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Abstract
Exposure to nicotine in smoking contributes to most unexplained male infertility but the mechanisms remain to be fully elucidated.
Zinc (Zn) is an essential trace element in normal growth, development and reproduction. Zinc oxide nanoparticles (ZnONPs) are
well-known antioxidants. Therefore, this work was designed to investigate the potential ability of ZnONPs to protect testis and
epididymis in nicotine-treated rats. Forty adult maleWistar albino rats were divided into control group and two experimental groups
(treated and supplemented rats). In the treated group, rats received nicotine at a dose of 1 mg/kg/day orally for 30 days. Rats in the
supplemented group received ZnONPs (10 mg/kg/day) with nicotine (1 mg/kg/day), orally for the same period. Testicular and
epididymal sections were stained with H&E to assess the histological changes. Negrosin-eosin staining of epididymal sperms was
performed to assess their viability and morphological changes. Serum testosterone, FSH and LH levels were assessed. Also,
oxidative stress parameters and semiquantitative real-time PCR for steroidogenic enzymes were measured. Morphometric studies
of both organs were statistically analyzed. Mild to severe testicular and epididymal structural changes together with sperm mor-
phological abnormalities were detected in nicotine-treated rats. Biochemical results also showed a decrease in all measured param-
eters except for an increased malondialdehyde (MDA) level that meant deterioration of their reproductive function. On the other
hand, ZnONP supplementation in the last group showed an obvious improvement in all investigated parameters.
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Abbreviations
Zn Zinc
ZnONPs Zinc oxide nanoparticles
WHO World Health Organization
StAR Steroidogenic acute regulatory protein
RT- PCR Semiquantitative reverse transcriptase-PCR
FSH Follicle-stimulating hormone
LH Luteinizing hormone
ELISA Enzyme-linked immune sorbent assay
CV Coefficient of variation
PBS Phosphate-buffered saline
EDTA Ethylenediaminetetraacetic acid
TBARS Thiobarbituric acid reactive substances

MDA Malondialdehyde
SOD Superoxide dismutase
GSH Glutathione
rpm Round per minute
TSA Total sperm abnormalities
OMM Outer mitochondrial membrane
STs Seminiferous tubules
NBT Nitroblue tetrazolium to measure neutrophil

oxidative burst
SH Thiol
GSH-Px Glutathione peroxidase
BW Body weight

Introduction

Infertility is a reproductive disease manifested by absence
of conception after at least 12 months of regular unprotect-
ed intercourse in couples (WHO 2010). It is evident in 15%
of the sexually active population. Male infertility
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contributes between 30 and 50% to this condition.
Infertility can cause emotional disorders including stress
and social isolation. Several physiological, systemic pa-
thologies, genetic abnormalities, environmental pollution
and even oxidative stress in reproductive organs can cause
infertility (Sankako et al. 2012).

Cigarette smoking is a common social habit that triggers an
economic burden and serious public health problems.
According to recent data of the World Health Organization,
the number of smokers around the world is estimated at 1
billion people. Smoking is increased in less-developed coun-
tries and leads to 6 million deaths per year equivalent to 1
death every 6 s due to smoke exposure (WHO 2010). In the
last decades, many available biological, experimental and ep-
idemiological data indicated that cigarette smoking causes up
to 13% of human infertility. This lifestyle factor could lead to
infertility by declining the concentration and quality of human
sperm (Burns 2007).

Cigarette smoke releases a large number of substances of
medical importance such as nicotine, carbon monoxide, irritants,
carcinogens andmutagens. Some of these substances and/or their
metabolites lead to health problems such as heart and vascular
diseases, asthma, tuberculosis, emphysema, as well as cancer of
the mouth, pharynx, larynx and lung. Also, significant incidence
of spontaneous abortion and infertility has been recorded among
smokers. Presence of these substances in seminal plasma has
been reported, indicating their ability to pass through the blood-
testis barrier (Oyeyipo et al. 2010; Ribeiro et al. 2016).

Therefore, smoking can badly affect and damage the sperm
function and even its genetic material. Moreover, people ex-
posed passively to cigarette smoke may complain from sever-
al reproductive consequences similar to active smokers
(PCASRM 2006).

Zinc is an indispensable bio-element for many biochemical
processes such as growth and reproduction. It is considered a
principle component of different proteins such as copper/zinc
superoxide dismutase, so it maintains the structural integrity
of DNA and the metabolism of nucleic acids. Additionally, it
plays a key role in DNA repair, transcription and translation
process (Hirst et al. 2013). Also, zinc is required for the main-
tenance of germ cells, progression of spermatogenesis and
regulation of sperm motility (Zhao et al. 2011). Its deficiency
inmale reproduction results in gonadal dysfunction, decreased
testicular weight and seminiferous tubule shrinkage (Babaei
et al. (2010).

Recently, there has been a huge development of nanotech-
nology in the science and technology field. This nanotechnol-
ogy is the technology of diagnosing, treating and preventing
diseases using nanoscale structured materials. The use of me-
tallic nanoparticles (gold, silver, iron, Zn and metal oxide
nanoparticles) has shown great challenges in the field of med-
icine and its applications (Hirst et al. 2013). Zinc oxide (ZnO)
is an environmentally friendly material with minimal hazards

according to Wu et al. (2007), so it is used for different bio-
applications, such as bio-imaging and cancer detection. Zinc
oxide nanoparticles (ZnONPs) have a special importance due
to their wide area of applications such as gas sensors, chemical
sensors, bio-sensors, cosmetics, optical and electrical devices,
solar cells and drug-delivery (Vaseem et al. 2010). ZnONPs
are also known to be potent antioxidants and preserve repro-
ductive tissue (Mohammadi et al. 2017; Torabi et al. 2017).

With an increasing rate of cigarette smoking and further
nicotine exposure per day, the adverse effects on body tissues
and organs become more evident and deleterious in smokers.
Although previous studies have investigated the negative ef-
fect of nicotine on reproductive and sperm function, few of
them studied its histological effects. So, this study was de-
signed to investigate the detrimental effects of cigarette smoke
on reproductive male organs and also to evaluate the possible
protective role of ZnONPs against nicotine damage on male
reproduction. The results open a new era in the clinical appli-
cability of ZnONPs therapy to minimize the significant prob-
lem of infertility.

Chemicals

Nicotine preparation

Nicotine hydrogen tartrate with CAS number 65-31-6 and EC
Number 200-607-2 (95% nicotine) was purchased from Sigma-
Aldrich, 3050 Spruce Street, Saint Louis, MO 63103, USA.
The nicotine dosage was prepared in normal saline for each
group of animals. It was delivered orally at 1 mg/kg body
weight daily. The working solutions were stored in a foil-
wrapped glass bottle at 4 °C for no longer than 10 days.

Zinc oxide nanoparticles

In the form of dispersion ˂ 100 nm particle size, ≤ 40 nm
average particle size, 20 wt.% in H2O (product number
721077, CAS number 1314-13-2) was purchased from
Sigma-Aldrich, 3050 Spruce Street, Saint Louis, MO 63103,
USA.

Animals

Forty adult male Wistar albino rats (weighing 180–200 g)
were obtained from the Breeding Animal House of the
Scientific and Medical Research Center, Faculty of
Medicine, Zagazig University, Egypt. The animals were
housed in ventilated metal cages. They were given rodent
pellet and water ad libitum. The animals were handled and
kept in the laboratory under constant conditions of tempera-
ture (24 ± 2 °C), (50 ± 5%) humidity and a photoperiod of 12-
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h dark and light for at least 2 weeks before and throughout the
experimental work. All experiments were performed in accor-
dance with the guidelines for animal research issued by the
National Institute of Health guide for the care and use of
laboratory animals and was approved by the Animal Ethics
Committee, Zagazig University, Zagazig, Egypt.

Nanoparticle characterization

The particle size and morphology were detected using trans-
mission electron microscopy in which the aqueous dispersion
of the nanoparticles was drop-cast on a carbon-coated copper
grid (Hsieh 2007). The grid was air dried at room temperature
and visualized using (JEOL JEM -2100) Transmission
Electron Microscope (Jeol Ltd., Tokyo, Japan) at the
Electron Microscope Research Unit, Faculty of Agriculture,
Mansoura University, Mansoura, Egypt (Fig. 1).

Experimental design

After a 2-week acclimation, animals were separated randomly
into three groups:

Group I (control) Animals (20 rats) were further subdivided
into two equal subgroups:

– Subgroup Ia (negative control): Ten rats received no treat-
ment, (only balanced diet and tap water).

– Subgroup Ib (positive control): Ten rats fed on the stan-
dard and given 0.2 ml of normal saline (vehicle), which
was used to dissolve the nicotine hydrogen tartrate.

Group II (nicotine-treated group) Ten rats were treated with
nicotine hydrogen tartrate dissolved in normal saline at a dose
of 1 mg/kg/day (Oyeyipo et al. 2010).

Group III (ZnONPs-supplemented) Ten rats received
10 mg/kg/day of ZnONPs (Afifi et al. 2015) with nicotine
1 mg/kg/day (Oyeyipo et al. 2010).

All the previous chemicals were given daily to rats for 30
consecutive days by oral gavage through oral cannula. We did
not include a control group receiving only ZnONPs because
we aimed to evaluate its role on nicotine-treated rats, not the
effect of zinc in normal conditions.

Histological study

At the end of the experiment, body, testis and epididymal
weights of all animals were measured. Rats were sacrificed
with an intraperitoneal injection of 25 mg/kg sodium thiopen-
tal (Kara et al. 2014). For biochemical and molecular analyses
(oxidative stress parameters and semiquantitative reverse tran-
scriptase (RT)-PCR of steroidogenic enzymes), the testes and
epididymides on the right side of each animal were removed,
rinsed with cold normal saline, divided into parts and dried
with filter paper. Such parts were quickly frozen in liquid
nitrogen then stored at − 80 °C until the preparation of tissue
homogenates. For histopathological assessment, the testes and
epididymal caput on the left side of the animals were fixed in
Bouin’s solution, dehydrated and embedded in paraffin wax.
Sections of 5μm thickness were stained with hematoxylin and
eosin (H&E), examined and photographed by the light micro-
scope (Bancroft and Layton 2013).

Hormonal assay

Testosterone was determined using radioimmunoassay kits
supplied by Diagnostic Products Corp. (Los Angeles, CA,
USA) according to Maruyama et al. (Maruyama et al. 1987).
The intra-assay coefficient of variation (CV)was < 9% and the
inter-assay CV was < 13% for the testosterone hormone test.

Quantitative estimation of serum follicle-stimulating hor-
mone (FSH) was carried out using enzyme-linked immune sor-
bent assay (ELISA) according to Knobil (1980). Quantitative
estimation of luteinizing hormone (LH) in serum was carried
out using ELISA according to Wakabayashi (1977). The kits
used for determination of free testosterone, FSH and LH in rat
serum were obtained from Glory science. Co., Ltd., USA. The

Fig. 1 Electron micrograph of ZnONPS nanoparticles less than
100 nm
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intra-assay CVwas < 5 and 4.5% and the inter-assay CVwas <
6.5 and 8% for FSH and LH hormones respectively.

Estimation of testicular oxidative stress
parameters

Parts of the frozen testicular samples from all groups were
washed with phosphate-buffered saline (PBS). Then, they were
homogenized in cold phosphate buffer, pH 7.0, containing eth-
ylene diamine tetra acetic acid (EDTA) formeasurement of thio-
barbituric acid reactive substances (TBARS). The homogenate
was centrifuged at 4000 rpm for 15min at 4 °C and the superna-
tant was kept at − 80 °C until used for analysis of lipid peroxida-
tion product (MDA), catalase, superoxide dismutase (SOD) and
reduced glutathione (GSH), which weremeasured by using col-
orimetric kits (Bio-Diagnostics, Dokki, Giza, Egypt) according
to the manufacturer’s instructions. TBARS (MDA) levels were
expressed as nanomole permilligram protein (Duru et al. 2011).

Sperm quality analysis

To determine these parameters, the epididymal cauda was
minced with a scalpel blade in a Petri dish pre-warmed to
37 °C. The fluid of the epididymal cauda was diluted in 2 ml
of physiological saline solution (Narayana et al. 2002). One drop
of evenly mixed sample was applied to a specific slide and the
motility/concentration module of the computer-assisted semen
analysis (CASA) system was performed using Mira Lab—
Egypt (Mira 9000 sperm Analyzer CASA software). Sperm
quality was determined by three parameters: sperm concentra-
tion, motility and viability (Emadi et al. 2012).

To assess the sperm viability and morphologic abnormalities,
10 μl of sperm suspension was smeared on a slide, air-dried and
stained with 10 μl of eosin-nigrosin dye (1% eosin Y and 5%
nigrosin). Examined under the light microscope using × 1000,
the live spermatozoa were white and the dead were stained red
(Linder et al. 1995; Ezzatabadipour et al. 2012). The spermswere
classified into normal and abnormal and the total sperm abnor-
mality was expressed as percentage incidence.

For analysis, a trinocular microscope with a plan objective
lens (Olympus) equipped with phase contrast optics and a
heated stage (37 °C) was used. Sperm count was expressed
as million per milliliter. The number of motile spermatozoa
was expressed as percentage of sperm motility.

Semiquantitative reverse transcriptase-PCR
of steroidogenic enzymes

After homogenization, total RNAextractionwas carried out from
rat testis using TriFast TM reagent (PeqLab. Biotechnologie

GmbH, Carl-Thiersch St. 2B 91052 Erlongen, Germany, Cat.
No. 30-2010). The remaining DNA was removed by digestion
with DNase I (Sigma). The RNA purity and concentration were
determined spectrophotometrically at A260/A280 nm.

Semiquantitative reverse transcription polymerase chain
reaction (RT-PCR) was performed using ready-to-go RT-
PCR beads for first cDNA synthesis and PCR reaction pro-
vided by Amersham Biosciences, England. Cat. No. 27-9266-
01(Berchtold 1989). Gene-specific primers were purchased
from Biolegio. BV, PO Box 91, 5600 AB Nijmegen,
Netherlands. The primers used for RT-PCR for StAR protein
and cytochrome P450scc were gene-specific primers selected
according to Akingbemi et al. (Akingebemi et al. 2004).

StAR protein: forward primer, 5′-TTG GGC ATA CTC
AAC AAC CA-3′; reverse primer, 5′-ATG ACACCG CTT
TGC TCA G-3′.

Cytochrome P450scc: forward primer, 5′-AGG TGTAGC
TCA GGA CTT-3′; reverse primer, 5′-AGG AGG CTATAA
AGG ACA CC-3′.

RPS 16 (internal control, housekeeping gene): forward
primer, 5′-AAG TCT TCG GAC GCA AGA AA-3′; reverse
primer, 5′-TTG CCC AGAAGC AGAACA G-3′.

Thermal cycling reaction was performed with the following
program: initial denaturation 94 °C for 5 min, 35 cycles of 94 °C
for 0.5 min denaturation, 60 °C for 1 min (StAR protein), 58 °C
for 30 s (cytochrome P450scc) and 60 °C for 1 min (RPS 16) as
primer annealing, 72 °C for 1 min extension and final extension
at 72 °C for 7 min. The products were subjected to agarose gel
electrophoresis using 2% agarose stained with ethidium bromide
and visualized via light UV trans illuminator (Model TUV-20,
OWI Scientific, Inc. 800 242-5560, France) and photographed
under fixed conditions (the distance, the light and the zoom).

Histomorphometry

The slides were examined under a microscope and the following
measurements were taken; seminiferous tubular diameter, epidid-
ymal caput region was analyzed as regards to epididymal tubular
diameter, epididymal luminal diameter. Seminiferous and epidid-
ymal epithelial height were also measured. For each parameter,
ten measurements were made per section. The means of the mea-
surements of the parameter in each sectionwere recorded for each
animal. The image analyzer computer system Leica Qwin 500
(Leica Imaging system, Ltd., Cambridge, England) was used to
measure the percentage (%) of each parameter in the Pathology
Department, Faculty of Dentistry, Cairo University, Cairo, Egypt.

Statistical analysis

All data were analyzed using SPSS 17.0 (SPSS, Inc. Chicago,
IL, USA). Normally distributed data are expressed as the
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mean ± standard deviation. p < 0.05 was considered to indi-
cate a statistically significant difference. For analysis of
weight gain, hormonal levels and oxidative anti-oxidative pa-
rameters and gene expression, one-way ANOVA was done
followed by Tukey’s post hoc test.

Results

Histopathological results

Hematoxylin and eosin-stained sections of control rat testis
showed normal morphology. It is covered by a thin connective
tissue capsule. Well-developed circular or elliptical seminiferous
tubules (Sts) were densely packed and lined with multiple layers
of spermatogenic cells with little interstitium containing clusters
of interstitial cells (Fig. 2a). Nicotine exposure resulted in mild to
severe testicular degeneration and distortion accompanied by
lumen contraction. Nicotine-treated testis showed thick covering
tunica albuginea with dilated and congested blood vessels. Some
seminiferous tubules showed separated germinal epithelium
from their basement membranes (Fig. 2b). Other sections were

severely affected with an irregular separated capsule and wide
separation between adjacent Sts that were distorted with an irreg-
ular basement membrane; some of them showed detached ger-
minal epithelium in the lumen and a small amount of interstitial
tissue could be seen with congested blood vessels (Fig. 2c). Rats
receiving nicotine and ZnONPs simultaneously showed a thin
connective tissue capsule containing blood vessels and normal
shape and arrangement of the seminiferous tubules. Also, the
interstitiumwith normal clusters of interstitial cells could be seen.
Acidophilic hyalinematerial with vacuolationwas detected in the
interstitium (Fig. 2d).

The higher magnification of the previous sections provided
us with more details. Control rat testis showed a thin regular
basement membrane of Sts with flat myoid cells. The Sts were
lined by stratified germinal epithelium and Sertoli cells with
large, pale nuclei. Germinal epithelium was formed of sper-
matogonia, primary spermatocytes and spermatids. Sperms
could be seen in the lumen. Leydig cells appeared with acido-
philic cytoplasm and rounded vesicular nuclei (Fig. 3a).
Nicotine-treated rats showed wide separation between germi-
nal epithelium, with dark-stained nuclei of primary spermato-
cytes. The interstitial tissue showed Leydig cells with dark-

Fig. 2 (A) H&E-stained sections of control rat testis showing a thin
connective tissue capsule (curved arrow). The seminiferous tubules
(Sts) are densely packed with little interstitium (I) containing clusters of
interstitial cells. (B) Nicotine-treated testis show thick covering tunica
albuginea (C) with congested blood vessels (B). Some seminiferous tu-
bules (Sts) show separated germinal epithelium from their basement
membranes (black arrows). (C) Other sections of the nicotine-treated
group show an irregular separated capsule (C) and wide separation be-
tween adjacent seminiferous tubules that display an irregular basement

membrane (arrowhead); some of them show detached germinal epitheli-
um in the lumen (black arrow) and a small amount of interstitial tissue
could be seen (red arrow), notice the congested blood vessel (B). (D)
Sections from the ZnONPs-supplemented group showing a thin connec-
tive tissue capsule (C) with blood vessels (B) could be seen, normal shape
and arrangement of the seminiferous tubules (Sts), the interstitium (I)
containing clusters of interstitial cells. Acidophilic hyaline material with
vacuolation is detected in the interstitium (black arrow) (A, B, D× 200; C
× 100, scale bar 50 μm)
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stained nuclei and congested blood vessels in mildly affected
sections (Fig. 3b). Some severely affected sections of group II
showed distorted Sts with irregular basal lamina and reduction
in the thickness of germinal epithelium with a wide separation
between adjacent cells due to detachment of some cells in the
lumen. They showed irregular outlines and karyolytic nuclei.
Primary spermatocytes appeared with dark-stained nuclei.
The interstitial tissue showed edema and vacuolation and
Leydig cells had small dark-stained nuclei with dark acido-
philic cytoplasm (Fig. 3c). ZnONP-supplemented rats showed
nearly normal testicular architecture as Sts had a thin regular
basement membrane with flat myoid cells and they were lined
by stratified germinal epithelium and Sertoli cells with large,
pale nuclei. Germinal epithelium was formed of sper-
matogonia, primary spermatocytes and spermatids.
Sperms could be seen in the lumen. Leydig cells ap-
peared with acidophilic cytoplasm and rounded vesicular
nuclei (Fig. 3d).

The cross-sections of caput epididymis obtained from
the control group revealed regular and circular ducts lined
with a pseudostratified columnar epithelium that exhibits
stereocilia. A dense collection of sperm cells in the lumen
was evident. Scanty connective tissue can be seen be-
tween the ducts (Fig. 4a). The mildly affected sections
of nicotine-treated rats showed epididymal mucosa with
dark acidophilic cytoplasm and dark-stained nuclei.
Congested blood vessels could be seen in the connective
tissue between the ducts. Sperms were noticed in the lu-
men (Fig. 4b). The highly affected sections of group II
showed markedly distorted ducts with vacuolations in the
lumen and between the mucosal cells. The connective
tissue showed marked extravasations and mononuclear
cell infiltration (Fig. 4c). The ZnONP-supplemented
group showed ciliated mucosa lining the ducts with some
vacuolations. The lumen contained sperms. Congested
blood vessels were noticed in between the ducts (Fig. 4d).

Fig. 3 Higher magnification presents (A) the control group showing Sts
having a thin regular basement membrane with flat myoid cells (blue
arrow). The Sts are lined by stratified germinal epithelium and Sertoli
cells with large, pale nuclei (arrowhead). Germinal epithelium is formed
of spermatogonia (S), primary spermatocytes (S1) and spermatids (S2).
Sperms could be seen in the lumen (S3). Leydig cells (red arrows) appear
with acidophilic cytoplasm and rounded vesicular nuclei. (B) Nicotine-
treated rats show wide separation between germinal epithelium (black
arrow), with darkly stained nuclei of primary spermatocytes (S1). The
interstitial tissue show Leydig cells with darkly stained nuclei (red ar-
rows) and congested blood vessels (B). (C) Some sections of nicotine-
treated rats display Sts with irregular basal lamina (arrowhead) and re-
duction in the thickness of germinal epithelium with wide separation

between adjacent cells (stars). Some cells appeared detached in the lumen
with irregular outlines and karyolytic nuclei (black arrows). Primary sper-
matocytes (S1) appear with dark-stained nuclei. The interstitial tissue
shows edema (E) and vacuolations (V) and Leydig cells exhibit small
darkly stained nuclei with dark acidophilic cytoplasm (red arrows). (D)
ZnONP-supplemented rats display Sts having a thin regular basal lamina
with flat myoid cells (blue arrow). They are lined by Sertoli cells
(arrowhead) with large, pale nuclei and stratified germinal epithelium that
is formed of spermatogonia (S), primary spermatocytes (S1) and sperma-
tids (S2). Sperms could be seen in the lumen (S3). Leydig cells (red
arrows) appear with acidophilic cytoplasm and rounded vesicular nuclei.
(H&E × 400, scale bar 30 μm)
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At higher magnification, the control rat epididymal
caput was lined with principal cells with acidophilic cyto-
plasm and basal lightly stained nuclei and an apical acido-
philic brush border; stereocilia. Basal cells had dark basal
nuclei. Smooth muscles of the musculosa layer separated
the ducts from the connective tissue that contained blood
vessels (Fig. 5a). Nicotine-treated rats showed principal
cells with dark acidophilic cytoplasm, dark-stained nuclei
and loss of stereocilia. Marked extravasation of blood be-
tween the ducts was noticed (Fig. 5b). Rats of group III that
received ZnONPs simultaneously with nicotine showed
normal epididymis lined with principal cells with an apical
acidophilic brush border; stereocilia, basal cells with dark
basal nuclei and smooth muscles of the musculosa layer
were evident (Fig. 5c).

Negrosin-eosin-stained epididymal sperms showed that
live sperms were unstained while dead sperms were
stained with red color (Fig. 6a, b). Normal shape of
sperms was detected in the control group (Fig. 7a) while
the nicotine-treated group showed different forms of ab-
normalities in the form of a twisted body (Fig. 7b); ab-
normal rounded head (Fig. 7c); abnormal irregular tail
(Fig. 7d); and abnormal head and tail (Fig. 7e). The

ZnONPs-supplemented group showed normal epididymal
sperm morphology (Fig. 7f).

Biochemical, statistical and morphometric
results

Assessment of body, testicular and epididymal
weights and hormonal levels

The positive control group did not show significant differ-
ences when compared to the negative control one (p > 0.05).
It was found that the nicotine-treated group showed a signif-
icant and highly significant difference in this parameter when
compared to the control and ZnONP-supplemented groups
respectively (p < 0.05, p < 0.001). Furthermore, the ZnONP-
supplemented group showed a nonsignificant difference
(p > 0.05) when compared to group I (Figs. 8 and 9).

Regarding the level of hormones, the nicotine-treated
group showed a significant decrease in all hormones as com-
pared to the control group with a nonsignificant difference
between ZnONPs-supplemented groups and control (Fig. 10).

Fig. 4 H&E-stained sections from rat epididymis display (A) the control
group showing the epididymis ducts lined with ciliated mucosa (arrow),
the lumen containing sperms (SP). Scanty connective tissue can be seen
between the ducts (curved arrow). (B) Nicotine-treated rats exhibit epi-
didymal mucosa with dark acidophilic cytoplasm and dark-stained nuclei
(arrow). Congested blood vessels can be seen in the connective tissue
between the ducts (B). Notice sperms in the lumen (SP). (C) The highly

affected ducts of the nicotine-treated group are markedly distorted (ar-
row), with vacuolations in the lumen and between the mucosal cells (V).
The connective tissue shows marked extravasation (B) and mononuclear
cell infiltration (yellow arrow). (D) ZnONPs-supplemented group show
ciliated mucosa (arrow) lining the ducts with some vacuolations (V),
notice the sperms in the lumen (SP) and congested blood vessels in
between the ducts (B). (A and C × 100, B and D × 200, scale bar 50 μm)
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Assessment of lipid peroxidation and oxidative stress
in testicular and epididymal tissues

The testicular and epididymal MDA levels were significantly
higher in the nicotine-treated group compared to the control
one (p < 0.001). However, its level in both tissues of the
ZnONP-supplemented group was significantly lower when
compared to the nicotine-treated group (p < 0.05) (Fig. 11).
Levels of antioxidant enzymes, CAT, SOD, GSH and GPx

were highly significantly decreased in the ZnONPs-
supplemented group in comparison to the nicotine-treated
group (p < 0.05) (Fig. 12).

Assessment of sperm motility, morphology, viability
and count

Epididymal sperm concentration in the nicotine-treated groupwas
significantly lower (p < 0.05) than that of the control. The

Fig. 5 Higher magnification shows (A) control rat epididymis is lined
with principal cells (pr) with acidophilic cytoplasm and basal lightly
stained nuclei and apical acidophilic brush border; stereocilia (red arrow).
Basal cells have dark basal nuclei (ba). Smooth muscles (sm) of
musculosa layer and blood vessels (B) in between the ducts can be seen.
(B) Nicotine-treated group shows principal cells (arrows) with dark

acidophilic cytoplasm and dark-stained nuclei and loss of stereocilia
(red arrows). Marked extravasation of blood (B) between the ducts is
noticed. (C) ZnONP-supplemented group shows normal epididymis lined
with principal cells (pr) with apical acidophilic brush border; stereocilia
(red arrow). Basal cells have dark basal nuclei (ba). Smooth muscles (sm)
of musculosa layer can be seen (H&E × 400, scale bar 30 μm)

Fig. 6 Negrosin-eosin-stained
epididymal sperms showing (A)
sperm is formed of head (H); and
tail (T). (B) Live sperms are
unstained (red arrow) while dead
sperms are stained (black arrow)
(negrosin-eosin × 1000, scale bar
10 μm)
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ZnONP-supplemented group revealed an increase in sperm count
relative to group II. TSA showed a highly significant increase
(p< 0.0001) in the nicotine-treated group in comparisonwith their
respective control ones, also a significant decrease in live sperm
and an increase in dead sperm in the nicotine-treated group
(nicotine-treated) compared to the control group (Figs. 13 and 14).

Assessment of morphometric results

Morphometric analysis demonstrated a significant decrease
(p < 0.05) in the diameter and surface area (SA) of the semi-
niferous tubule and epididymal tubules in the nicotine-treated
group as compared to control groups and ZnONPs-
supplemented groups (p < 0.05) (Figs. 15 and 16).

Assessment of semiquantitative reverse transcriptase-PCR
of steroidogenic enzymes

Testicular gene expression of StAR and cytochrome P450scc
was significantly decreased (p < 0.05) in the nicotine-treated
group when compared to the control group. The ZnONP-

Fig. 7 Negrosin-eosin-stained
epididymal sperms showing (a)
normal shape of sperms in the
control group; while the nicotine-
treated group shows different
forms of abnormalities in the form
of (b) a twisted body; (c) abnor-
mal rounded head; (d) abnormal
irregular tail; (e) abnormal head
(arrowhead) and tail (arrow). (f)
The ZnONP-supplemented group
shows normal epididymal sperm
morphology (negrosin-eosin ×
1000, scale bar 10 μm)

Fig. 8 The mean relative body weight (g) in different studied groups
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supplementation group caused a further increase in testicular
gene expression of StAR and cytochrome P450scc as com-
pared with the control group (p < 0.05) (Fig. 17).

Discussion

Available data do not conclusively demonstrate that smoking
decreases male fertility. However, with much debate on its

Fig. 9 The mean testicular and epididymal weight (gm) in different stud-
ied groups. # Significant, * nonsignificant with control. Data represented
as means ± SD

Fig. 11 Levels of testicularMDA in different studied groups. # Significant,
* nonsignificant with control. Data represented as means ± SD

Fig. 10 Hormone levels in
different studied groups. #
Significant, * nonsignificant with
control. Data represented as
means ± SD
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Fig. 12 Levels of testicular
antioxidant enzymes in different
studied groups. # Significant, *
nonsignificant with control. Data
represented as means ± SD

Fig. 13 Levels of sperm
parameters in different studied
groups: # Significant, *
nonsignificant with control. Data
represented as means ± SD
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impact on semen parameters, it is regarded as an infertility risk
factor (Mostafa 2010). Zinc is known to be essential for tes-
tosterone synthesis and spermatogenesis. Its deficiency leads
to atrophy of seminiferous tubules and failure of spermatogen-
esis. Also, zinc deficiency could impair the steroid receptor
function and decrease sex steroid action because the steroid
receptors have zinc fingers (Bedwal et al. 2009). Therefore,
this study sought to assess the relationship between smoking
and male infertility through histological and biochemical im-
paction on testis and epididymis and the possible ameliorative
effect of ZnONPs supplementation.

Regarding body weight, there was a significant decrease in
body weight of the nicotine-treated group compared to the
control and supplemented groups. Some researchers recorded
a significant decrease in BW of cigarette smoke-exposed rats
and attributed it to the metabolic effects of nicotine (Sankako
et al. 2012; Nerín et al. 2007). Exposure to nicotine may re-
duce food intake by its effect on feeding behavior (Bellinger
et al. 2010). Feeding-related actions of nicotine are correlated
to neuropeptides such as neuropeptide Y and peptide hor-
mones, such as leptin (Bishop et al. 2002; Klein et al. 2004).
These results disagreed with Oyeyipo et al. (2010) who re-
ported that the mean body weight of nicotine-treated animals
showed nonsignificant changes. The weight of testes and
epididymes also revealed a significant loss as compared to
the control group. These results could be attributed to a de-
crease in the testosterone level, which is essential for normal
growth and development of these organs.

In the present study, shrunken, disorganized seminiferous tu-
bules (Sts) with an irregular basement membrane and wide sep-
aration between germinal epithelium with darkly stained nuclei
of primary spermatocytes in group II were evident. Germ cells’
detachment and sloughing in the lumen of most Sts may be
attributed to nicotine-induced lipid peroxidation and the reduc-
tion in testosterone hormone (Oyeyipo et al. 2011) as testosterone
is needed for the attachment of different generations of germ cells
in Sts (Oyeyemi et al. 2015). Decreased serum testosterone level
caused by nicotinemay be associatedwith disruption of testicular
cyto-architecture affecting Leydig cell number and function, as
well as the fertility rate of the animals (Oyeyipo et al. 2010).

Fig. 14 TSA, total sperm abnormalities in different studied groups. #
Significant, * nonsignificant with control. Data represented as means ±
SD

Fig. 15 Morphometric changes
of epithelium (%) in different
studied groups: # Significant, *
nonsignificant with control. Data
represented as means ± SD
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Elshal et al. (2009) reported immature spermatozoa, sperm
head defects and disturbances in spermatozoa chromatin and
DNA integrities associated with cigarette smoking. It has been
suggested that dietary Zn may prevent cellular apoptosis.
According to the study of Cao et al. (2015), a positive

correlation between Zn levels in testes and sera and levels in
food was observed, indicating that dietary Zn accumulates in
tissues and serum. Accumulated degenerated germ cells in the
lumina of Sts in the present work may be attributed to the
failure of Sertoli cells to perform their function in engulfing

Fig. 16 Morphometric results
(diameters and SA) of tubules in
different studied groups: #
Significant, * nonsignificant with
control. Data represented as
means ± SD

Fig. 17 Relative expression of
testicular StAR protein and
Cytochrom P450scc in different
studied groups
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these bodies (Bin Dohaish et al. 2008). Vacuoles revealed in
the present study may be derived from dilatation and vesicu-
lation of the endoplasmic reticulum and mitochondrial swell-
ing (Nolte et al. 1995).

On the other hand, the basal lamina irregularities in the
present work might be secondary to tubular shrinkage in
degenerated tubules or as a result of contraction of myoid cells
(Imran et al. 2003). Acharya et al. (2008) reported that sub-
stances having antioxidant activities, such as vitamin C, vita-
min E, Zn, selenium and melatonin, reduced and/or prevented
both the oxidative stress and damage in the testis caused by
cadmium in their study. Cohen (1997) suggested that nicotine
activated specific intracellular death-related pathways. In ad-
dition, it enhanced the expression of the activated form of
caspase-3 and caspase-3 enzyme activity. On the other hand,
Mohammadi et al. (2017) proved that ZnONPs prevented both
epithelial disorganization of Sts and the reduction of sper-
matogenic cell counts induced by cyclophosphamide.

Regarding the effect of nicotine on testosterone, LH and
FSH hormones in serum showed the significant decrease in
group II (nicotine-treated) compared to the control. It was
reported that most environmental chemicals and pollutants
are hormonally active compounds that target the endocrine
system and cause reproductive anomalies. Testosterone levels
in plasma are indicators of normal testicular function. It was
noted that nicotine could inhibit androgens release, LH, FSH
and testosterone, which are necessary for the gonadal devel-
opment and steroidogenesis in rats (Mathur and D’Cruz
2011). Also, it was documented that nicotine has harmful
effects on the hypothalamic/pituitary/testicular axis and a sup-
pressing effect on testicular and androgen production by mod-
ifying the function of Leydig cells (Nair and Rajamohan
2014). Reddy et al. (1998) revealed that nicotine is a central
nervous system depressor that inhibits the neural stimulus
essential for the release of pituitary gonadotropins.

Decreased testosterone level in group II of the present
study was emphasized by the manifest decrease in testicular
StAR gene expression. Bose et al. (2007) mentioned that en-
vironmental factors, such as tobacco smoke that contains nic-
otine, reduce the interaction of StAR with the outer mitochon-
drial membrane (OMM), resulting in reduced transport of
cholesterol and finally reduced pregnenolone. They added that
the effect of cigarette smoke is stronger than that of nicotine
alone in decreasing the expression of protein at the OMM.
Decline in StAR mRNA transcription and StAR protein ex-
pression in nicotine-treated animals was reported in the adult
and prenatal period. It was explained by defective cholesterol
transfer in the mitochondria or direct suppression of StAR
protein expression (Jana et al. 2010; Liu et al. 2016).

Hormonal levels in group III (ZnONP-supplemented) showed
an improvement consistent with the results recorded by Al-Ani
et al. who reported that testosterone synthesis is dependent on
adequate dietary Zn. There is strong evidence that Zn is required

for normal function of the hypothalamo-pituitary-gonadal axis. It
increases the release of LH and FSH from the pituitary gland,
stimulating testosterone production; Zn also inhibits the aroma-
tase enzyme so prevents converting testosterone into excess es-
trogen (Al-Ani et al. 2015). Also, its deficiency leads to a bio-
chemical lesion in the pathways controlling steroid synthesis,
impaired development of the smooth endoplasmic reticulum in
the Leydig cells, or leads to the malfunction of the LH receptor
mechanism controlling storage and release of testosterone
(Bedwal et al. 2009).

The sperm count showed a significant decrease (p < 0.001)
in the nicotine-treated group (II) as compared with control
ones (Ia, Ib) but showed a significant increase in the supple-
mented group as compared to group II. The total sperm ab-
normalities showed a highly significant increase (p < 0.0001)
in group II in comparison with their respective control ones.
Group III showed a significant increase in the number of nor-
mal sperms and decreased incidence of sperm abnormality
when compared with the group (II). Also, we observed a sig-
nificant decrease in live sperm and an increase in dead sperm
in group II (nicotine-treated) compared to the control group.
These results agree with Nair and Rajamohan (2014) and Jalili
et al. (2014) who mentioned that smoking has been associated
with overall reduction in semen quality through significantly
decreasing the motility, count and normal morphology of
sperms in comparison with control groups (p < 0.05).

In smokers, nicotine and its metabolites have been detected
in seminal plasma in association with cigarette consumption.
Many reports have explained the detrimental effects of ciga-
rette smoking on sperm morphology, density and motility by
direct biological and toxic effects on sperm cells (Abdul
Ghani Abdul-Ghani 2014). Furthermore, it has been suggested
that inhalation of cigarette smoke leads to absorption of nico-
tine and its metabolites, which reach the reproductive system
through the blood-testis barrier causing alterations, including
altered antioxidant concentrations and generation of reactive
oxygen species (Kapawa et al. 2004). In addition, it has been
found that heavy smoking induced DNA damage and is asso-
ciated with abnormal spermatozoa and male infertility (La
Maestra et al. 2015; Dai et al. 2015). In their research,
Miranda-Spooner et al. (2016) reported a reduction in sperm
motility and mitochondrial activity, also, increased spermato-
zoa with tail abnormalities in nicotine-exposed rat offspring.
They concluded that nicotine is considered a risk factor on
male offerings gonads during pregnancy and lactation. This
also explains morphological changes in sperms detected in
our study by negrosin-eosin staining of epididymal sperms.
On the other hand, all sperm parameters improved with
ZnONP supplementation that has a positive impact on tissue.

Morphometric analysis of group II confirmed the testicular
atrophy with a marked decrease in tubular diameter and seminif-
erous epithelium height in testis along with a decrease in the
same parameters in epididymis. These results agreed with the
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results of other studies on the reproductive system (Arrighi et al.
2010). The testicular changes indicated decreased spermatogen-
esis while epididymal changes indicated a lower functional sus-
tainability of this organ, whose activities are towards maturation
and conservation of spermatozoa. Group III showed significant
improvements of these parameters indicating the protective influ-
ence of Zn on reproduction (Al-Ani et al. 2015).

Conclusion and recommendations

Exposure to nicotine was proved to adversely affect the histo-
logical and biochemical structure of testis and epididymis of
adult rats. Also, sperm parameter results reflected its repro-
ductive drawbacks. ZnONP supplementation to nicotine-
exposed rats minimized all these parameters through decreas-
ing oxidative stress and increasing expression of steroidogenic
enzymes, indicating the importance of Zn in male reproduc-
tion. Further researches are needed to explore its different
mechanisms in improving male fertility.
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