codeine, –R: recovery period. Values are expressed as mean � SD of 6 rats per group. Data were analyzed by one-way ANOVA
followed by Tukey's post hoc test. *p < 0.05 vs control, #p < 0.05 vs LDC, þ p < 0.05 vs HDC.

A.F. Ajayi, R.E. Akhigbe Heliyon 6 (2020) e05589
proliferation and differentiation of Sertoli and Leydig cells. These aber-
rations were significantly, though not completely, attenuated by codeine
cessation.

3.5. Testicular apoptosis and DNA damage

As an indicator for apoptosis, testicular p53 was significantly elevated
in the codeine-treated groups with respect to the control group, while
codeine cessation abrogated p53 expression in rat testes (Figure 7). In
parallel, caspase 3 activities in the testes of rats treated with codeine
significant increased. However, caspase 3 activities were suppressed
significantly following recovery. On the other hand, testicular expression
of Bcl-2, an anti-apoptotic marker, was significantly decreased in
codeine-treated animals when compared with the control animals. Co-
deine cessation at the recovery phase up-regulated Bcl-2 expression in the
testes (Figure 8).

Treatment with codeine comparably increased testicular levels of
8OHdG, a marker of oxidative DNA damage, and testicular DNA frag-
mentation when compared with the control. The DNA damage observed
in codeine-treated animals was significantly abolished following codeine
cessation (Table 1). Similarly, serum testosterone and oestrogen con-
centrations were significantly diminished following codeine treatment
when compared with the control groups; yet, codeine cessation for six
weeks significantly restored these hormones to near normal (Table 2).

4. Discussion

The key finding of this study is that codeine induces gonadotoxicity
and poor sperm quality. The data collected reveal that codeine admin-
istration led to reduced litter size and weight, oxidative DNA damage,
hyper-inflammatory response, proton pump dysfunction, and suppres-
sion of Ki67 and HER2 expression. Besides, the study demonstrates that
redox imbalance-driven gonadotoxicity induced by codeine is accompa-
nied by suppression of oestrogen concentration, as well as upregulation
of caspase 3 activities and p53/Bcl-2 signaling pathway. However, the
negative effect exerted by codeine on male reproductive function is
partially reversible (Figure 7).

Accumulating evidence elucidates the role of oxidative stress on
sperm quality and reproductive function [5, 7, 44, 45, 46]. The present
study demonstrates that codeine exposure triggered the generation of
free radicals that are associated with the development of oxidative stress
[45], testicular damage [5], and poor sperm quality [7]. Although the
testes and sperm contain enzymatic antioxidants such as SOD, catalase
and glutathione system [47, 48, 49], as well as non-enzymatic antioxi-
dants like ascorbate and α-tocopherol [50, 51], the high polyunsaturated
fatty acid makes the testes-sperm complex prone to oxidative damage [5,
7, 52, 53, 54]. Our present findings do not only align with our previous
reports [5, 7], but also provide an extension that codeine-exaggerated
free radical generation and suppression of antioxidant is accompanied
by impairment of testicular proton pumps revealed by decline testicular
Naþ-Kþ-ATPase and Ca2þ-ATPase activities. This infers that codeine
administration promotes testicular proton pump dysfunction and dis-
rupts redox balance that may likely predispose to testicular damage and
poor sperm quality. These alterations were restored by codeine cessation.
Although it has been established that spermatogenesis in rats takes about
50 days and an extra 7 days for sperm release [28], the administration of
10
codeine for 6 weeks in the present study did not particularly focus on the
effect of codeine on spermatogenesis, but on sperm parameters and
testicular integrity and functions. Our data could imply that with
continuous codeine exposure, sperm cells produced from subsequent
cycles of spermatogenesis would be adversely affected by codeine-driven
redox imbalance.

Also, our present study that codeine-induced elevated neutrophil
recruitment evident by enhanced testicular MPO activity accompanied
by activation of pro-inflammatory cytokines reiterates earlier observa-
tions. The elevated testicular levels of NO, TNF-α, and IL-1β are a
reflection of pro-inflammatory response; however, this was abolished by
codeine withdrawal. Studies have revealed that the hyper-inflammatory
process within the male reproductive system reduces fertility potentials
[5, 7, 55]. Mobilization of immune cells to inflammatory sites causes the
production of reactive oxygen intermediates and cytokines via activation
of neutrophils and macrophages [56]. Consistently, the results of this
study showed elevated testicular levels of NO, TNF-α, and IL-1β in
oxidative stress-induced gonado-spermotoxcity following codeine expo-
sure. This aligns with previous studies that revealed that inflammatory
cytokines impair reproductive function via enhanced NO production [57,
58].

In a previous study, we demonstrated that codeine-enhanced copu-
latory locomotor activity was associated with a declined fertility index
[4]. Besides, the present data show that chronic codeine administration
further led to a significant reduction in litter size and weight. Moreover,
codeine-induced reduced litter size and weight were reversed by its
cessation. Although there is a lack of data on the effect of paternal co-
deine exposure on offsprings, previous studies on nicotine revealed
reduced average weight of progenies following nicotine exposure [59].
This is in dissonance with studies on 3,4-methylenedioxymethamphet-
amine (ecstasy) [60]. The present study revealed that codeine does not
only trigger oxido-inflammatory damage to the gonads and sperm; it also
exerts a negative effect on the quality of offsprings produced likely via
epigenetic modification.

In addition to androgen suppression established in our previous
studies [4, 5], the present study shows that codeine administration leads
to a decline in serum levels of oestrogen. This is possibly via down-
regulation of HER2 expression. The role of HER2 in male fertility has
been demonstrated. Codeine-induced oestrogen suppression is secondary
to, at least partly, HER2 down-regulation observed in this study. Codeine
exposure impaired HER2-mediated Sertoli and Leydig cell proliferation
and differentiation [19] and Ki67 expression, a marker of proliferation.
This was possibly accompanied by a decline in aromatase activity [21,
22] and resultant low oestrogen production. Besides, HER2 also mediates
spermiogenesis [20]. Hence, the down-regulation of HER2 contributes to
the poor sperm quality seen following codeine treatment.

The decline in circulatory oestrogen has multiple effects; it further
impairs Sertoli and Leydig cell growth leading to a vicious cycle, de-
regulates spermiogenesis leading to poor sperm quality, and induces
apoptosis [23, 24, 25, 26]. Thus, the role of oestrogen in testicular
function and male fertility [61] cannot be over-emphasized. The modu-
latory effects of oestrogen in regulating testicular proliferation and
apoptosis have been linked to ER-mediated genomic and rapid
non-genomic activities through the membrane receptors [62]. In parallel
with the oxidative testicular injury, codeine resulted in increased
testicular caspase 3 activity and expression of p53. This was observed to
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be associated with down-regulation of Bcl-2. The current data is in
consonance with our previous study that elucidated that codeine trig-
gered caspase 3 activity [5, 7]. It also demonstrates the role of p53/Bcl-2
in codeine-induced apoptosis. The present study revealed that
oestrogen-dependent testicular apoptosis is reversible following codeine
withdrawal.

Interestingly, our results suggest that codeine induces testicular
apoptosis via several linking pathways. The raised levels of pro-
inflammatory cytokines following codeine administration as well as
oxidative injury explain the testicular apoptosis observed [58]. More so,
codeine-induced testicular apoptosis might be attributed to impaired
HER2-regulated oestrogen production. These findings were found to be
associated with oxidative DNA damage and DNA fragmentation of the
testes. This implies that codeine promotes the oxidation of guanines to
generate 8OHdG which labilizes the glycosyl bond that attaches the
guanines to adjacent ribose unit, resulting in loss of guanine and gener-
ation of abasic sites [45]. This destabilizes the DNA backbone and leads
to induction of localized strand breaks.

Despite the adverse effects of codeine on testicular function, its
cessation appears to partially restore oestrogen signaling, at least partly,
thus enhancing testicular HER2, Ki67, and Bcl-2 expression, and down-
regulating p53 pathway resulting in the maintenance of male fertility.
A novel finding in the present study is the up-regulation of HER-2 and
oestrogen signaling following codeine cessation with possible Sertoli and
Leydig cell regeneration. This aligns with the few data available in the
literature that reported possible Sertoli and Leydig cell regeneration after
maturation. Although Sertoli cells have been known to be quiescent after
sexual maturity, Martínez-Hern�andez [63] observed increased Sertoli
cell proliferation and restoration after a short photoperiod-induced
apoptosis in Syrian hamster (Mesocricetus auratus). Our findings that
codeine cessation up-regulates HER-2 and oestrogen signaling is at least
partly responsible for the enhanced sperm quality and suppressed
apoptosis observed following withdrawal. It might also suggest that not
all Sertoli cells are quiescent after sexual maturity.
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5. Conclusion

Our present study is in full agreement with our previous documenta-
tion and also extends our knowledge on the mechanisms associated with
reproductive toxicity induced by codeine. The results of our current study
revealed that codeine exposure does not only predispose to possible male
infertility via oxidative damage and caspase 3-dependent apoptosis, it also
led to the suppression of testicular HER2, Ki67, and Bcl-2 expression, as
well as down-regulation of oestrogen signaling, and upregulation of cas-
pase 3 activity and p53 signaling. Codeine cessation promoted the partial
and dose-dependent reversal of the poor sperm quality, reduced litter size
and weight, increased oxidative testicular injury, apoptosis, and DNA
damage caused by codeine administration (Figure 9).
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