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A B S T R A C T

Aims: The present study aimed to investigate the potential therapeutic effect of diallyl sulfide (DAS), a natural
component of garlic (Allium sativum), in the improvement of lead (Pb)-induced testicular toxicity and its un-
derlying mechanisms.
Materials and methods: Thirty-two male albino rats were randomly divided into control, PbAc (20mg lead
acetate/kg bwt, orally), DAS (200mg/kg bwt, orally), and PbAc+DAS groups for 49 successive days. The
investigation based on the following criteria: Paired testes and epididymides weights, epididymal sperm ana-
lysis, level of serum sex hormones (Testosterone and17β-estradiol (E2)), aromatase (CYP19) expression,
Malondialdehyde (MDA), Nitric oxide (NO), Superoxide dismutase (SOD) enzyme, reduced glutathione (GSH),
testicular histopathology, spermatogenesis score and apoptosis detection (Caspase-3 immunoexpression).
Key findings: Pb caused significant decline in epididymal sperm count and motility, testes and epididymes
weights, spermatogenesis score and serum testosterone and1E2, as well as a significant decrease in SOD and GSH
level, and a significant elevation of MDA and NO compared to a control group. In addition, Pb induced sig-
nificant downregulation of CYP19 gene expression, increase of Caspase-3 immunoreactivity, various testicular
degenerative and necrotic changes. Whereas, co-treatment of rats with DAS improved sperm analysis, and tes-
ticular histology and antioxidative status. Furthermore, DAS co-administration regulated testicular CYP19 and
Caspase-3 expressions.
Significance: Collectively, DAS seemed to be a promising agent for protection against Pb-induced testicular
toxicity through antioxidative properties, beside regulation of testicular apoptosis and aromatase expression.

1. Introduction

Lead (Pb) is one of the most widespread environmental pollutant
that causes severe damage in different organs including kidney, brain,
liver and testis [1]. Nowadays, Pb-induced reproductive toxicity re-
mains a matter of public health concern especially in industrial coun-
tries. Previous studies have shown that Pb has deleterious effects on
male fertility and causes severe damage of testicular tissue and testi-
cular function impairment [2,3]. Exposure to Pb negatively affects
semen quality including, sperm count, viability, morphology, and DNA
integrity leading to functional disorder [4]. In spite of the fact that; Pb
is a non-redox metal, oxidative stress is considered as an important

underlying mechanism of its toxicity through overproduction of re-
active oxygen species (ROS) and depletion of antioxidants [5,6]. In
addition, Pb toxicity exerted steroidogenesis malfunction via suppres-
sion of aromatase P450 gene, which impair gonadotrophins and tes-
tosterone hormone level [7].

Aromatase P450 (CYP19) is the key enzyme of estrogen biosynthesis
in testicular tissue via irreversibly conversion of androgens into estro-
gens [8]. O'donnell et al. [9] reviewed the importance of estrogen for
spermatogenesis. CYP 19 is one of the potential targets of endocrine-
disrupting chemicals (EDC). EDC has the capacity to modulate both
aromatase's expression and function, consequently, they can modify the
rate of estrogen-related biological process [10].
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Previous reports reviewed the critical role of natural antioxidant
against heavy metal toxicity [11,12]. Medicinal plants, contain flavo-
noids compounds, play an effective role against heavy metal-induced
reproductive toxicity as antioxidants, altering cellular signal transduc-
tion, binding to sex hormone receptors, and modulating the activity of
detoxifying enzymes [13]. Garlic, Allium sativum, is one of the oldest
global medical herbs due to its numerous biological activities. It has
plentiful amount of antioxidants, flavonoids and sulfur containing
compounds that utilized in detoxification systems [14]. Diallyl sulfide
(DAS), the most bioactive sulfur component in garlic, protect against
environmental toxicants via stimulating hemeoxygenase-1 (HO-1), an
enzyme has crucial role in cell defense system against oxidative stress
[15,16]. Furthermore, DAS has prophylactic effect against chemical
carcinogenesis, and mutagenesis [17–19] and alleviates cisplatin- in-
duced nephrotoxicity in rats [20]. Pervious investigations indicated
that DAS has an alleviating effect on cadmium-induced testicular ster-
oidogenesis impairment [21], and cyclophosphamide-induced testi-
cular spermatotoxicity and oxidative stress [22] in rats; attenuated
carbon ion irradiation-induced apoptosis in mouse testis [23]. Despite
of various investigations has been deduced the biological significance of
DAS, its therapeutic effectiveness on Pb-induced testicular toxicity have
yet to be published. However, the mechanism through which DAS ex-
erts its testicular activity remains elusive.

2. Materials and methods

2.1. Chemicals and kits

Lead acetate (PbAc) trihydrate (purity ≥99.99%, Molecular Weight
379.33) and DAS (purity 80%, Molecular Weight 146.27) were supplied
from Sigma-Aldrich Chemicals (St. Louis, Mo, USA). Polyclonal rabbit
anti-Caspase 3 was from Thermo Fisher Scientific In. (1:100; Cat:
CPP32). All other chemicals and reagents were of analytical grade and
acquired from standard commercial suppliers.

2.2. Experimental animals and animal welfare

Thirty-two male Swiss albino rats (200–250 g, bwt – aged
4–6months) were housed in metal cages and were supplied with soft-
wood chips for bedding. All animals were given standard rat diet and
fresh drinking water ad libitum and were housed at 22 ± 2 °C with
12 h light/dark cycles through the period of the experiment. Rats re-
mained two weeks without any treatment for acclimatization before the
beginning of the experiment. Experiment was done in accordance with
the National Institutes of Health guide for the care and use of
Laboratory animals (NIH Publications No. 8023, revised 1978). Local
Ethics Committee of Medical Experimental Research Center of
Mansoura University approved the experimental protocol.

2.3. Experimental design

Following the acclimatization period, rats were randomly assigned
into four groups (n=8/each) and the experiment continued to 49 days.
Control group received daily corn oil, the vehicle used for DAS (1.0 ml/
kg bwt) via gastric tube. PbAc group received PbAc (20mg/kg bwt)
dissolved in distilled water via gastric tube once daily [24]. DAS group
was administrated daily with DAS (200mg/kg bwt) dissolved in corn
oil (1.0 ml/kg bwt) via gastric tube, the dose of DAS adjusted according
to Szutowski et al. [25]. PbAc+DAS group received PbAc plus DAS,
30min before, at the same regime of the PbAc and DAS groups, re-
spectively.

2.4. Samples collection and processing

After 24 h of the last treatment, blood samples were collected from
all rats from the retro-orbital venous plexus under sodium pentobarbital

anesthesia. Serum was separated by centrifugation, after which all
serum samples was kept frozen at −20 °C until analysis of testosterone
and estradiol level. Rats were sacrificed immediately by cervical de-
capitation; then the testes and cauda epididymes were removed quickly
to be weighed. For each rat, right testis was immediately immersed in
liquid nitrogen and kept at −80 °C; one part was used for subsequent
analysis CYP19 expression by quantitative real-time PCR (qPCR), while
the other part was used for oxidative and antioxidant assay. Left testis
was fixed in buffered formalin 10% for at least 48 h for the subsequent
histopathological and immunocytochemical assessments.

2.5. Sperm analysis

Cauda epididymis was anatomized, instantly minced in 5ml of
physiological saline, and incubated at 37 °C for 30min. Sperm count
was estimated using Neubauer hemocytometer slide according to Yokoi
et al. [26]. While, sperm motility was evaluated and expressed as a rate
of motile and non-motile sperms according to method described by Aly
and Azhar [27].

2.6. Measurement of serum sex hormones levels

Serum testosterone level was determined by enzyme linked im-
munosorbent assay (ELISA) using a commercial kits (Diagnostic System
Laboratories Inc., Webster, USA) according to the guidelines. All of the
samples were run at the same time to avoid inter-assay variation. E2
concentration was assessed by radioimmunoassay (RIA) using Spectra
Estradiol RIA kit (Orion Diagnostica, Oy, Espoo, Finland) according to
the guidelines.

2.7. Evaluation of Cyp19 expression level by qPCR

Four testicular samples from each group were analyzed in tripli-
cates. Total RNA was extracted from iced testes tissue using RNA
Purification Kit (Qiagen, Hilden, Germany). Total RNA integrity was
determined through denaturation of agarose electrophoresis; the pro-
portion of 260/280 was used to survey the purity. Superscript II
Reverse Transcriptase was utilized to synthesize the first chain of cDNA
according to the manufacturer's guidelines (Thermo Scientific,
California, USA). The synthesized cDNA was utilized as a template to
evaluate Cyp19 relative expression using Step One Plus reverse tran-
scriptase-polymerase chain reaction (RT- PCR) System (Applied
Biosystem, USA). The primers (Forward primer:/5 TGGAACCTGCCCC
CAGGACC -/3; Reverse primer: /5- CCACGATGCGCCTTGAGCCA -/3)
and Β-actin as reference gene (Forward primer: /5-AGGGAAATCGTG
CGTGAC-/3; Reverse primer: /5- CGCTCATTGCCGATAGTG-/3) were
used. The synthesized cDNA was amplified using 2× Maxima SYBR
Green/ROX qPCR Master Mix (Thermo Scientific, # K0221, USA) fol-
lowing the manufacturer's protocol and gene-specific primers. Briefly,
The PCR mixture was carried out in a 25 μl that contains the following:
1 μl of cDNA template, 12.5 μl of 2× Maxima SYBR Green, preparation
of 1 μl each of forward and reverse primer, and 8.5 μl of nuclease-free
water. The thermal cycler condition used during real-time PCR were as
follows: pre-incubation at 95 °C for 5min, followed by 40 cycles of
denaturation at 95 °C for 20 s, annealing at 60 °C for 15 s and extension
at 72 °C for 15 s according Monga et al. [28]. At the final of each ex-
tension, SYBR Green fluorescence was assessed. The values calculated
from the individual standard curves used to quantify cDNA of each
gene. All values were calculated using the 2− ΔΔCt method [29].

2.8. Oxidative stress and antioxidant capacity assay

In testicular homogenate, superoxide dismutase (SOD) and reduced
glutathione (GSH) level were estimated according to methods described
by Nishikimi et al. [30] and Beutler [31], respectively. In addition, the
concentration of malondialdehyde (MDA), the lipid peroxidation (LPO)
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biomarker and nitric oxide (NO) as total nitrite/nitrate were measured
using the methods of Mabrouk and Ben [32] and Aydın et al. [33],
respectively.

2.9. Histopathological examination

Fixed testicular tissue specimens were processed using the conven-
tional paraffin-embedding techniques including the dehydration
through ascending grades of ethanol, clearing in three changes of xy-
lene ended by embedding in paraffin wax at 65 °C. Five- μm thick
sections were obtained then stained with hematoxylin and eosin ac-
cording to Culling [34] and finally examined under light microscope for
evaluation of the histopathological changes and spermatogenesis.

2.10. Spermatogenesis evaluation based on Johnsen's score (J score)

Seminiferous tubules (STs) organisation and the spermatogenic ac-
tivity were graded using Johnsen's Scoring System [35]. Briefly, five
different sections of testicular tissues stained with H&E per each rat
were evaluated at X400 magnification under a light microscope.
Twenty randomly selected STs in each cross-section were evaluated and
scored from 1 to 10 according to the organisation and the spermato-
genesis, as follows: 10= normally organised tubules with full sper-
matogenesis; 9= disorganised tubular epithelium with many late
spermatids; 8= only a few late spermatids; 7=many early spermatids
and absence of late spermatids; 6= only a few early spermatids;
5=many spermatocytes, but, no spermatids or spermatozoa; 4= ar-
rest of spermatogenesis at the primary spermatocyte stage; 3= only
spermatogonia; 2= only Sertoli cells and no germ cells; and 1= tub-
ular sclerosis and no seminiferous epithelial cells is present. The mean
score was determined for each rat in all groups.

2.11. Immunohistochemical assessment of Caspase-3 expression in testes

Briefly, four-μm-thick paraffin sections were prepared and were
deparaffinized by xylene and rehydrated in graded alcohols and washed
by distilled water. The prepared sections were boiled in 10mM citrate
buffer (pH 6.0) for 20min at 95 °C followed by cooling at room tem-
perature for 20min. After washing with distilled water, endogenous
peroxidase deactivated by 3% H2O2 in absolute methanol for 30min at
4 °C. After washing with PBS, the sections were incubated with 10%
normal blocking serum for 60min at room temperature then incubated
overnight at 4 °C with primary antibody (Polyclonal rabbit anti-Caspase
3). After washing with PBS, the sections were incubated for 60min with
biotin-conjugated goat anti-rabbit IgG antiserum (Histofine kit, Nichirei

Corporation), then washed in PBS and subsequent incubation for
30min with streptavidin-peroxidase conjugate (Histofine kit, Nichirei
Corporation). The streptavidin-biotin complex was visualized with 3,3′-
diaminobenzidine tetrahydrochloride (DAB)-H2O2 solution, pH 7.0, for
3min. The sections were washed in distilled water followed by coun-
terstain with Mayer's hematoxylin. The obtained sections examined at
100× magnification under light microscope (Leica DM500) and ten
micrographs from different fields per section were captured using
connected digital camera (Leica EC3, Leica, Germany). The area per-
centage of Caspase-3 immunoreactivity was measured using the image J
software (freely available public domain image processing software).

2.12. Statistical analysis

Using GraphPad prism version 7.0 for windows (GraphPad Software
Inc., San Diego, USA); Significance of each treated group versus the
control group (as negative control) was determined by one-way analysis
of variance (ANOVA) followed with Dunnett's multiple comparison test.
The effect of DAS co-administration was compared to PbAc group (as
positive control) using unpaired t-test. Mean values were considered
statistically significant when p < 0.05.

3. Results

3.1. Sperm parameters

As shown in Fig. 1A and B. Epididymal sperm analysis in PbAc-
treated group revealed a significant reduction in sperm count and
motility (24.44 ± 0.30million/ml and 62.26 ± 0.26%, respectively)
compared to those mean values in control group (36.38 ± 0.43mil-
lion/ml and 74.94 ± 0.63%, respectively). However, the co-adminis-
tration of DAS significantly improved sperm count and motility com-
pared to PbAc group (31.04 ± 0.64 and 71.86 ± 0.72, respectively),
although not to the level of control group. Supplementation of DAS
alone could increase sperm number (41.81 ± 0.88million/ml), but
had no effect on sperm motility.

3.2. Testes and epididymes weights

As shown in Fig. 2(A and B), PbAc-treated rats shown a significant
decrease in their testes and epididymis weights (0.46 ± 0.05 g and
0.35 ± 0.05 g, respectively) as compared to control rats
(2.69 ± 0.13 g and 0.54 ± 0.01 g, respectively). However, compared
to PbAc group, rats treated with PbAc plus DAS revealed a significant
improvement of their testes weight (2.21 ± 0.22 g) to the level of

Fig. 1. Effect of DAS treatment on PbAc- induced toxic changes in sperm count (A) and motility (B) in male rats. Data are expressed as the mean ± SEM.
*Significance at p < 0.05; ***Significance at p < 0.001 versus the control group as negative control (ANOVA with Dunnett's multiple comparison test), †Significant
change at p < 0.0001 versus PbAc group as positive control (Unpaired t-test).
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control group, but not showed change in their epididymes weight
(0.43 ± 0.02 g). Interestingly, oral DAS administration significantly
raised the weights of testes and epididymes (4.27 ± 0.33 g and
0. ± 0.21 g, respectively) compared to control group.

3.3. Serum sex hormones (testosterone and E2)

A significant reduction in both testosterone and E2 levels were no-
ticed in PbAc-treated rats (1.63 ± 0.01 and 16.34 ± 0.41 ng/l, re-
spectively) compared to control group (3.89 ± 0.36,
22.81 ± 0.78 ng/l, respectively). Versus PbAc group, serum testos-
terone and E2 levels were significantly restored to the level of control
group (3.17 ± 0.20 and 21.76 ± 0.83 ng/l, respectively) following
co-administration of DAS. Meanwhile, rats received DAS alone showed
significant increase in serum testsestorne and E2 levels (4.34 ± 0.42
and 26.65 ± 0.41 ng/l, respectively) compared to control group. These
results were presented in Fig. 3(A and B).

3.4. Cyp19 gene expression

A significant downregulation in the level of cyp19 gene expression
was detected in PbAc-treated rat testis (0.36 ± 0.02) compared to

control group (0.82 ± 0.01). Whereas, co-treatment with DAS sig-
nificantly upregulated the level of cyp19 gene expression compared to
PbAc group (0.72 ± 0.01), albeit not reach the control mean value.
Interestingly, Administration of DAS alone significantly upregulated the
level of cyp19 gene expression (0.93 ± 0.03) compared to control
groups (Fig. 4).

3.5. Testicular oxidative parameters

It is obvious from the data displayed in Table 1 that, versus control
group, the testicular SOD and GSH levels in PbAc-treated rats were
significantly lowered. On the contrary, the testicular level of LPO bio-
markers (MDA and NO), was significantly increased in rats exposed to
PbAc compared to control group. Whereas, compared to PbAc group,
significantly elevated SOD level, decreased MDA and NO levels were
noticed after oral DAS co-administration versus PbAc group, although
not to the level of control group. Interestingly, DAS group shown sig-
nificant elevation in the SOD and GSH levels compared to control
group.

Fig. 2. Effect of DAS treatment on PbAc- induced toxic changes in the weights of paired testes (A) and epididymes (B) in male rats. Data are expressed as the
mean ± SEM. *Significance at p < 0.05; **Significance at p < 0.01; ***Significance at p < 0.001 versus the control group as negative control (ANOVA with
Dunnett's multiple comparison test), †Significant change at p < 0.001 versus PbAc group as positive control (Unpaired t-test).

Fig. 3. Effect of DAS treatment on PbAc- induced toxic changes in serum testosterone (A) and estradiol (B) levels in male rats. Data are expressed as the
mean ± SEM. **Significance at p < 0.01; ***Significance at p < 0.001 versus the control group as negative control (ANOVA with Dunnett's multiple comparison
test), †Significant change at p < 0.001 versus PbAc group as positive control (Unpaired t-test).
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3.6. Spermatogenesis

Spermatogenesis, based on J score, were markedly poor in the PbAc
group (3.18 ± 0.20) compared to the control group (8.6 ± 0.19), that
was significantly improved by the co- administration of DAS compared
to PbAc rats (6.81 ± 0.22), albeit not to the level in the control group.
The administration of DAS alone had no effect on the J score
(8.92 ± 0.22) as shown in Fig. 5

3.7. Testicular histopathology

Testes of control rats (Fig. 6A) showed compactly arranged STs at
different spermatogenic cycle stages separated by interstitial tissue. The
most encountered cells in interstitium is Leydig cells. Each ST lined
with stratified layers of spermatogenic cells and supporting somatic
cells, Sertoli cells. The spermatogenic cells were consist of spermato-
gonia, which lined next to the basement membrane and then the pri-
mary and secondary spermatocytes present in more than one layer,
spermatids and mature sperms. Active STs were associated with free
sperms in the lumen of some tubules (Fig. 6A). Testes of rats that re-
ceived only DAS showed enhanced spermatogenic cycle, most of the STs
were impacted with spermatids (Fig. 6B). PbAc- treated rats developed
severe testicular lesions as shown in Fig. 6C, hence 68% of the STs were
affected. Approximately, 23% of the STs exhibited necrosis and hyali-
nization, while 26% impacted with sloughed epithelium, and 11%
showed hypospermatogenesis, 8% exhibited complete cessation of
spermatogenesis with sertoli cell–only pattern STs, while the remaining
of STs (32%) showed normal structure and contain different

spermatogenic cells. The spermatogenesis was significantly improved in
most of the STs (79%) in rats that treated with PbAc plus DAS (Fig. 6D),
wherein testicular histology nearly like those in the control group, ex-
cept for a few hyalinized STs (4%), impacted STs (7%) and others
showed hypospermatogenesis (10%).

3.8. Testicular Caspase-3 immunoexpression

Testes of PbAc-treated rats exhibited strong Caspase-3 im-
munopositivity in sertoli cells and different spermatogenic cells of al-
most STs and to lesser extent in leydig cells (Fig. 7C) compared to
control (Fig. 7A) and DAS-treated (Fig. 7B) groups, while in PbAc+DAS
group (Fig. 7D) showed a mild Caspase-3 immunopositivity compared
to PbAc -treated rats. In addition, comparing to the control treated rats,
the testes of PbAc –treated group exhibited significant increase in the
area percentage of Caspase-3 immunoreactivity (62.17 ± 3.88) com-
pared to control group (5.88 ± 0.62). Meanwhile, Caspase-3 area
percentage (20.17 ± 1.35) was declined, not reached the level of
control, after DAS co-treatment. The administration of DAS alone had
no significant effect on the area of Caspase-3 immunoreactivity
(3.7 ± 0.38) compared to the control group (Fig. 8).

4. Discussion

In many countries, despite strict regulatory authority to diminish
environmental Pb toxicity, Pb exposure still an important public health
concern especially in developing countries. In the current study, we
focus on the reproductive toxicity of Pb and the possible therapeutic
effect of dietary DAS supplementation. Our results revealed that Pb-
induced reproductive toxicity through induction of testicular oxidative

Fig. 4. Effect of DAS treatment on PbAc- induced toxic changes in relative
expression of Cyp19 gene in testes of male rats. Data are expressed as the
mean ± SEM. **Significance at p < 0.01; ***Significance at p < 0.001
versus the control group as negative control (ANOVA with Dunnett's multiple
comparison test), †Significant change at p < 0.0001 versus PbAc group as
positive control (Unpaired t-test).

Table 1
The effect of DAS supplementation against PbAC-induced change in stress-related parameters.

Parameters Control DAS PbAc PbAc+DAS

SOD (μmol/mg protein) 29.14 ± 0.45 32.16 ± 0.62⁎⁎ 9.76 ± 0.40⁎⁎⁎ 25.23 ± 0.59⁎⁎⁎†

GSH (mg/g protein) 10.74 ± 0.60 13.8 ± 0.61⁎⁎ 4.04 ± 0.58⁎⁎⁎ 5.96 ± 0.62⁎⁎⁎

MDA(nmol/mg protein) 31.24 ± 1.26 28.08 ± 0.63 71.74 ± 0.46⁎⁎⁎ 38. 21 ± 0.78⁎⁎⁎†

NO (nmol/mg protein) 52.26 ± 0.70 49.69 ± 0.64 99.19 ± 0.17⁎⁎⁎ 77.35 ± 1.50⁎⁎⁎†

Data are expressed as the mean ± SEM. ⁎⁎Significance at p < 0.01; ⁎⁎⁎Significance at p < 0.001 versus the control group as negative control (ANOVA with
Dunnett's multiple comparison test), †Significant change at p < 0.0001 versus PbAc group as positive control (Unpaired t-test).
SOD (Superoxide dismutase), MDA (Malondialdehyde), GSH (Reduced glutathione), NO (Nitric oxide).

Fig. 5. Effect of DAS treatment on PbAc- induced toxic changes in spermato-
genesis (Johnsen's score) in male rats. Data are expressed as the mean ± SEM.
***Significance at p < 0.001 versus the control group as negative control
(ANOVA with Dunnett's multiple comparison test), †Significant change at
p < 0.0001 versus PbAc group as positive control (Unpaired t-test).
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stress and apoptosis, disruption of hormonal balance and suppression of
CYP19 expression.

Pb resulted in a remarkable reduction in sperm count and motility
[4,36]. These changes can be related to hypothalamic-pituitary axis
disturbance straightforwardly influencing spermatogenesis [37], as
well as delay spermiation throughout spermatogenesis and liberate an
immature spermatogenic cells in the seminiferous tubules [38]. These
findings agreed with our results concerning with the deteriorated sperm
parameters due to PbAc administration.

The current results revealed that the oral administration of DAS
attenuated the toxic effect of Pb on semen quality and sex organs
weight. Similarly, it was reported that garlic allyl sulfide pretreatment
effectively attenuated the Pb-induced poor sperm quality [39]. Fur-
thermore, Asadpour et al. [40] reported that co- treatment with aqu-
eous garlic extract quenching the lethal impacts of PbAc on sperm
viability. Various researches have elucidated that the defensive me-
chanism of garlic extract, indeed allyl sulfides, is attributed to anti-
oxidative activity of garlic via the regulation of cytochrome P450 en-
zyme [81,82]. Certain studies have deduced the antioxidant power of
garlic is retained to polyphenols [41,42]. On contrary, another ex-
perimental study found that oral administration of higher doses of
aqueous extract of garlic resulted in reduction of sperm count and
motility in rat [43].

In the current study, PbAc administration reduced the weights of
testes in treated rats that might attributed to the structural damage of
STs, apoptosis of the germinal epithelium and withdrawal of the trophic
action of testosterone [44]. In addition, epididymes weight was de-
creased in PbAc-treated rats that might be explained by decreased
epididymal sperm count, oxidative stress [45] and lowered testosterone

level.
The results of current and other studies showed a remarkable de-

crease in serum testosterone level in Pb-treated animals [3,4,46]. This
result might be explained by leydig cells apoptosis in Pb-exposed rats as
detected in our study and previous report [47], inhibition of LH and
gonadotrophin-releasing hormone [48], and impaired hypothalamic-
pituitary-testicular (HPT) axis activity [4,49,50]. Many studies [51–53]
asserted that Pb targets the spermatogenesis and sperms within the
epididymis by producing reproductive toxicity rather than acting
within the HPT axis. They also suggested that the gonadotoxic effect of
Pb including the intra-testicular sites with minimal effects on hormonal
levels and no effect on extra-testicular sites. Other studies elucidated
that Pb-induced imbalances in the HPT hormonal axis, hence in-
appropriate level of testosterone release from leydig cells and change
the steroid negative feedback loop [4]. Our results showed that DAS
could counteract the adverse effects of Pb on serum testsestorne. This
effect can be attributed to the ability of DAS to stimulate LH secretion
from the pituitary gland by the increased plasma noradrenaline con-
centration [54].

The physiological role of estrogen in male fertility has been re-
viewed [55]. Estrogen is clearly involved in negative feedback effect of
testosterone on the brain to control of pituitary gonadotrophin secre-
tions, and hence control or interfere with spermatogenesis. Estrogen
also plays a functional role in control of germ cells viability/apoptosis,
sertoli cells proliferation and leydig cells maturation. Furthermore, es-
trogen plays an essential role in development of epididymis and efferent
ductules. Opinions favoring a role for estrogens, particularly E2, in
spermatogenesis have typically come from indirect evidence, including
expression of Cyp19 and estrogen receptors in the testis as well as

Fig. 6. Representative photomicrograph of testes of the control and treated groups stained with H&E: (A) Control group showed testicular histology (X100), (B) DAS
group showed normal testicular histology with improved spermatogenesis (X200). (C) PbAc group showed severe testicular lesions featuring necrosis and hyali-
nization (long arrow), impacted STs with sloughed germinal epithelium (short arrow) and hypospermatogenesis, while the remaining STs normal (X100). (D) PbAc+
DAS group showed few hyalinized and impacted STs (short arrow) while the most STs histologically normal.
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application of anti-estrogen treatment [56,57]. In the current study, a
significant reduction in serum E2 concentration in PbAc-treated rats
was reported; this result partial agreed with the results obtained by [58]
who reported severe reproductive disruption accompanied by sup-
pression of circulating estradiol in rats that exposed to Pb during in utro
stage at gestational day 5. It is therefore possible that Pb indirectly
induces infertility through, at least in part, hormonal disturbance.
Further studies would be needed to clarify the role of E2 disruption in
Pb-induced reproductive toxicity in male. While, administration of DAS
could counteract the toxic effect of Pb on serum E2, which can be ex-
plained by the ability of DAS to upregulate CYP19 gene expression and
decrease germinal cells apoptosis.

The current and previous results suggest that DAS causes dis-
turbance in serum sex hormones level (testsestorne and E2) in healthy
animals which can attributed to the ability of garlic supplementation to
increase aromatase expression as reported in our study and stimulate
LH secretion from the pituitary gland [54]. These findings can consider
as undesirable side effect of DAS in normal individuals.

Concerning oxidative stress, in agreement with recent scientific
studies [32,59], our results confirmed a remarkable reduction in the
antioxidant molecules, SOD and GSH in testicular tissue of rats fol-
lowing the treatment by PbAc. This result may attributed to the direct
inhibition effect of Pb on antioxidant level or expression. Additionally,
there was a remarkable increase in LPO as shown by the significant
increase in MDA content of the testis. The high level of LPO may de-
monstrate the excess of ROS generation, which adversely affects sperm
and cytoplasmic organelle membrane structures via peroxidation of
proteins, lipids, and nucleotides, in a manner changing the sperm

Fig. 7. Representative photomicrograph of Caspase-3 immunoreactivity in testes of the control and treated groups. (A) and (B) control and DAS groups, respectively
showed negative immunoreactivity for Caspase-3. (C) The almost STs of PbAc group (Sertoli cells and different spermatogenic cells stages and to lesser extent in
leydig cells) showed strong positive immunoreactivity for Caspase-3. (D) The STs of PbAc+ DAS group showed moderate positive immunoreactivity for Caspase-3.

Fig. 8. Effect of DAS treatment on PbAc- induced toxic changes on area (%) of
Caspase-3 immunoexpression in testes of male rats. Data are expressed as the
mean ± SEM. ***Significance at p < 0.001 versus the control group as ne-
gative control (ANOVA with Dunnett's multiple comparison test), †Significant
change at p < 0.0001 versus PbAc group as positive control (Unpaired t-test).
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motility. Additionally, Rahman et al. [60] concluded that DAS could
ameliorate the testicular toxicity via suppression of oxidative stress due
to their abilities to scavenge free radicals. These results uncover the
therapeutic impact of DAS described by an enhanced level of cellular
antioxidants and diminished LPO overproduction in rat testis, in com-
bating the testicular toxicity of Pb.

The downregulation of Cyp19 gene expression in Pb- exposed ani-
mals is reported in the current study and previous studies [61,62].
Taupeau et al. [63] stated that Pb reduces messenger RNA and protein
levels of cytochrome P450 aromatase, hence decrease its activity. There
are controversial results regarding the effect of garlic allyl sulfides on
Cyp19 gene expression. In the present study, DAS induced higher ex-
pression of Cyp19 and this agreed with Zeng and Xie [64] who recorded
the same impact on CYP2B1 gene. In the same way, Wu et al. [65]
observed that, garlic sulfides elevated both the CYP2B1 protein content
and mRNA levels. On the other hand, another investigation demon-
strated that, garlic allyl sulfides showed differential modulation on rat
CYP2B1 [66]. This inconsistency might be because of (i) distinctive
garlic component may have various effect and they may work sy-
nergistically, (ii) variances in both doses and time course (since cells
can adjust to the prolonged exposure via altering either absorption rate
or metabolism), (iii) species variety, since the hepatic metabolism of
chemical differ among species [67].

Histopathological finding and Johnson's score of spermatogenesis
support the biochemical and molecular findings. These findings showed
that the degenerative changes observed in rats testes exposed to Pb are
in parallel with pervious results [24,59,68,69]. Moreover, the present
data agreed with Akinola et al. [70]. Further studies indicated that Pb
particles are capable of crossing the blood-testis barrier to applying its
harmful consequences for spermatocytes, spermatids, and spermatozoa
[71,72]. The reversibility of such lesion is plausible after withdrawal of
Pb treatment and this is because of the relative abundance of sperma-
togenic stem cells in the testis of Pb-treated rats. DAS supplementation
with PbAc markedly restored abnormal STs with low spermatogenesis
score. These results are predictable with the results of previous studies
on the effect of DAS against the toxic effects of Pb on different organs
histopathology [73–76].

Apoptosis is a physiological programmed cell death and can occurs
in testis within a physiological limit to remove damaged cells during the
spermatogenesis, but the excessive apoptosis rate adversely affects the
male fertility function [77]. The detection of activated cysteine pro-
teases (Caspases) is the hallmark of the early and late apoptotic signal
pathways via the immunostaining [78]. Recent researches reported that
PbAC-induced testicular toxicity in rats via the promotion of testicular
germinal cells apoptosis via increased expression of Caspase-3 [79,80].
The mitochondrial-dependent apoptotic pathway is the major pathway
for PbAc-induced apoptosis [81]. The observed results of im-
munocytochemistry in PbAc-treated animals revealed marked apoptosis
of different testicular cells. However, the anti-apoptotic effect of DAS
against Pb was reported in PbAc+DAS group.

Collectively, DAS can ameliorate the toxic effect of PbAc on rat
testes structures and spermatogenesis via the antioxidant and anti-
apoptotic properties, and upregulation of aromatase expression.
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