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A B S T R A C T

The present study was conducted to evaluate the ameliorative effects of Allium sativum (garlic) as well as
Spirulina maxima on lead acetate toxicity in rat testes. Forty adult, male, albino rats were divided into four
groups (10 rats/each): group I served as the control; group II contained rats that received lead acetate (100mg/
kg); group III contained rats that received both lead acetate (100mg/kg) and garlic (600mg/kg); and group IV
contained rats that received both lead acetate (100mg/kg) and spirulina (500mg/kg). All treatments were
performed daily for one month. Serum testosterone levels, oxidative stress parameters, expression of the caspase-
3 gene and histological, histo-morphometric and ultrastructure alterations in the testes were investigated. The
results revealed that the Pb-treated group exhibited a significant increase in MDA concentration concomitantly
with a decrease in serum testosterone levels, antioxidative marker levels and caspase-3 gene expression. Several
histological and histo-morphometric alterations were observed in this group. Co-administration with spirulina or
garlic caused a significant increase in testosterone levels, testicular SOD and CAT activities, and caspase-3 gene
expression and a decrease in MDA levels, with improvement in histological and histo-morphometric alterations.
These results suggested that spirulina was more effective at providing protection against Pb-induced re-
productive damage in rats than garlic, indicating the beneficial role of spirulina in improvement of spermato-
genesis and steroidogenesis after lead exposure.

1. Introduction

It is well known that there has been a worldwide decline in human
male fertility in recent years (He et al., 2016). Among the main factors
driving this process are environmental pollutants such as heavy metals
(Bas and Kalender, 2016). Lead is the most widely encountered en-
vironmental and industrial pollutant (Ramah et al., 2015). This element
is known to induce a broad range of physiological, biochemical, his-
tological and behavioural dysfunctions in animals and humans, in-
cluding in the nervous system (Flora et al., 2006), kidneys (Rastogi,
2008), liver (Kasten-Jolly et al., 2010) and reproductive system (Flora
et al., 2011; El-Sayed et al., 2015).

Makhlouf et al. (2008) observed that treatment with lead for one
month led to slight degenerative changes with reduced diameters in
some seminiferous tubules; most of these cells appeared highly vacuo-
lated with deeply stained pyknotic nuclei. Additionally, proliferation in

interstitial cells was observed. Thickening and irregularity of the
basement membrane were observed in some tubules. In addition, some
of the spermatogonia, Sertoli cells and interstitial cells of Leydig ex-
hibited vacuolated, deeply stained cytoplasms. Secretion of testosterone
by Leydig cells also decreases the epididymal sperm count (Lamia et al.,
2008). When rats are exposed to lead acetate orally for 28 days, a
significant decrease in testosterone levels and impairment of beha-
vioural activity were observed by Mokhtari and Zanboori (2011).
Ayinde et al. (2012) reported that lead-exposed animals exhibited a
significant decrease in serum testosterone levels, percentage of sperm
motility and sperm count compared with the control group. These an-
imals also exhibited elevation in abnormal sperm morphology. In ad-
dition, a reduction in the seminiferous epithelium accompanied by a
reduction in spermatozoa was observed compared to the control group.
In another study, Elgawish and Abdelrazek (2014) reported the same
adverse effects after treatment with lead acetate in rats.

https://doi.org/10.1016/j.acthis.2018.12.006
Received 29 October 2018; Received in revised form 17 December 2018; Accepted 17 December 2018

⁎ Corresponding author.
E-mail addresses: monagalal12@gmail.com, monagalal12@cu.edu.eg (M. Galal).

Acta Histochemica 121 (2019) 198–206

0065-1281/ © 2018 Elsevier GmbH. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00651281
https://www.elsevier.com/locate/acthis
https://doi.org/10.1016/j.acthis.2018.12.006
https://doi.org/10.1016/j.acthis.2018.12.006
mailto:monagalal12@gmail.com
mailto:monagalal12@cu.edu.eg
https://doi.org/10.1016/j.acthis.2018.12.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.acthis.2018.12.006&domain=pdf


Reduction in the weights of sex glands and alterations in the normal
histological structure of the testis, including decreased seminiferous
tubular diameters and germinal populations, occur mainly due to
apoptosis induced by lead (Lamia et al., 2008; Asadpour et al., 2013b).

It has been reported that lead can induce apoptosis in most cell
types. Dong et al. (2009) showed that apoptosis of testicular germ cells
is a complex process that involves many different genes. Caspases, a
family of cysteine proteases, can promote apoptosis in mammalian cells
in a mitochondrion-dependent or mitochondrion-independent fashion.
Although mitochondria are regarded as the most relevant factors for the
mediation of apoptosis, the exact mechanisms underlying lead-induced
apoptosis remain largely unknown (Xu et al., 2006).

Allium sativum, commonly known as garlic, has many medicinal
purposes (Shalaby and Hammoda, 2015). Extensive studies have been
carried out on garlic, and this species has been reported to contain two
main classes of antioxidant components (Waseem et al., 2014; Yun
et al., 2014). These components are likely to play an important role in
the widely demonstrated therapeutic and antioxidant effects of garlic
(Ebrahimzadeh-Bideskan et al., 2015). Garlic has the ability to enhance
the detoxification of foreign compounds (El-Demerdash et al., 2005),
defend against damage induced by free radicals (Chen et al., 2003),
protect cell membranes and DNA from damage, and maintain cellular
integrity (Ola-Mudathir et al., 2008). Studies on the mechanisms of
action of garlic on testosterone synthesis and testicular integrity have
revealed a stimulatory effect of garlic on testosterone levels (Hammami
et al., 2013).

The antioxidant and anti-inflammatory activities of spirulina in
many animal species have received much attention (Ou et al., 2013;
Abdel-Daim et al., 2015; Ibrahim and Abdel-Daim, 2015). Nah et al.
(2012) investigated the effect of Spirulina maxima extracts on sperma-
togenesis and observed that this extract significantly increased the body
and testis weights, metabolic parameters, number of normal semi-
niferous tubules, Leydig cell numbers, testosterone levels and ster-
oidogenic enzyme mRNA levels.

Therefore, the present study aimed to determine whether spirulina
and garlic can attenuate Pb-induced testicular damage by investigating
the possible antagonistic actions of these materials on several aspects of
testicular dysfunction, biochemical and pathological abnormalities in
male rat testes induced by lead acetate, and expression of apoptotic
genes (caspase-3) in testicular tissues.

2. Materials and methods

2.1. Chemicals

Lead acetate trihydrate powder (CH3COO)2Pb·3H2O (Lupa, Indian)
was purchased from El-Mekawy Company. Garlic in the form of dried
garlic powder (200mg in each tablet) was obtained from ATOS Pharma
and was ground and suspended in distilled water. S. maxima was ob-
tained as green, odourless, water-soluble, fresh flakes from the
Agriculture Research Center, Cairo, Egypt. The flakes were dissolved in
distilled water.

2.2. Experimental protocol and animal grouping

A total of 40 male albino rats weighing approximately 180–200 g
each were obtained from the breeding unit of the Veterinary Hygiene
and Management Department, Faculty of Veterinary Medicine, Cairo
University, Egypt. The rats were housed in plastic cages at room tem-
perature and exposed to a 12-h light/dark cycle. The animals had access
to a standard rodent laboratory diet and drinking water ad libitum
throughout the experimental period. The Institutional Animal Care and
Use Committee (IACUC) of Cairo University approved the protocol of
the experiment (IACUC protocol no. CU-II-S-61-17). Animal experi-
ments conformed to the guidelines of the National Institutes of Health
(NIH). After two weeks of acclimatization, the rats were randomly

assigned to four equal groups (each containing 10 animals) according to
dietary treatments applied for one month: rats from group I (Gp I)
served as the untreated control and were fed with the standard diet and
normal drinking water; rats from the other three groups were orally
treated with lead acetate (100mg/kg/day) as described by Mokhtari
and Zanboori (2011), and animals in Gp III and Gp IV were additionally
treated with 600mg/kg/day A. sativum and 500mg/kg/day S. maxima,
respectively. All treatments were administered by gastric gavage. The
animals were observed daily for signs of toxicity throughout the ex-
perimental period.

2.3. Sample collection and preparation

At the end of the experiment, the animals were sacrificed, and blood
samples were collected without anticoagulant and then centrifuged at
3000 rpm for 10min to separate the serum, which was stored at −20 °C
for hormonal analysis. After dissection, the testicles were removed; the
attached tissues were trimmed off; and the testicles were subjected to
gross examination and stored for subsequent analysis.

2.4. Measurement of serum testosterone levels

The total serum testosterone level was measured using ELISA
technique and a ready-made testosterone kit (Calbiotech Inc.).

2.5. Estimation of oxidative stress and antioxidant activity in testes

According to Ohkawa et al. (1979), testis lipid peroxidation (LPO)
was determined and expressed as malondialdehyde (MDA) levels. The
MDA level was assayed by measuring the formation of thiobarbituric-
acid-reactive substances spectrophotometrically at 532 nm. In contrast,
testicular superoxide dismutase (SOD) activity was determined by re-
duction of nitrobluetetrazolium as described by Nishikimi et al. (1972).
Finally, testicular catalase (CAT) activity was assayed by determining
the rate of hydrogen peroxide (H2O2) disintegration at 340 nm as de-
scribed by Aebi (1984). Protein levels were determined spectro-
photometrically at 595 nm using a bovine serum albumin protein
standard according to protocol for the Bradford dye binding assay
(Bradford, 1976).

2.6. Quantitative real-time PCR for the caspase-3 gene

Approximately 100mg of testicular tissue was used for total RNA
extraction using a Total RNA Extraction Kit (Vivantis, cat. no. GF-TR-
050). The concentration and purity of the total RNA samples were
measured by a NanoDrop instrument. Approximately 2 μg of total RNA
was reverse transcribed using reverse transcriptase enzyme (RT) in a
20-ml reaction mixture containing oligo-(dT) primer, RNase inhibitor,
dNTP mix and 5× reaction buffer (Omniscript RT Kit, Invitrogen). The
mRNA expression levels of the apoptotic caspase-3 gene was de-
termined using real-time quantitative polymerase chain reaction (qRT-
PCR). SYBR Green master mix (Thermo Scientific) was used according
to standard protocol, and the primers were designed using Primer 3
software: caspase forward primer: 5′-CAT GCA CAT CCTCAC TCG TG-
3′, and caspase reverse primer: 5′−CCC ACT CCC AGT CAT TCC TT-3′.
The cDNA was amplified by 40 cycles of denaturation at 95 °C for 30 s,
annealing at 60 °C for 30 s and extension at 72 °C for 30 s. The Beta-
actin gene was amplified during the same reactions to serve as a re-
ference gene, the primer sequence for this gene used according to
Rashad et al (2018). Duplicate plates were tested, and cycle threshold
(Ct) values were used to calculate the gene/ Beta-actin ratio, with a
value of 1.0 used as the control (calibrator). The normalized expression
ratio was calculated using the 2−ΔΔCT method as described by Livak and
Schmittgen (2001).
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2.7. Histopathological examination

2.7.1. Light microscopy
At the end of the experiment, testicles were rapidly obtained from

the rats in different groups and immediately fixed in 10% neutral
buffered formalin (NBF) for (24–48 hrs). The samples were dehydrated
in ascending dilutions of alcohol. Specimens were cleared in xylene,
embedded in paraffin and then cut to obtain 5-μm paraffin sections. De-
waxed serial sections were subjected to haematoxylin and eosin (H&E)
staining for histopathological examination (Bancroft and Gamble,
2008).

2.7.2. Histo-morphometric examination
The diameter of each seminiferous tubule was measured by ob-

taining long and short diameters perpendicular to each other. The
height of the epithelium was measured in each tubule from the basal
membrane to the luminal border. The diameters of the seminiferous
tubules and the height of the seminiferous epithelium were measured
by capturing images of each group using a 10× and 40× objective lens,
respectively, with the numerical aperture of a high-resolution digital
camera. Images were viewed and recorded using an Olympus micro-
scope (equipped with the spot digital camera) and the associated
computer software at the Histology Department, Faculty of Veterinary
Medicine, Cairo University. For each group, 25 tubules from 5 different
H&E-stained sections were analysed on different axes. Only circular and
nearly circular tubules were assessed.

2.7.3. Electron microscopy
Testicular tissues from each group were immediately placed in 3%

glutaraldehyde in 0.1 M phosphate buffer for a few hours and post fixed
in 1% osmium tetroxide for one hour. Semithin sections (1 μm) were
prepared and stained with toluidine blue. Ultrathin sections (50 nm)
were cut by an ultra-microtome from selected areas, contrasted with
uranyl acetate and lead citrate and photographed with a transmission
electron microscope (JEOL 1010) at the Regional Center for Mycology
and Biotechnology (RCMP), Al-Azhar University.

2.8. Statistical analysis

The obtained data were expressed as the mean ± SD. Data were
analysed using one-way analysis of variance (ANOVA) to determine the
significance of the mean between the groups followed by a least sig-
nificant difference (LSD) post hoc test (SPSS 16.0). P-values< 0.05
were considered statistically significant.

3. Results

3.1. Hormonal analysis

Lead acetate administration (Gp II) led to a significant decrease in
serum testosterone levels compared to Gp I (Fig. 1a). On the other hand,
co-administration with garlic (Gp III) or spirulina (Gp IV) induced
significant elevation in serum testosterone levels compared to Gp II,
which indicated that both garlic and spirulina had partial recovery ef-
fects on testosterone concentrations.

3.2. Oxidative stress parameters

A significant elevation in testis MDA levels was observed in Gp II
compared with Gp I. On the other hand, administration of garlic (Gp III)
or spirulina (Gp IV) led to a significant decrease in MDA levels by
38.5% and 54.85%, respectively (Fig. 1b). For the oxidative stress
marker levels, significant reduction in testicular SOD and CAT activity
was detected in lead-exposed rats compared with rats in Gp I (Fig. 1c
and 1d). In contrast, co-treatment with garlic or spirulina significantly
restored the altered antioxidant levels by 16.51% or 28.1%,

respectively, for SOD and by 29.74% or 40.82%, respectively, for CAT.

3.3. Quantitative real-time PCR for the caspase-3 gene

To determine the effects of lead on cell apoptosis in testicular tissue,
we investigated the mRNA expression of the apoptosis factor caspase-3.
The results showed that lead intoxication (Gp II) significantly promoted
upregulation of the apoptosis-related gene caspase-3, compared to Gp I,
in testes. Co-administration of spirulina downregulated caspase-3 ex-
pression by 71.69%, while garlic reduced caspase-3 expression by
39.6% (Fig. 2).

3.4. Histo-morphometric examination

Lead acetate treatment induced a significant decline in the mean
values of seminiferous tubule diameter and seminiferous tubule epi-
thelial height compared with the control group. Oral administration of
garlic or spirulina concurrently with lead acetate significantly increased
the seminiferous tubule diameter by 13.5% or 32.12%, respectively,
and the epithelial height by 67.6% or 96.1%, respectively, to nearly
normal levels compared to the lead-exposed group (Fig. 3).

3.5. Histopathological results

3.5.1. Light microscopic results
Histological sections from the control group exhibited normal ar-

chitecture of the mature active seminiferous tubules with complete
spermatogenic series. The seminiferous tubules appeared rounded or
oval with regular outlines and were surrounded by a well-defined
basement membrane. Sertoli cells appeared to be resting on the base-
ment membrane and extended to the lumen. These cells were identified

Fig. 1. Protective influence of garlic or spirulina on serum testosterone levels
and oxidative stress parameters against lead acetate-induced reproductive
toxicity. C (control), L (lead exposed), Sp (lead+ spirulina) and G (lead+
garlic). Values are presented as the mean ± SD (n= 5 rats / group). Groups
with different letters are significantly different.

Fig. 2. Graphical representation of mRNA expression of the caspase-3 gene in
different experimental groups in testicular tissue estimated by qPCR. Data are
presented as the mean± SD (n= 5 rats / group). Different superscripts in-
dicates significant differences from each other. (C: control, L: lead, SP: spir-
ulina, G: garlic).
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by their large pale nuclei and lightly stained cytoplasms. The interstitial
tissue appeared as a granular acidophilic ground substance (Fig. 4).

In Gp II, some seminiferous tubules were lined with degenerating
spermatogenic cells with pyknotic nuclei, while other tubules showed
vacuolation and detachment of spermatogenic cells from each other.
Furthermore, arrested spermatogenesis at the level of round spermatids
or primary spermatocytes was commonly observed. The lumina of the
seminiferous tubules contained a diminished number of sperm or no
sperm at all (Fig. 5A and B). Some seminiferous tubules appeared
shrunken with some irregularity in their basement membranes
(Fig. 5B). Proliferation of interstitial cells was observed, and the pro-
liferating interstitial cells appeared as numerous cellular masses of
vacuolated highly acidophilic cells with deeply stained nuclei. More-
over, oedema in the interstitial area appeared as homogenous eosino-
philic exudates (Fig. 5A).

In contrast, Gp III exhibited a preserved histological structure of the
seminiferous tubules, which appeared approximately normal with
regular outlines and their lumina contained a high number of sperm.
The tubules were lined with several layers of spermatogenic cells, but
vacuolation, detachment of the spermatogenic cells (Fig. 5C) and in-
terstitial oedema were observed.

Interestingly, Gp IV exhibited an early normal structure that was
similar to the structure of the control group, with complete restoration
of the closely packed arrangement of the spermatogenic cells, minimal
intercellular spaces and sperm-filled lumina. The interstitial spaces
were very similar to the control pattern (Fig. 5D).

3.5.2. Electron microscopic results
Ultrathin sections of the seminiferous tubules of Gp I revealed

normal structures. The Sertoli cell membranes possessed complex in-
ward folds and were ramified to enclose the spermatogenic cells. These
cells were resting on a regular well-defined basal lamina (BL). The
nuclei of these cells were euchromatic, basally located, oval and in-
dented. The cytoplasms of these cells contained a moderate number of
mitochondria. The inter-Sertoli junctional complexes (tight junctions)
were noticeable. Dark type Aspermatogonia, which were extensively
present on the BL, exhibited oval nuclei and peripheral clumps of het-
erochromatin. The cytoplasms of these cells contained spherical mi-
tochondria with well-defined cristae, rERs, and free and polyribosomes
(Fig. 6A). Different parts of spermatozoa were observed. Spermatozoal
heads appeared pyriform with elongated nuclei and dense chromatin.
The three parts forming the spermatozoal tail were identified. In the
cross and longitudinal sections, the middle piece (MP) appeared with a
central axoneme surrounded by nine dense external fibres that were
surrounded by a sheath of circumferentially oriented mitochondria. The
principal piece (PP) showed a characteristic fibrous sheath made up of
dorsal and ventral longitudinal columns connected by ribs around the
dense fibres (Fig. 6B).

On the other hand, Gp II revealed degenerative changes involving
most of the germ cells. The changes were focal, indicating that the
susceptibility and resistance of the cellular structures to the adminis-
tered lead acetate were variable. Sertoli cells exhibited vacuolated cy-
toplasms, with multiple differently sized lysosomes, dilated sERs and
interrupted swollen mitochondria with destructed cristae and others
with irregular cristae (Fig. 6C). In other ultra-thin sections, the sper-
matogonia appeared to have pyknotic nuclei and degenerated mi-
tochondria. Primary spermatocytes exhibited many cytoplasmic va-
cuoles, widening of the perinuclear space and swollen mitochondria.
Others exhibited dark, shrunken and eccentric nuclei or nuclei with
abnormal chromatin patterns (karyolytic). Widened intercellular spaces
were also observed. As shown in Fig. 6D, some spermatids exhibited
acrosomal granules and widened acrosomal vesicles with electron-lu-
cent granules, while others exhibited separated acrosomal granules and
interrupted acrosomal membranes. Some cells exhibited karyolytic
nuclei with vacuolated cytoplasms, several lysosomes and abnormally
distributed mitochondria with widened cristae. However, others ap-
peared with juxtanuclear chromatoid bodies (Fig. 6E). Sections through
the tails of the spermatozoa showed abnormally excessive amounts of
vacuolation of the cytoplasm, which contained several lysosomes and
apoptotic bodies. Similarly, a large amount of residual cytoplasm tends
to form giant cells. The MP exhibited a disorganized, swollen and da-
maged mitochondrial sheath (Fig. 6F).

Examination of Gp III revealed some preservation of the histological
structure of Sertoli cells, spermatogonia, primary spermatocytes and
spermatids. The nuclei exhibited apparently normal chromatin pat-
terns. Only the cytoplasms exhibited some vacuoles and lysosomes
(Fig. 7A). Most spermatids exhibited a normal appearance with well-
formed acrosomal vesicles and granules but still contained vacuolated
cytoplasms (Fig. 7B). Some spermatozoa exhibited retention of residual

Fig. 3. Protective effects of garlic and spirulina on seminiferous tubule diameter and epithelial height in testicular tissue from rats intoxicated with lead acetate. Data
are presented as the mean ± SD (n=5 rats / group). Groups with different letters are significantly different (C: control, L: lead, SP: spirulina, G: garlic).

Fig. 4. Photomicrograph of control rat testes showing normal histological
structure of active, mature, functioning seminiferous tubules associated with
complete spermatogenic series; spermatogenic cells (Sg), followed by primary
spermatocytes (Sp), a zone of spermatids (Sd), and, finally, spermatozoa (Sz)
that are about to be released into the lumen. Sertoli cells (St) rested on the
basement membrane (B.M.). The photomicrograph also shows the interstitial
tissue (IST) (H&E).
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Fig. 5. (A) Photomicrograph of a testicular
section from lead-exposed rats depicting loos-
ening and detachment of spermatogenic cells
(circle) and intercellular vacuolation (arrow)
with diminished epithelial height. Moreover,
marked congestion and oedema in the inter-
stitial area (star) with proliferating interstitial
cells containing deeply stained nuclei (arrow-
head). Fig. 5(B) shows shrunken seminiferous
tubules, an irregular basement membrane
(rounded arrow), degenerated and desqua-
mated spermatocytes, vacuolation (inter-
cellular and inside Sertoli cells) (arrow) and
desquamated cells (sperm bodies) within the
lumina of seminiferous tubules (arrow-head)
(H&E). (C) Photomicrograph of a testicular
section from garlic-treated rats depicting
nearly normal spermatogenesis but with va-
cuolation (arrow) and slight degeneration.
Notably, the different stages of spermatogen-
esis, including spermatogonia (Sg), primary
spermatocytes (Sp), spermatids (Sd), sperma-
tozoa (Sz) and Sertoli cells (St), were appar-
ently normal. High numbers of spermatozoa
(Sz) were observed (H&E). (D) Photo-
micrograph of a testicular section from spir-
ulina-treated rats showing apparently normal
stages of spermatogenesis, including sperma-
togonia (Sg), primary spermatocytes (Sp),
spermatids (Sd) and spermatozoa (Sz). Sertoli
cells (St) and large numbers of sperm were
observed (H&E).

Fig. 6. (A) Electron photomicrograph of a
control rat testis of group I, showing sperma-
togonia (Sg) and Sertoli cells (St) resting on a
regular well-defined basal lamina (BL).
Spermatogonia (Sg) appeared with oval nuclei
(N) and peripheral clumps of heterochromatin.
The cytoplasms of these cells contained sphe-
rical mitochondria (M) with well-defined
cristae, rERs, and free and polysomes (R).
Sertoli cells (St) were observed with euchro-
matic, basally located, oval nuclei. The inter-
Sertoli junctional complexes (tight junctions)
(TJs) were noticeable. Fig. 6 (B) Cross and
longitudinal section profiles through the sper-
matozoal tail. The middle piece (MP) shows 1 -
axoneme, 2 - nine external dense fibres, 3 -
circumferentially oriented mitochondria (M),
and 4 - flagellar membrane. The principle piece
(PP) shows 1 - axoneme, 2 - nine external
dense fibres, 3 - ventral and dorsal columns, 4 -
circumferential ribs, and 5 - flagellar mem-
brane. (C) Electron photomicrograph of a testis
from the lead-exposed group, showing Sertoli
cells (St) resting on the basal lamina (BL).
These cells exhibited vacuolated cytoplasms
(V), with multiple different-sized lysosomes (L)
and interrupted swollen mitochondria, some
with destructed cristae and others with irre-
gular cristae (M). Fig. 6 (D) shows spermatids

that exhibited acrosomal granules (AG) and widened acrosomal vesicles (AV) with electron-lucent granules. Nuclei with dissolved chromatin (N), vacuolated
cytoplasms, several lysosomes (L) and abnormally distributed mitochondria (M) with widened cristae were observed. Fig. 6 (E) shows an early spermatid with
juxtanuclear chromatoid bodies (arrow). Fig. 6 (F). Electron photomicrograph showing sections through the tails of the spermatozoa with abnormally excessive
amounts of vacuolated cytoplasm (V) containing several lysosomes (L) and apoptotic bodies (Ab). In this regard, a large amount of residual cytoplasm tends to lead to
the formation of large cells. The middle piece (MP) exhibited a disorganized, swollen and damaged mitochondrial sheath (M). Intercellular spaces were observed
(double arrow).
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cytoplasm that contained lysosomes. The MPs of the spermatozoal tails
were observed as exhibiting a more or less normal structure in some
sections but with irregular mitochondrial sheaths in other sections
(Fig. 7C).

Gp IV exhibited preservation of the histological structure, as in the
control group. Sertoli cells and germ cells showed normal patterns of
chromatin and well-defined cytoplasmic organelles with well-defined
BL and myoid cells (Fig. 7D). Early spermatids at the Golgi phase ex-
hibited an almost normal appearance, where the acrosomal vesicle
contained the acrosomal granule and extended over the anterior pole of
the nucleus. The cytoplasms of these cells contained regularly arranged
mitochondria and a normal pattern of chromatin material with a well-
defined nucleolus (Fig. 7E). The spermatozoal heads were apparently
normal. The MPs of the spermatozoal tails exhibited normal structures
with regular mitochondrial sheaths (Fig. 7F).

4. Discussion

Lead acetate contamination is an important ecological and public
health concern due to the hazardous toxicity of this compound. Natural
products play a vital role in the innovation of chemo-preventive agents.
The current study aimed to assess the modifying effects of garlic or
spirulina on lead acetate-induced reproductive toxicity. Hormonal
analysis of serum testosterone revealed a significant decrease in the

mean value of testosterone in Gp II compared with the control. This
finding is consistent with the findings of Hamadouche et al. (2013) and
Ayinde et al. (2012), who exhibited a marked decrease in serum tes-
tosterone levels after lead acetate intoxication. Mokhtari and Zanboori
(2011) explained that the decline in testosterone levels occurs via in-
creased levels of angiotensin II, which binds to LH receptors in Leydig
cells, resulting in decreased testosterone production. Wang et al. (2013)
suggested that the reduction in plasma testosterone levels was due to
inhibition of key testicular steroidogenic enzymes. Ayoka et al. (2016)
hypothesized that the recorded significant decrease in testosterone se-
cretion was a result of both decreasing levels of LH secretion by the
pituitary gland and pathological changes that may have occurred in the
Leydig cells of the interstitial tissues. In contrast, co-administration of
garlic resulted in significant elevation of serum testosterone levels,
which was consistent with the results of Salem and Salem (2016).
Studies on the mechanisms of action of garlic on testosterone synthesis
and testicular integrity have revealed a stimulatory effect on testos-
terone levels (Hammami et al., 2013). The biologically active com-
pounds of garlic may chelate lead via the formation of ionic bonds
between sulfur-containing compounds and enhanced excretion from the
body. Another mechanism may involve the androgenic activity of garlic
via increased secretion of testosterone and oestradiol (Sadik, 2008; Lee
et al., 2009; Hammami et al., 2013). Moreover, our results revealed that
spirulina co-treatment with lead acetate significantly alleviated the

Fig. 7. A. Electron photomicrograph of garlic-co-treated rat testes demonstrating that Sertoli cells (St) were apparently normal with normal chromatin patterns (N),
spherical mitochondria (M) with well-defined cristae, many ribosomes (R), some vacuolated cytoplasm (V) and large lysosomes (L). A basal lamina (BL) was also
observed. Fig. 7B shows an early spermatid with a nearly normal appearance with well-formed acrosomal vesicles (AV) and granules (AG) but still exhibiting a
vacuolated cytoplasm (V). Fig. 7C shows several longitudinal sections of middle pieces (MPs) of spermatozoal tails, which exhibited the retained residual cytoplasm
(Rc) and an irregular mitochondrial sheath (MS). Several lysosomes were observed. (D). Electron photomicrograph of a spirulina-co-treated rat testis demonstrating
that Sertoli cells (St) and spermatogonia (Sg) had normal patterns of chromatin, well-defined cytoplasmic organelles and inter-Sertoli junctional complexes (tight
junctions) (TJs). Well-defined basal lamina (BL), myoid cells (My) and fibroblasts (F) were also detected. Fig. 7E shows an early spermatid at the Golgi phase that has
an almost normal appearance, where the acrosomal vesicle (AV) contains the acrosomal granule (AG) and extends over the anterior pole of the nucleus (N). The
cytoplasms of these cells contained regularly arranged mitochondria (M) and exhibited a normal pattern of chromatin material with a well-defined nucleolus (Nu).
Fig. 7F shows an apparently normal longitudinal section of the middle piece (MP) of the spermatozoal tail. The MP has a regular mitochondrial sheath (Ms).
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reduction in serum testosterone concentration induced by lead in-
toxication. This result is consistent with the findings reported by Farag
et al. (2016), who observed that administration of spirulina alone led to
a significant increase in serum testosterone levels compared to the
control.

As previously mentioned, there is substantial evidence supporting
the role of oxidative stress and ROS as major factors underlying the
toxic effects of lead (Mehrotra et al., 2013; Bas and Kalender, 2016). In
the present study, both SOD and CAT activity as well as LPO levels in
tissues were used as indicators for oxidative stress and subsequent
tissue injuries, which is consistent with the results of Dkhil et al. (2016)
and Sudjarwo et al. (2017).

Nasr et al. (2017) reported that oxidative stress is the major factor
underlying Pb toxicity, and the effect is mediated via two different
mechanisms. The first is excessive generation of ROS, mainly H2O2,
which can be evaluated by measuring MDA levels as the final product of
LPO, and the second is direct depletion of endogenous antioxidant re-
serves, including SOD and CAT. On the other hand, administration of
garlic to Pb-intoxicated rats led to a significant reduction in MDA levels
and significantly increased the activity of SOD and CAT in testicular
tissues compared to the Pb treatment alone. These results are consistent
with those mentioned by Asadpour et al. (2013a); Salem and Salem
(2016) and Nasr et al. (2017). Similarly, administration of spirulina to
Pb-intoxicated rats restored the MDA levels and the activities of both
SOD and CAT to values similar to those of the normal control group,
and these results are consistent with those of El-Desoky et al. (2013)
and Bashandy et al. (2016). The data presented herein demonstrated
that lead causes pronounced upregulation and activation of caspase-3 in
testicular tissue, which is consistent with the results described by
Hamed et al. (2014). These results may be attributed to either a direct
effect of lead on DNA structure or to an indirect effect via another
mechanism involving caspase activation (Ali et al., 2018). Increased
oxidative stress and elevated ROS levels causes oxidation of the mi-
tochondrial pores, thereby disrupting mitochondrial membrane per-
meability and causing leakage of free radicals and cytochrome c from
the mitochondria to the cytosol. Once released into the cytosol, cyto-
chrome c binds to another protein, promoting activation of the caspase
cascade and the mitochondria-mediated pathway of apoptosis
(Selvakumar et al., 2013). It has been reported that lead influenced
cytochrome c release and affected the Bcl-2/Bax ratio (Kiran Kumar
et al., 2009, Kiran Kumar et al., 2009; Corsetti et al., 2017), causing
cleaved caspase-3-dependent apoptosis. On the other hand, adminis-
tration of garlic in Gp III led to a testicular anti-apoptotic effect com-
pared with Gp II, which is consistent with the results described by Nasr
et al. (2017). Garlic contains more than 200 chemical compounds, in-
cluding volatile oils with sulfur-containing allicin, allin, ajoene, alli-
nase, peroxidase and myrosinase (Hossain et al., 2014). These biolo-
gically active compounds might chelate lead. Notably, compared to
lead-intoxicated animals, spirulina administration had a testicular anti-
apoptotic effect, which was consistent with the results of El-Tantawy
(2016), who reported that spirulina supplements had protective, anti-
oxidant and anti-apoptotic effects against lead acetate-induced toxicity.
The potential protective function of spirulina may be attributed to an-
tioxidant constituents, such as selenium, chlorophyll, carotene, toco-
pherol, phenolic compounds, and vitamins, working individually or in
synergy (Garcia-Martinez et al., 2007).

Our microscopic examination of the testes of lead-exposed rats re-
vealed evident testicular degeneration, defective spermatogenesis and
vacuolation of the epithelial lining in addition to interstitial oedema,
thus demonstrating that lead has the potential to induce cytotoxic ef-
fects on spermatogenic cells as well as Sertoli cells. These results are
consistent with those mentioned by Batra et al. (2001); Makhlouf et al.
(2008); El-Sayed and El-Neweshy (2010); Moniem et al. (2010);
Asadpour et al. (2013b); Singh et al. (2013); Haouas et al. (2015) and
Ramah et al. (2015).

In the present study, microscopic examination of the testes of lead-

exposed rats showed virtually depleted germ cells, reduction in epi-
thelial thickness with scattered spermatogenic cells and a loss of normal
orientation. These changes might be due to loss of these populations via
apoptosis or differentiation failure. A similar explanation was men-
tioned for the effects in mutant mice by Meng et al. (2000). These
findings may be attributed to reduced expression of Sertoli cell growth
factor as well as retraction of the Sertoli cell cytoplasmic processes that
normally support germ cells, which may diminish spermatogonial dif-
ferentiation (Anniballo et al., 2000; Buaas et al., 2004; Sawhney et al.,
2005). Furthermore, this retraction leads to loose arrangement of
spermatogenic germ cells, allowing easy removal of these cell from
their positions (Monsees et al., 2002; Hamed et al., 2014).

Our investigation revealed oedema in the interstitial area. This
finding was explained by Kumar et al. (2014), who mentioned that
disruption of the blood-testis barrier with consequent metal accumu-
lation in such tissue leads to oedema and ischaemia.

Moreover, in lead-exposed rats, seminiferous tubules showed wide
separation and irregularities in the basal lamina. These findings could
be secondary to tubular shrinkage in degenerated seminiferous tubules
or a result of contraction of myoid cells. Similar observations were re-
ported by Imran et al. (2003), who noticed that myoid cells moved
closer to each other in Pb-treated rats.

These results were confirmed by morphometric analysis in our
study, which showed a significant decrease in the mean diagonal dia-
meters of the seminiferous tubules, consistent with the results of Lamia
et al. (2008) and Asadpour et al. (2013b).

Quantitative measurement of seminiferous epithelial height is con-
sidered an important indicator of normal harmonious germinal cell
associations. The significant reduction in tubular diameter and epithe-
lial height in Gp II compared with the control group indicated pertur-
bance of cellular associations, as evidenced by the marked atrophy of
seminiferous tubules, sloughing of the cells and destruction of cytos-
keletal anchoring devices. These findings are similar to those reported
by Damodar et al. (2012).

Electron microscopic examination of the seminiferous tubules of Gp
II revealed variable degrees of degenerative changes involving mostly
Sertoli cells as well as germ cells. Sertoli cells exhibited accumulation of
lysosomes, dilatation of the smooth endoplasmic cisternae and multiple
areas of vacuolated cytoplasm. In primary spermatocytes, evident cy-
toplasmic vacuoles were observed, together with swollen mitochondria
and shrunken pyknotic nuclei or abnormal chromatin patterns.
Spermatids showed different effects. Most of them exhibited cyto-
plasmic vacuoles and lysosomes. Deformed sperm were also observed.
Sections of spermatozoal tails exhibited abnormally excessive amounts
of residual cytoplasm and disorganized mitochondrial sheaths. These
ultrastructural changes were consistent with the results of Makhlouf
et al. (2008).

The vacuolar appearance of rat spermatogenic cells as well as Sertoli
cells reflects cellular swelling, which may be attributed to failure of the
energy-dependent Na+/K+ ion pumps in the cell membranes due to
LPO, leading to intracellular accumulation of Na+ and progressive
changes in osmolarity with consequent entry of H2O into the cells
(Kumar et al., 2014).

The observed mitochondrial changes may be considered to be early
indicators of apoptosis and adaptation to undesirable environments as a
result of excess exposure of the cell to free radicals at the level of in-
tracellular organelles, as explained by Makhlouf et al. (2008). More-
over, Ghadially (2013) explained that ROS production may mediate this
swelling, resulting in failure of mitochondrial metabolism, reduction in
ATP generation and failure of the mitochondrial cation pump.

Sertoli cells also showed dilated sERs, which is considered an
adaptive response to increase the levels of cytochrome P450 and other
metabolizing enzymes within the cisternae of the sERs. These enzymes
are responsible for metabolism and detoxification of many drugs and
toxic compounds. Furthermore, this finding may indicate functional
disruption of ATP-dependent membrane transport mechanisms in the
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cell, resulting in the accumulation of water inside the sER (Kumar et al.,
2014).

In our study, nuclear changes in the form of abnormal chromatin
distribution or nuclear fading (karyolysis) in some Sertoli cells and
spermatids of Gp II were considered to indicate irreversible dissolution
of the chromatin of the nuclei of cells undergoing necrosis. Karyolysis
can occur due to enzymatic digestion and/or denaturation of nuclear
proteins (Kumar et al., 2014).

In addition, the presence of sperm with residual cytoplasm could be
explained by the fact that once considerable degeneration of sperma-
togenesis occurred, the cytoplasmic extrusion mechanisms are not ac-
tive under normal conditions, and the released spermatozoa carry this
excess residual cytoplasm, as mentioned by Malekinejad et al. (2011).

On the other hand, the rats in Gp III exhibited evident improvement
compared with group II, as determined by both light and electron mi-
croscopic examinations as well as morphometric analysis. However,
some vacuoles and empty spaces were observed among the epithelial
lining of seminiferous tubules. These findings are consistent with those
of Nasr et al. (2017). This improvement might be secondary to the
antioxidant activity of garlic, which attacks ROS via the direct
scavenging activity of organo-sulfur compounds that preserve the
structural integrity of the tissue (Obidike et al., 2013). In addition,
garlic contains compounds that increase lead excretion in urine and
faeces (Salem and Salem, 2016).

In our experimental study, Gp IV exhibited a similar histological
appearance as Gp I via both light and electron microscopic examina-
tion. Morphometric analysis confirmed pronounced improvement of the
height of the germinal epithelium and the diameters of seminiferous
tubules compared with Gp II. Additionally, spirulina co-administration
with lead acetate resulted in restoration of antioxidant enzyme activity,
decreased oxidative stress and LPO, repair of spermatogenesis and
improvement of the histological architecture of the testis. These results
are consistent with those described by Shastri et al. (1999), who ob-
served the modulatory effects of Spirulinafusiformis on lead toxicity in
the testes of mice. These effects can be attributed to high levels of an-
tioxidants such as c-phycocyanin, carotenoids, vitamins, minerals, li-
pids, proteins and carbohydrates that are reportedly present in Spir-
ulina (Abdel-Daim et al., 2013). B-carotene may scavenge free radicals
generated by lead, thus reducing LPO. Vitamins B, C, and E can chelate
lead from tissues and restore the oxidant/antioxidant balance (Sajitha
et al., 2010). Moreover, Abd El-Baky et al., 2009; Abd El-Baky et al.,
(2009) demonstrated that spirulina can exhibit increased antioxidant
activity during oxidative stress elevation and exhibits self-regulation of
antioxidant activity based on the intensity of oxidative stress.

5. Conclusion

As mentioned previously, there is substantial evidence supporting
the role of oxidative stress and ROS as major factors underlying the
toxic effects of lead (El-Tohamy and El-Nattat, 2010; Mehrotra et al.,
2013; Bas and Kalender, 2016). Therefore, the role of antioxidants as
protective agents against ROS-induced changes was considered in the
present study.

In conclusion, the results of the present study suggest that oxidative
stress is a major cause of lead-induced testicular damage. Antioxidants
such as Allium sativum and Spirulina maxima interfere with ROS pro-
duction and alleviate the effects of lead toxicity.
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