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Abstract

Being a common environmental pollutant, cadmium causes detrimental health effects, including testicular injury. Herein,
we document the ameliorative potential of quercetin, a potent antioxidant, against cadmium-induced geno-cytotoxicity and
steroidogenic toxicity in goat testicular tissue. Cadmium induced different comet types (Type 0 — Type 4), indicating the
varying degree of DNA-damage in testicular cells. The quantitative analysis at 50 and 100 pM cadmium concentration
revealed the DNA damage with per cent tail DNA as 75.78 +1.49 and 94.65+0.95, respectively, in comparison to the
control group (8.87 +£0.48) post 8 h exposure duration. Cadmium caused a substantial decrease in the activity of key ste-
roidogenic enzymes’ (33-HSD and 178-HSD) along with reduction of testosterone level in testicular tissue. Furthermore,
cadmium treatment induced various types of deformities in sperm, altered the Bax/Bcl-2 expression ratio in testicular
tissue and thus suggesting the apoptosis-mediated death of testicular cells. Simultaneous quercetin supplementation, how-
ever, significantly (p <0.05) averted the aforementioned cadmium-mediated damage in testicular tissue. Conclusively, the
cadmium-induced DNA-damage and decrease in steroidogenic potential results in death of testicular cells via apoptosis,
which was significantly counteracted by quercetin co-supplementation, and thus preventing the cadmium-mediated cyto-
toxicity of testicular cells.
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Introduction

Heavy metals-contaminated water and soil have rapidly
increased during the recent decades as a result of electronic
wastes, municipal wastes disposal, smelting and mining,
fossil fuel burning [1], and application of pesticides, fertil-
izer, and sewage [2]. Heavy metals like lead (Pb), cadmium
(Cd), mercury (Hg), and arsenic (As) are reproductive tox-
ins commonly present in the environment and negatively
impact the reproductive health of organisms [3]. Current
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research on the quality of human male sperm has revealed
that environmental contaminants, not genetic defects, are
the primary cause of observed defects in male reproductive
function [4, 5]. A parallel reduction in fertility rates has been
observed, which has also been related to toxic environmen-
tal exposures involving heavy metals [6]. Cadmium (Cd)
has been documented as a ubiquitous industrial, agricul-
tural, and environmental toxic heavy metal that adversely
affects the male reproductive system by causing subfertil-
ity or infertility [7]. One more potential source of Cd expo-
sure to the human population is smoking. However, after
smoking, Cd content of smoker is found to be 4-5 times
higher than non-smokers [8]. Nearly 15% of people world-
wide are recognized as infertile due to smoking, with men
accounting for 50-60% of the total, due to the high risk of
impairment in male germ cells, which accumulate mutation
in each spermatogenesis division [9, 10]. In recent studies,
Cd has been shown to have a wide range of toxicity effects
such as kidney malfunctioning, teratogenicity, oncogenic-
ity, and toxicity of reproductive and endocrine system [11,
12]. The reproductive organs are one of the most important
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target organs of Cd accumulation and intoxication, which
is important here. Studies have demonstrated that Cd gets
accumulated in the reproductive system of Xenopus laevis
after chronic treatment of Cd, in addition to the kidney and
liver [13]. Acute as well as chronic studies on exposure of
Cd have established that it affects negatively the structure
and function of the testes. In this context, Cd causes numer-
ous derangements that include diminishing the function of
Sertoli cell, impairment of testicular steroidogenesis, lower-
ing of serum testosterone, germ cells’ death, and abolishing
the quality of semen (sperm motility, quantity, morphology,
etc.) [8, 9, 14]. Cadmium (Cd) induced reactive oxygen spe-
cies (ROS) and oxidative stress have been associated with
apoptosis in many cell types including the spermatogenic
cells, where it has been shown to upregulate the expression
of pro-apoptotic protein Bax and caspase 3 with simultane-
ous dampening of anti-apoptotic protein Bcl-2 [15]. There-
fore, abnormal hormone production, enhanced oxidative
stress, DNA damage, and resulting apoptosis of testicular
germ cells presumed to play an important role in the patho-
genesis of Cd-induced male infertility [16, 17]. However, in
recent years, numerous efforts have been made by research-
ers to reduce the toxicity induced by Cd using various strat-
egies, like chelation therapy and abolition by several agents
[18]. Chelation therapy has not been effective in cases of
low and chronic exposure to Cd, so there is a demand for the
development of a more safe and cost-effective therapeutic
approach to alleviate the Cd-elicited toxicity in testes. Quer-
cetin (3, 39, 49, 5, 7-pentahydroxyflavone), an omnipres-
ent flavonoid, is widely distributed in fruits, vegetables, and
accounts for the majority of flavonoids found in daily foods
[19]. Because of its ameliorative power, quercetin (Qcn)
has the potential to protect the kidney [20], liver [21], brain
[22] and other tissues [23] from damage caused by Cd and
other factors. Our previous studies have also demonstrated
the protective potential of Qcn against Cd-induced oxida-
tive and ultrastructural damage in testicular tissue [24, 25].
Therefore, the present work aimed at further exploring the
potential of Qcn to attenuate Cd-evoked testicular dysfunc-
tions at molecular level. Particularly, the underlying mech-
anism of Qcn to counteract the Cd-induced DNA damage
associated apoptosis of testicular cells and steroidogenic
impairment in goat were examined under in vitro conditions.

Materials and Methods
Chemicals
Quercetin (Qcn) was purchased from Santa Cruz Biotech-

nology, Santa Cruz, CA (purity >95%). Cadmium chloride
(CdCl,) was acquired from Sigma-Aldrich (St. Louis, MO,

USA, purity 99.99%). Unless otherwise stated, all other
reagents used were of highest purity (analytical grade) and
obtained from HiMedia Laboratories Pvt., India.

Procurement of Goat Tetes

The testes of mature goat (Capra hircus; Jamnapari breed)
were procured from the slaughterhouses around Kuruk-
shetra (29°6’ N, 76°50" E) and Chandigarh (30°43' N, 76°12
'E), placed in ice-cold normal saline (0.9%) and brought to
the laboratory. The testis was properly washed in normal
saline followed by its decapsulation. However, the goat tes-
tes were obtained as a by-product of routine castration and
thus did not cause any harm to the animal.

In-Vitro Treatment

e Post washing, the decapsulated testicular tissue was cut
into small pieces having size of approximately 1mm?®.

e These testicular tissues were incubated with CdCl,
along with Qcn co-supplementation at 10, 50, and 100
UM (concentrations were based on previous studies [26,
27)).

e Testicular tissues were cultured in media-TCM199 sup-
plemented with antibiotics (100 IU/mL each of penicil-
lin and streptomycin) in a CO, incubator (5% CO,, 95%
humidity, 38°C temperature) for 4 and 8 h, respectively.

e However, tissues in the control group, on the other hand,
were not treated with CdCl, and Qcn. Tissues were sim-
ply cultured in media-TCM 199 for respective time dura-
tions (Fig. 1).

e Post incubation, the testicular tissues from both control
and treatment groups were subjected to additional test-
ing for a variety of assays.

Preparation of Testicular Cell Suspension

After the relevant treatment for respective time durations,
the goat testicular tissue from treated and untreated control
groups was kept in a petri dish containing phosphate-buff-
ered-saline (PBS, pH 7.2) and chopped with a sharp blade.
Suspension of testicular cells was aspirated and centrifuged
at 3000 rpm using a GeNel™ centrifuge for 5 min. The
supernatant was removed, and the pellet was resuspended
in PBS. The procedure was repeated three times to obtain a
debris-free cell suspension [24].
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Fig. 1 Experimental setup to study the effects of Cd and quercetin on testicular germ cells in a dose-and time-dependent manner

MTT Assay

The testicular cells (-1 x 10°) from the freshly prepared cell
suspension were seeded in each well containing 100 pL cul-
ture media supplemented with respective doses of Cd and
Qcn (10, 50 and 100 uM) into microplates (tissue culture
grade, 96 wells, flat bottom) and cultured for respective time
durations (4 and 8 h). After respective durations, MTT solu-
tion (10 pL) from the stock (5 mg/mL) was added in each
well followed by incubation at 37°C for 2 h. Post incuba-
tion, DMSO (200 pL) was added into each well to terminate
the reaction. Finally, absorbance was taken at 570 nm on a
microtitre plate reader (Bio-Rad, California, USA) to assess
viability percentage of cells.

Single Cell Gel Electrophoresis/Comet Assay

Single cell gel electrophoresis assay (SCGE, also called
Comet assay) was used for the detection and quantification
of DNA damage in testicular tissue at the level of individual
cell. The assay was performed according to the protocol
of Ahuja and Saran (1999) [28] with slight modifications.
Briefly, first layer of normal melting point agarose (NMPA)
was made by applying 150-200 uL of NMPA (1%) on the
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poly-l-lysine coated slides and allowed to dry at 37°C in
oven. After drying, 100 pL of low melting point agarose
(LMPA, 0.5%) was mixed with 25 uL of testicular germ cell
suspension and layered on the first layer of NMPA as a sec-
ond layer followed by cooling at 4 °C for 10 — 15 min. Post
solidification, 200 pL LMPA was applied over it as a third
layer to sandwich the sample containing middle layer. Post
solidification of gel, slides was placed in freshly prepared
chilled lysis solution for duration of 10-12 h. After that,
slides were kept in freshly prepared electrophoresis buffer
(pH> 13) prior to electrophoresis for 20-40 min with no
gap between them. Electrophoresis was performed at 25 V
and 300 mA for 30 min. Post electrophoresis, the slides were
coated with neutralization buffer followed by their staining
with ethidium bromide. However, whole procedure was
carried out in dim light to prevent artificial DNA damage
and photolysis. The different types of comets were visual-
ized and photographed using a Nikon Eclipse 90i Trinocu-
lar microscope (Nikon Instruments Inc, New York, U.S.A.)
and DS-QiMC camera (Nikon Instruments Inc, New York,
U.S.A)), respectively. The scoring of various types of comet
parameters was done using OpenComet software.
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Sperm Deformities Analysis

e Semen sample was collected from the goat testis my
making incision with the help of a sharp blade in the
epididymis (cauda) of goat testis.

e An appropriate volume of semen sample was diluted
with PBS and checked under microscope to prevent
clustering of spermatozoa.

e Diluted semen sample was incubated with respective
concentrations of CdCl, and Qcn in media-TCM199 for
4 h in a CO, incubator (5% CO,, 95% humidity, 38°C
temperature).

e Post incubation, one semen sample’s drop was placed on
a cleaned glass slide and a smear was prepared followed
by its staining with eosin stain.

e Slides were observed under the light microscope (Olym-
pus, Japan) for various sperm deformities.

e However, the quantification of different types of sperm
deformities was done by analyzing the 100 sperm cell in
each treated group.

e The percentage of different sperm deformities were cal-
culated by dividing the numbers of particular deformi-
ties with the total number of sperm cell (100) counted in
each treatment slide.

Steroidogenic Enzyme Analysis

The activity of two key steroidogenic enzyme i.e.,
3B-Hydroxysteroid  dehydrogenase  (3-HSD)  and
17B-Hydroxysteroid dehydrogenase (178-HSD) in testicu-
lar tissue were measured according to the protocol of Berg-
meyer, (1974) [29] with few alterations. Briefly, the freshly
prepared testicular tissue extract (0.1 mL) was mixed with
100 mM sodium pyrophosphate buffer (0.6 mL, pH-8.9),
0.1 mM dehydroepiandrosterone (0.1 mL), 0.5 mM NAD
(0.2 mL), and 2 mL of redistilled water, making the total
reaction mixture to 3 mL. After that absorption of reaction
mixture was taken at 340 nm against blank using IMPLEN
nanospectrophotometer (Munchen, Germany). Activity of
3B-HSD was measured using the extinction coefficient 6.22
M~! em™! and calculated as nmol NAD reduced/min/mg
protein. Similarly, for 17B-HSD, testicular tissue extract
(0.1 mL) was mixed with 100 mM sodium pyrophosphate
buffer (0.6 mL, pH-8.9), 0.1 mM androsterone (0.1 mL), 1.1
mM NADPH (0.2 mL), and 2 mL of redistilled water, mak-
ing the total reaction mixture to 3 mL. After that absorption
of reaction mixture was taken at 340 nm against blank using
IMPLEN nanospectrophotometer (Munchen, Germany).
Activity of 178-HSD was measured using the extinction

coefficient 6.22 M~! cm~! and calculated as nmol NADPH
oxidized/min/mg protein.

Hormonal Assay

The ADVIA Centaur® Testosterone II (TSTII) assay kit
was used for the quantitative determination of testosterone
in testicular tissue treated with different concentrations of
Cd and Qcn for 8 h according to the manufacturer instruc-
tions using the SIEMENS automated chemiluminescence
immunoassay systems (ADVIA Centaur®XP; Fernwald,
Germany).

Real-Time PCR Using SYBR Green

Quantitative real-time PCR (qRT-PCR) was performed to
analyze the relative changes in mRNA levels of apoptotic
(Bax) and anti-apoptotic (Bcl-2) genes in testicular germ
cells after 8 h treatment with Cd and Qcn at different con-
centrations. Total RNA from the testicular germ cells was
isolated using the Qiagen RNeasy Kit (Cat. no.-74,106)
according to manufacturer’s protocol with slight modifica-
tions. Purified RNA testing is done by qiaExpert for quality
and quantity. 250 ng purified and good quality RNA from
each sample was used for synthesis of cDNA using Bio-
Rad iScript™ cDNA sysnthesis Kit (Cat. no.- 1,708,891)
as per their instructions. Quantitative real-time PCR (qRT-
PCR) was performed using the QuantiTect PCR Kits (QPCR
kits, Catalogue no.- 204,343) as per the manufacturer’s
instructions. Quantitative real-time PCR was carried out
in 10 pL reaction volume, which contains 0.5 pL. of cDNA
(template), 5 uL SYBER Green (2X), 0.5 pL of each for-
ward and reverse primer, and 3.5 pL of Milli-Q water. The
two-step amplification protocol included 10 min at 95°C and
then fluorescence collection through 40 cycles at 95°C for
15 s and 58°C for 60s. PCR for glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal positive-
control standard. The—BLAST tool (NCBI, www.ncbi.
nlm.nih.gov/blast) was used for designing the Bax, Bcl-2,
and GAPDH primers.

Table 1 given below represents the sequences of primers
utilized for RT-PCR during the current study. The mRNAs
expression levels between different groups were mea-
sured by comparative delta-delta cycle threshold (AACt)
technique.

Statistical Analysis
Statistical analysis was performed using SPSS 16 statistical
software (SPSS, Inc., Chicago, IL, USA). Each experiment

was performed in triplicates to ensure biological reproduc-
ibility and data are expressed as mean +standard error of
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Table 1 Gene specific primers used in RT-PCR

Gene Sequence Accession no.

Bax F: 5’-GCGCATTGGAGATGAATTGG-3’ XM_013971446.2
R: 5’-CAGTTTGCTGGCAAAGTAGAAA-3’

Bcl-2 F: 5’-ATGTGTGTGGAGAGCGTCA-3’ XM_018039337.1
R: 5~ AGAGACAGCCAGGAGAAATC-3’

GAPDH F: 5>-TGAACGGGAAGCTCACTGG-3’ XM_005680968.3

R: 5>-TCCACCACCCTGTTGCTGTA-3’

120 -
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Fig.2 Graphs depicting viability percentage of testicular cells assessed
by MTT assay after Cd treatment and simultaneous Qcn supplemen-
tation at different doses and time durations. Data are presented as
mean + SEM, ANOVA (one-way analysis of variance) between differ-

the mean (SEM). One-way variance analysis (ANOVA) fol-
lowed by the Duncan post-hoc test and t-test were used to
compare the significant differences between the means of
different treatment groups. The statistically significant dif-
ference was considered to be p<0.05. The Pearson rank
correlation method was also used to determine the correla-
tion between two experimental groups (p <0.01).

Results
Cadmium-Induced DNA Damage and Cytotoxicity

Results indicated that after the acute exposure of testicular
cells’ culture to varied concentration of CdCl,, a statistically
significant (p < 0.05) decline in cell viability was noticed in
comparison to the untreated control group (Fig. 2). Mean-
while, the simultaneous quercetin supplementation results in
a significant increment in per cent cell viability in a concen-
tration- and duration-dependent approach. Along this side,
the genotoxicity analysis by comet assay revealed the occur-
rence of different types of comets in Cd-treated testicular
cells (Fig. 3). In the untreated control groups, mostly type 0
comets were observed, indicating less or no DNA damage in
testicular cells. However, in the Cd-treated groups, comets
ranging from type 1 to type 4 were observed, indicating a
greater damage to DNA of testicular cells (Fig. 4).
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ent groups; different small letters on bars depicts significant (p <0.05)
differences whereas similar small letters denote non-significant
(p>0.05) difference post Duncan’s test. Experiment was performed in
triplicates to ensure statistical validity

At highest selected concentration (100 pM) and expo-
sure duration (8 h), mostly type 3 and type 4 comets were
detected, signifying that with increasing concentration and
duration of Cd exposure, the fragmentation of DNA was
increased in testicular cells. Furthermore, the quantitative
analysis also demonstrated the dose-time relationship of
Cd-induced toxicity, i.e., with increasing Cd concentration
and time of exposure, the extent of DNA damage in tes-
ticular cells was increased (Tables 2 and 3). Therefore, the
percent tail DNA, indicating more DNA damage, was more
in groups treated with Cd in comparison to control groups.
However, the antioxidant Qcn significantly reduced the Cd-
induced DNA damage in testicular cells as evidenced by
presence of fewer numbers of comets in Qcn supplemented
groups (Fig. 4; Tables 2 and 3). Moreover, a positive cor-
relation has been observed between per cent tail DNA and
apoptosis percentage in testicular cells (Table 4), suggesting
the genotoxicity-mediated apoptosis in testicular cells.

Cadmium-Induced Sperm Deformities

Cadmium induced several morphological abnormalities
or deformities in goat sperm in a concentration-dependent
fashion when compared to the control group. In control
group, majority of the sperm were present with normal mor-
phology. However, in Cd-treated groups, various morpho-
logical deformities such as sperm with coiled tail, bent tail,
headless sperm, and tailless sperm were observed (Fig. 5A).



Quercetin Supplementation Alleviates Cadmium Induced Genotoxicity-Mediated Apoptosis in Caprine... 4513

Fig. 3 Microphotographs showing different types of comets. (A) Type
0 (B) Type 1 (C) Type 2 (D) Type 3 (E) Type 4

The simultaneous supplementation of Qcn, however, signif-
icantly reduced the incidence of abnormal sperm in a dose-
dependent fashion (Fig. 5B; Table 5).

Steroidogenic Toxicity
Cadmium treatment causes a significant reduction in the

activity of 38-HSD within testicular tissue with increasing
concentration and exposure durations in comparison to the

=

Fig.4 Microphotographs showing different types of comets in testicu-
lar cells of goat post Cd treatmentl at 100 uM (B, D, & E) and 50 pM
(C) along with ameliorative effect of quercetin at 10 uM (B), 50 uM
(C), and 100 uM (D & E) concentration after 4 h (A, C) and 8 h (B, D,
& E) exposure duration, x400

control groups (Table 6). Similarly, the activity of another
steroidogenic enzyme i.e., 17B-HSD was also reduced
markedly with increasing concentration and exposure dura-
tion of Cd (Table 7). However, simultaneous supplementa-
tion of Qcn at all the selected concentrations significantly
restored the Cd-mediated decrease in activity of both ste-

roidogenic enzymes in a time- and dose-dependent manner
(Tables 6 and 7).

Table 2 Various comet parameters of testicular cells post Cd and Qcn treatment at different concentrations after 4 h exposure duration

TREATMENT Head DNA % Tail DNA% Tail length Tail moment Olive moment

10 uM Cd Control 95.95+0.73" 6.13+0.99 9 0.55+0.28¢ 0.21+0.13¢ 0.90+0.06°
Cd 58.43+0.87 ¢ 41.20+0.82° 19.04 +1.46 14.31 +0.812 5.25+0.66
50 uM Qcn 68.74+2.00 ¢ 33.93+1.38° 11.25+1.03° 8.18+0.78° 3.82+£0.30
100 pM Qcn 75.29+1.00° 2922+1.35°¢ 7.00+1.15¢ 4.80+0.55° 3.27+0.09°

50 uM Cd cd 36.72+1.37° 64.31+£1.69° 19.06 +1.38° 17.31 + 1.40° 7.79+1.12
10 uM Qen 39.27+1.24° 65.66+2.08 ° 22.88+0.89° 17.13£2.23% 10.66+0.98?
50 uM Qcn 50.12+1.55% 55.01+1.41° 23.10+1.73% 17.39+0.96* 8.00+0.79°
100 uM Qcn 53.71+0.81° 4576 +2.52°¢ 12.52 +1.54° 8.11+£0.63° 4.06+0.58°

Data are presented as mean + SEM, ANOVA (one-way analysis of variance) between different groups; different small letters in superscripts

depicts significant (p<0.05) differences post Duncan’s test
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Table 3 Various Comet parameters of testicular cells post Cd and Qcn treatment at different concentrations after 8 h exposure duration

TREATMENT Head DNA % Tail DNA% Tail length Tail moment Olive moment

50 pM Cd Control 93.51+0.96° 8.87+0.48 ¢ 1.42+0.27° 0.63 +0.28° 4.29+0.604
cd 29.22+1.19°¢ 75.78 +1.49° 27.43 +1.65° 20.97 +2.08° 13.90+0.61°
50uM Qcn 46.01+1.23° 57.03+2.34° 15.38+1.63° 14.82+1.85° 10.43+0.42°
100uM Qcn 46.35+1.85° 60.69+2.11" 18.62+1.39° 12.78 +1.28° 7.99+0.97¢

100 pM Cd cd 8.67+13549 94.65+0.95 4129+221° 35.62+2.46% 20.29+1.05°
10uM Qcn 24.87+1.60 ¢ 72.45+1.78" 32.97 +1.70° 29.77+1.11% 14.14 +1.46°
50uM Qcn 39.93+3.23° 65.79+0.90° 35.07+1.61% 29.70+1.51° 21.89+0.90°
100pM Qcn 72.58+373 % 34.78 +4.09 ¢ 14.10+3.62¢ 8.06+2.03° 837+2.51°

Data are presented as mean + SEM, ANOVA (one-way analysis of variance) between different groups; different small letters in superscripts

depicts significant (p<0.05) differences post Duncan’s test

Table 4 Correlation between different Comet parameters and percent apoptosis in testicular cells at 4 h (black) and 8 h (red)

Head DNA % Tail DNA % Tail length Tail moment Olive moment % Apoptosis

Head 1 -0.97** -0.87%* -0.88%* -0.85%* -0.73%* -0.94** -0.84**
DNA % -0.97** -0.88%* -0.90%*
Tail 1 0.89%* 0.90%* 0.86%* 0.77** 0.93%% (.83%*
DNA % 0.91%* 0.87%*
Tail length 1 0.91%* 0.82** 0.90** 0.85%** 0.86**

0.93%*
Tail moment 1 0.83%* 0.89%* 0.86**

0.89%*
Olive moment 1 0.77%%*
0.78%*
% Apoptosis 1
**Correlation is significant at .01 levels (two tailed)
A B
* 3
T Tl
* X :
* * . A
*\
A *
A A B
] & *
: T 13
T $ 4 *
* al
*
. y - 1
/ ‘ *

C C D

Fig. 5 (A) Microphotographs showing various types of sperm defor-
mities in Cd treated group at 10 pM (B) 50 uM (C) and 100 uM (D)
in comparison with the control group (A) after 4 hours’ time duration
(Eosin stain, x400). Star represents healthy sperm with normal mor-
phology; H: headless sperm; T: tailless sperm; arrow head: coiled
tail; arrow: bent tail. (B) Microphotographs showing ameliorative
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effect of quercetin at 10 uM (B) 50 uM (C) and 100 pM (D) in com-
parison with the Cd-treated (100 uM) group (A) after 4 hours’ time
duration (Eoesin stain, x400). Star represents healthy sperm with nor-
mal morphology; H: headless sperm; T: tailless; arrow head: coiled
tail; arrow: bent tail
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Table 5 Effects of Cd and Cd plus quercetin supplementation on sperm morphology

Sperm deformities Control 10 uM Cd 50 uM Cd 100uM Cd 100uM Cd + 100uM Cd + 100uM Cd +
10 uM Qcn 50 uM Qcn 100pM Qcn

Headless (%) 1.3 1.3 3.3 2 3.3 1.3 0.6

Tailless (%) 0 0 2.6 4.6 2 2 0

Coiled tail (%) 1.3 2 4.6 33 2 2.6 4.6

Bent tail (%) 2 3.3 7.3 11.3 8.6 6 8.6

Total (%) 4.6 6.6 18 21.3 16 12 14

Table 6 Level of activity of steroidogenic enzymes in testicular tissue

Table 7 Level of activity of steroidogenic enzymes in testicular tissue

post 4 h of Cd and Qcn treatment

post 8 h of Cd and Qcn treatment

Steroidogenic enzymes’ activity

Steroidogenic enzymes’ activity

Treatment 3B-HSD (nmol 17B-HSD Treatment 3B-HSD (nmol 17B-HSD
NAD reduced/min/ (nmol NADPH NAD reduced/min/ (nmol NADPH
mg protein) oxidized/min/ mg protein) oxidized/min/

mg protein) mg protein)

10 uM Cd  Control 2.91+0.06% 2.01+0.02 10 M Cd  Control 2.17+0.01° 1.71+0.04%

cd 1.38+0.02° 1.23+0.16° cd 1.12+0.08¢ 0.59+0.02¢
10 uM Qcn 1.49+0.16° 1.28+0.48° 10 uM Qcn 1.32+0.04° 0.78£0.02¢
50 pM Qcn 1.81+0.15° 1.36+0.07° 50 uM Qcn 1.66+0.10° 0.98 +0.03¢
100 uM Qcn 2.73+0.16% 1.68+0.08 100uM Qcn 1.79+0.09° 1.33+0.16°
50 uM Cd Control 2.91+0.06% 2.01+0.02° 50 uM Cd Control 2.17+0.01° 1.71+0.04%
cd 1.13+0.06¢ 0.72+0.18¢ cd 0.43+0.13¢ 0.38+0.01¢
10 uM Qcen 1.20+0.01¢ 0.92+0.04° 10 uM Qcn 0.48+0.16% 0.40+0.08°
50 uM Qen 1.29+0.01° 1.25+0.06° 50 uM Qen 0.88+0.04° 0.41+0.01¢
100 uM Qcn 1.86+0.06° 1.31+0.13° 100uM Qcn 1.50+0.01° 0.58+0.18°
100uM Cd Control 2.91+0.06* 2.01+0.022 100pM Cd Control 2.17+0.017 1.71+£0.04%
Cd 0.54+0.06° 0.38+0.06° cd 0.22+0.02¢ 0.10+0.00°
10 pM Qen 0.60+0.04° 0.33+0.01¢ 10 pM Qen 0.27+0.01% 0.11+0.00°
50 uM Qcn 0.86+0.06° 1.24+0.28° 50 uM Qcen 0.32+0.01° 0.22+0.03°
100 uM Qcn 0.92+0.08° 0.96+0.08° 100uM Qcn 0.78£0.09° 0.24 +0.00°

Data are presented as mean + SEM, ANOVA (one-way analysis of
variance) between different groups; different small letters in super-
scripts depicts significant (p<0.05) differences post Duncan’s test

Furthermore, treatment with Cd led to a significant
reduction in levels of testosterone in testicular tissue after
8 h (Fig. 6), justifying its toxicity effect in testicular ste-
roidogenic process. Simultaneously Qcn supplementation at
50 and 100 uM concentrations increased the Cd-mediated
decrease in testosterone hormone level to a significant extent

Fig. 6 Graphs depicting changes in testosterone 1.6
level in testicular tissue by Cd treatment and a
simultaneous quercetin supplementation after 141 o
8 h. Data are presented as mean + SEM, ANOVA
(one-way analysis of variance) between different
groups; different small letters on bars depicts
significant (p < 0.05) differences whereas similar
small letters denote non-significant (p > 0.05) dif-
ference post Duncan’s test. Experiment was per-
formed in triplicates to ensure statistical validity

1.2

Testosterone (ng/mL)
o
©

10 uMCd

Data are presented as mean + SEM, ANOVA (one-way analysis of
variance) between different groups; different small letters in super-
scripts depicts significant (p<0.05) differences post Duncan’s test

(Fig. 6). However, statistically non-significant increase was
observed at 10 pM dose of Qcn at 50 and 100 uM concen-
trations of Cd treatment.

u Control
uCd

410 uM Qen
@50 uM Qen
©100 pM Qcn

50 uM Cd 100 uM Cd
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Fig. 7 Graphs depicting gene expression profile of Bax (a) and Bcl-2
(b) in testicular cells after Cd treatment at different doses and 8 h expo-
sure duration. Relative gene expressions are shown as mean+ SEM
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Fig. 8 Graphs depicting gene expression profile of Bax in testicular
cells post Cd treatment at 10 uM (a) and 100 uM (b) with simulta-
neous supplementation of quercetin (Qcn) at different concentrations

Cadmium-Induced Apoptosis

The gene expression profile of pro-apoptotic Bax at 10, 50
and 100 uM Cd concentrations was upregulated but statis-
tically insignificant (Fig. 7a). Conversely, the expression
level of anti-apoptotic Bcl-2 at 50 and 100 uM Cd concen-
trations was significantly downregulated in comparison to
the untreated control group (p <0.05); however, at 10 uM
concentration, Cd did not significantly downregulate the
level of Bcl-2 expression (Fig. 7b). Furthermore, when
compared to the control and only Cd treated groups, simul-
taneous Qcn supplementation significantly downregulated
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followed by t-test to compare the significant differences (*p <0.05)
between the means of experimental and control groups
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after 8 h exposure duration. Relative gene expressions are shown as
mean+ SEM followed by t-test to compare the significant differences
(*p <0.05) between the means of experimental and control groups

the Cd-mediated upregulation in Bax expression (Fig. 8),
while upregulated the Bcl-2 expression (Fig. 9), which is
downregulated by Cd treatment. On the other hand, mRNA
levels of Bel-2 were significantly up regulated in all the Qcn
supplemented groups in comparison to the groups treated
with Cd only (Fig. 9). However, non-significant results for
Bcl-2 were obtained at 10 uM Qcn supplementation when
compared to both control and Cd-treated (10 uM) groups.
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Fig. 9 Graphs depicting gene expression profile of Bcl-2 in testicular
cells post Cd treatment at 10 uM (a) and 100 uM (b) with simulta-
neous supplementation of quercetin (Qcn) at different concentrations
after 8 h exposure duration. Relative gene expressions are shown as

Discussion

The most critical public health issue now involves both
human and animal exposure to environmental contaminants
that have a deleterious impact on male reproductive func-
tion [30]. According to certain reports on semen quality
testing, chronic heavy metals’ exposure in some work fields
greatly increases the likelihood of male infertility [31]. The
present study was performed to assess the protective effects
of quercetin (Qcn), a potent antioxidant, against Cd-induced
genotoxicity-mediated apoptotic profile, sperm characteris-
tics, and steroidogenesis in goat testicular tissue under in-
vitro culture conditions. Cd induced damage to the DNA of
testicular cells that subsequently causes apoptosis and thus
indicating the genotoxicity-mediated apoptotic cell death in
a dose- and time-dependent manner. Cd treatment interferes
with the biosynthetic pathway of steroid hormone (testoster-
one) synthesis by significantly reducing the activity of key
steroidogenic enzymes (3f-HSD and 17B-HSD) and thus
leads to impaired spermatogenic process. Consequently,
increased DNA damage and reduced spermatogenesis may
result in the alteration of apoptotic (Bax) and anti-apoptotic
(Bcl-2) genes’ expression leading to activation of apoptotic
pathway in testicular cells. Being a potent natural anti-
oxidant, Qcn significantly attenuated the Cd-elicited DNA
damage and impaired steroidogenesis in testicular cells in
a concentration- and time-dependent manner. Furthermore,
quercetin significantly causes reduction in frequency of
apoptosis in testicular cells, suggesting its anti-apoptotic
property.

Results indicated a significant decline in cell viability
percentage after the acute exposure of testicular cells’

mean=+ SEM followed by t-test to compare the significant differences
(*p<0.05) between the means of experimental and control groups
(*p<0.05 from control; #p < 0.05 from only Cd treated)

culture to varied concentration of Cd in comparison to the
control group. Exposure of Cd at different concentrations
has significantly lowered the viability of Leydig cells when
assessed by the MTT assay and trypan blue method in rat
[32]. MTT assay revealed a significant increment in cell
death via apoptosis or necrosis after Cd treatment in cul-
tured kidney proximal tubule cells, thus decreasing the per-
centage of viable cells [33]. Another study, showed the
half-maximal inhibitory concentration (56.08 uM) for Cd in
mice Sertoli cells [34]. Over the last decade, the single cell
gel electrophoresis (SCGE) or alkaline comet assay have
been considered the most commonly utilized techniques for
determining the damage to DNA with applications in geno-
toxicity testing, ecogenotoxicology, and fundamental DNA
damage and repair research [35]. Results of present investi-
gation demonstrated the occurrence of different types of
comets (Type 1-Type 4), which signifies the different degree
of DNA damage caused by Cd at varied concentrations and
time of exposure in testicular spermatogenic cells. Tail DNA
percentage is considered to be the best descriptor for fre-
quencies of DNA breaks, or comets, and the degree of harm
may be simply envisaged [36]. The quantitative study
revealed that tail DNA percent, indicating more DNA dam-
age, was more in groups treated with Cd as those of control
groups. Moreover, a positive type of correlation has also
been observed between apoptosis percentage and percent
tail DNA in testicular cells, therefore suggesting the geno-
toxicity-mediated apoptosis in testicular cells. Cd causes
DNA damage in a variety of cells, including Sertoli cells
[37] and liver cells [38]. Normal cells may repair damage to
the DNA and prevents mutations from occurring; however,
exposure to Cd can impair the functions of genes that repair
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DNA and subsequently enhance instability in the genome,
causing development of cancer [39]. Yang and coworkers
(2003) have demonstrated that Cd induced single strand
break in Leydig cells in vitro. Cd exposure correlates with
the extent of DNA damage in Leydig cells. These findings
confirmed that 10 uM Cd concentrations are directly toxic
to primary culture of Leydig cells and associated with DNA
damage [40]. Another in vitro study has also analyzed the
Cd-induced DNA damage in piglet Sertoli cells. Results
revealed that 10 pM Cd can cause DNA trailing, indicating
more DNA damage in piglet Sertoli cells in comparison to
control group [37]. Recently, a study has revealed the incre-
ment in tail DNA percentage in groups treated with Cd in
comparison to the control group in rat testicular cells [15].
Another study has indicated the Cd-induced damage to the
DNA of sperm in mice as assessed by comet assay [41].
Similarly, several other studies have reported the Cd-
induced DNA damage in different organs and cells such as
rat proximal tubular cell line [42], hepatocytes [43] and in
amphibians’ testis [44]. Thus, our findings support other
previous findings regarding the Cd-induced direct damage
to genetic material of cell and subsequently its death. Andro-
genesis in testis is regulated by two steroidogenic enzymes
i.e., 3B- and 17B-HSDs, which are essential and considered
as rate limiting factors in synthesis of testicular testosterone
[45]. Testosterone is essential for the attachment of germ
cells of different generations within the seminiferous
tubules, and thus low intratesticular testosterone levels may
cause germ cells detachment from the epithelium of semi-
niferous tubules and start apoptosis of germ cells [46]. Dur-
ing the present study, the activities of these enzymes (3- and
17B-HSDs) were found to be considerably reduced in groups
treated with Cd in comparison to the control group. Due to
this reduction in the activity levels of these steroidogenic
enzymes, the level of testosterone was also found to be
lower in Cd-treated groups. The current findings are consis-
tent with the other previous studies [46, 47] regarding the
steroidoenic toxicity induced by Cd in testicular tissue. Sim-
ilarly, massive apoptosis of testicular germ cells is thought
to be caused by Cd exposure or changes in hormonal sup-
port provided by Leydig cells [48]. In another study, signifi-
cant reduction in expression of StAR, P450scc, and SF1
mRNA and levels of P450scc, StAR, 3B- and 17B8-HSDs
protein-expression were induced by Cd in rat in comparison
to the control group [49]. Apoptosis is a process initiated by
various signals through mitochondria- or death receptor-
mediated pathways. In mitochondrial-mediated pathway,
Bcl-2 proteins act as apoptotic inhibitors [50] and Bax pro-
teins stimulates apoptosis [51]. In the present study, the Bax
mRNA expression were increased, whereas expression of
Bcl-2 mRNA was reduced markedly in testicular tissue
treated with Cd in comparison to the untreated control

@ Springer

groups. Likewise, Bax and caspase-3 expression were
shown to be induced by Cd while Bcl-2 expression was
inhibited by Cd in mice testis [52]. Another study has also
shown that rates of Bax and Bcl-2 protein expression were
significantly higher and lower, respectively, in mice sper-
matogenic cells exposed to Cd than that of normal untreated
group [53]. In most of the cases, apoptosis induced by Cd is
mediated through mitochondrial pathway [54]. The current
findings intensely advocate that Cd-induced apoptosis in
goat testicular cells might be mediated via the mitochon-
drial pathway through alteration of Bax/Bcl-2 expression
ratio. In accordance with the results of present study, previ-
ous findings showed that inflammatory responses induced
by Cd stimulate Bax production in the mitochondria-medi-
ated apoptotic pathway. Bax enhanced the permeability of
mitochondrial membrane and thus facilitate release of cyto-
chrome c into the cytosol that subsequently causes caspase
activation and eventually apoptosis via caspase-3 [55].
Some researchers have discovered that exposure to Cd
enhances mitochondrial fission [56], resulting in structural
damage to mitochondria, cytochrome ¢ release and mito-
chondrial fragmentation [57], which causes caspase-cascade
activation and finally apoptosis [58]. Results of another
recent study showed increased Bax and caspase-3 levels and
reduced Bcl-2 levels in Cd intoxicated rats, and therefore
further demonstrating the critical role of mitochondria in
Cd-mediated apoptosis [59]. Studies in the literature have
demonstrated the antioxidant and cyto-protective nature of
Qcn in averting the toxicity induced by Cd in different
organs under both in vitro and in vivo conditions [27, 60].
Qcn is one of the most effective antioxidants among flavo-
noids and is recommended for use in dietary supplements to
protect against toxicity of Cd [61]. According to findings of
a recent study, combined Qcn and Cd treatment reduced the
level of Cd in serum and testis [62]. One possible mecha-
nism for this is the ability of Qcn to chelate metals [63, 64].
In our previous study, simultaneous Qcn supplementation
has significantly decreased the Cd-elevated oxidative stress
and enhanced the cellular antioxidant defense in testicular
tissue, preventing the apoptosis of testicular cells [24].
Therefore, it stands to reason that Qcn’s antioxidant prop-
erty is responsible for its anti-apoptotic effects. However, it
is well recognised that oxidative stress produced by mito-
chondrial dysfunctions causes apoptosis under both physi-
ological and pathological conditions [65]. Moreover,
mitochondrial pathway of apoptosis plays an important role
in initiation of Cd-induced apoptosis in testicular germ cells
[66]. Qcn has been shown to modulate various mitochondria
associated pathways [67]. In the current investigation, sup-
plementation of Qcn significantly reversed the Cd-mediated
alteration in the ratio of apoptotic (Bax) and anti-apoptotic
(Bcl-2) genes, and thus preventing the apoptosis of
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testicular cells via modulating mitochondrial pathway of
apoptosis. The findings of a study clearly revealed that oral
administration of Cd markedly reduced sperm motility and
count while increasing the sperm abnormality percentage in
comparison to the control. Additionally, a severe decline in
levels of total serum LH, FSH, and testosterone were also
detected in Cd-treated group [62]. However, it has been
noticed that Qcn administration counteracted the adverse
influence of Cd on quality of sperm and production of sex
hormones [62, 68]. This is in accordance with the findings
of our work, where Qcn supplementation to in-vitro culture
of sperm cell significantly reduced the Cd-elicited increase
in defects of sperm morphology and increased the level of
decreased testosterone in Cd-treated groups. Studies have
shown that antioxidant therapy utilizing Qcn has the capac-
ity to maintain redox balance, stimulate androgen produc-
tion, and subsequently inhibit apoptosis of germ cells that
leads to restoration of testis function in estrogenized rats
[69]. Moreover, Qcn showed high anti-genotoxic ability by
decreasing damage to DNA in sperm after exposure to food
mutagens in vitro [70].

However, it is important to note here that this study was
performed under in-vitro conditions, and thus unable to ade-
quately convey the innate complexity of the body’s interior
environments and organ systems. Therefore, more compre-
hensive long term in-vivo studies are warranted in future
to reflect the more realistic scenario of cadmium toxicity
mechanism and ameliorative power of quercetin in testicu-
lar tissue.

Consequently, the current study hypothesized the ame-
liorative potential of a potent natural antioxidant, Qcn,
against Cd-induced male gonadal toxicity in one of the most
prolific domestic animal goats. Qcn showed its protective
influence by inhibiting the Cd-induced apoptosis of testicu-
lar cells via mitochondrial pathway, which may be induced
by Cd-mediated increase in DNA damage and decreased
androgen level in testicular tissue in a concentration- and
duration-dependent manner. Therefore, these findings will
further enrich the study of gonadal toxicity induced by Cd
and its molecular mechanism in males. Moreover, the study
would also pave the way towards the development of new
therapeutic agents to protect from the Cd-elicited damage in
testicular tissue.
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