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ABSTRACT

Aim: The purpose of this research was to explore the effectiveness of Indole-3-carbinol and
Resveratrol as aromatase inhibitors and their effects on sexual performance in male wistar rats
against cadmium-induced infertility. Materials and Methods: Male Wistar rats were exposed to
cadmium (2 mg/kg) to induce infertility. The rats were separated into different groups, control,
cadmium-exposed and sildenafil citrate (5 mg/kg), test includes flavonoid (Resveratrol 20 mg/kg)
and glucosinolate (Indole-3-carbinol 100 mg/kg) for 28 days of treatment. Sexual performance
parameters, such as number of mounts, mounting frequency, mount latency, intromission
frequency, were evaluated at different time intervals. For the In silico evaluation, Autodock (4.0.)
software was used for molecular docking investigation, to determine the binding affinities of
Sildenafil citrate, Indole-3-carbinol and Resveratrol compounds with aromatase protein (3EQM),
which is a targeted enzyme. Results: The results showed that treatment with Indole-3-carbinol
and Resveratrol significantly improved sexual behavioural parameters in male Wistar rats. The
number of mounts, mounting frequency and intromission frequency increased, while mount
latency decreased in the combined treatment group compared to the cadmium-exposed group.
Furthermore, the in silico analysis revealed favorable binding affinities and docking scores for
Sildenafil citrate (-10.5 Kcal/mol), Indole-3-carbinol (-4.7 Kcal/mol) and resveratrol (-6.25 Kcal/
mol) with the aromatase enzyme (3EQM). Conclusion: So, the current study evaluated that these
compounds may act as potent aromatase inhibitors through synergistic effect, thus reducing the
conversion of androgens to estrogens and potentially improving sexual performance with optimal
maintenance of Gonadotropins.
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INTRODUCTION

Cadmium, a toxic heavy metal, is a significant concern
due to its detrimental effects on human health,

particulatly in male fertility. Exposure to cadmium leads
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to a decline in semen quality parameters, increased risk
of infertility and disrupted hormonal balance in the
male reproductive system. The mechanisms underlying
cadmium-induced infertility in males are multifaceted,
including oxidative stress, DNA damage and apoptosis
in germ cells. Cadmium also disrupts the blood-testis
barrier, compromising the testicular microenvironment
and impairing spermatogenesis. The general population
is also at risk of cadmium-induced male infertility,
emphasizing the need for public health interventions
and regulatory measures."" Cadmium poisoning
also affects the aromatase enzyme, potentially affecting
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male infertility. This enzyme turns androgens into
estrogens, disrupting the balance in the male reproductive
system.Fl Indole-3-carbinol positively impacts aromatase
activity, potentially improving sperm production by
decreasing oestrogen levels and increasing androgen
levels, promoting optimal sperm development and
maturation.”! Indole-3-carbinol and resveratrol, is a
plant origin which was found in cruciferous vegetables
and grapes, have potential as therapeutic agents for
treating reproductive toxicity. Indole-3-carbinol has anti-
inflammatory and antioxidant properties, protecting
against testicular damage, improving sperm quality and
restoring fertility. Resveratrol, a natural polyphenol,
has potent antioxidant and anti-inflammatory effects,
preserving testicular function and enhancing sperm
parameters.”'

The purpose of the study was to find out how Indole-
3-carbinol, resveratrol and sildenafil citrate affected the
activity of the aromatase enzyme and whether they may
lessen the negative effects of cadmium exposure on
male rats’ sexual function and fertility The researchers
sought to offer important insights into the causes
and prospective treatment options for treating male
infertility brought on by cadmium poisoning by using
both experimental and computational methodologies.
In males, testosterone acts as a “pro-hormone” that is
metabolized into estradiol in the brain, where aromatase
expression occurs in the brain, prostate and testes,
influencing male behavior. The following discoveries
further backed up this judgement: I) Male usual sexual
behaviour is inhibited by inhibiting aromatase activity
and II) The direct delivery of oestrogens right away
into the brain can initiate male characteristic sexual
behavior in castrated animals.™' Most vertebrates’
gender-specific brain development is dependent on
local oestradiol synthesis in the brain."®! The existence
of aromatase in the brain emphasizes the importance
of local estrogen production in not only controlling
sexual processes, but also in other neural processes such
as behavior, memory, cognition and injury recovery.!"”
Testicular testosterone regulates gonadotropin secretion
in males.” In primates, inhibiting aromatase activity
causes a large rise in both LH and FSH.P"! Eatly studies
revealed that oestradiol is just as efficient as testosterone
in  masculinizing rat behaviour.”?  Accordingly,
Aromatase and oestrogen receptors are abundant in the
brain, patticularly in rats.™ Furthermore, testosterone
alone cannot cure defective male copulatory behaviour,
whereas a combination of dihydrotestosterone and
oestradiol nearly entirely copulatory behaviour has
been restored.”¥ To sustain male sexual behaviour,
species differences and neuronal aromatisation are

essential.® In fact, it has been demonstrated that
adequate Testosterone: Oestradiol (T: E) ratios are
necessary for ideal prostate function, whereas too much
T:E ratios cause prostate expansion and hyperplasia.
1314 Both Leydig and Sertoli cells in humans generate
oestrogens In vitro.”®! Aromatase activity has also been
detected in spermatogenic cells from various animals,
which includes humans.? Several studies have cleatly
established a Lower sperm concentration and motility
have been associated with aromatase polymorphisms.®”
Decreased sperm motility is common in aromatase
deficient men and in aromatase knockout mice.”
essential for epididymal
26]

Oestrogens  are activity

and sperm maturation.” Consequently, Aromatase
distribution in masculine gonads plays an essential role
to sustaining the high amounts of oestradiol required
for most effective sperm maturation, sperm motility,

spermiogenesis and possibly acrosomal response.**

MATERIALS AND METHODS
Chemicals

Indole-3-carbinol (purity=98%o), Resveratrol
(purity=99%), Cadmium chloride (CdCl,, 299% purity)
and Dimethyl sulfoxide (DMSO, 299.9% purity) were
purchased from Sigma-Aldrich. The use of standard
chemicals adds credibility to the study and allows for
meaningful comparisons and interpretation of the

findings.
Experimental animals

This study used male albino wistar rats that were 10
weeks old and weighed between 170 and 200 g The
animals were obtained from the Animal House, Kerala
Veterinary and Animal Sciences, Mannuthy, Kerala.
Reg.N0.328/GO/Re/S/01/CPCSEA  and  housed
in Department of Pharmacology at Nandha College
of Pharmacy, Erode. The rats were acclimatized for
7 days in the animal house of the Department of
Pharmacology, Nandha college of Pharmacy and
exposed to 12/12 hr light/dark cycle. The institutional
animal ethics committee authorised this study protocol
and experimental animals had unlimited access to food
and water. All experimental techniques and protocols
employed in this investigation were in conformity with
the recommendations of IAEC Proposal No: Reg No:
688 /PO/Re/S/02/CPCSEA.

Experimental design and study protocol
In silico docking study

To ascertain the impact of the molecular interaction
pattern of Indole-3-carbinol and resveratrol with the
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human placental aromatase protein B3EQM), In silico
docking study was carried out. The objective of this
study was to evaluate the possible therapeutic efficacy
of Indole-3-carbinol and resveratrol in the treatment
of male infertility caused by cadmium toxicity. The
targeted protein, aromatase (3EQM), with a resolution
of 2.90 A, is the three-dimensional structure of human
placental aromatase cytochrome P450 in complex
with androstenedione. This structure was selected
for investigation from the RCSB Protein Data Bank
(http:/ /www.resb.org/pdb).

Ligand preparation

The Indole-3-catbinol  (https://
pubchem.ncbi.nlm.nih.gov/compound/ 3712) and
resveratrol,  (https://  pubchem.ncbi.nlm.nih.gov/
compound/445154) as well as Sildenafil citrate as
standard compound (https://pubchem.ncbi.nlm.nih.
gov/compound/ 135413523) in 3D PDB format
were transferred from the database of PubChem and
formatted in PDBQT format using software (BIOVIA
Discovery Studio Visualizer 2021) torsion,
ionisation, degree of freedom and stereochemical

ligands  of,

and

variation are further processed for molecular docking
in Autodock.

Protein structure preparation for docking

The chosen aromatase protein structure (3EQM) was
prepared for docking by using the Autodock (4.0.) The
protein structure for the 3EQM protein, only enzyme
in vertebrates known to catalyse the biosynthesis of
all oestrogens from androgens; was retrieved as PDB
format with the following specifications: Resolution:
2.90, R-Value Observed: 0.215R-Value Work: 0.214
and R-Value Free: 0.244. The protein structure was
improved in the Autodock (4.0.) tool by removing
the water atoms and adding polar hydrogen atoms.
Molecular docking was carried out using the software
programmes Autodock (4.0.)P"

In vivo experimental study

The rats used in this study included 36 male Wistar
albino rats and 54 female Wistar albino rats. Rats were
assigned randomly into 6 groups (#=0): control group
(vehicle: 0.5 ml of 2% DMSO in distilled water), CdCl,
presctibed group (2 mg/kg body weight in 2% DMSO),
CdCl +sildenafil citrate (5 mg/kg), CdCl +Indole-3-
carbinol prescribed group (100 mg/kg body weight in
2% DMSO), CdCl, +Resveratrol prescribed group (20
mg/kg body weight in 2% DMSO), CdCl,+Indole-3-
carbinol+Resveratrol treated group (similar dosage as
in CdCl, I3C and RES treated groups, respectively.
The doses for sildenafil citrate,* Indole-3-carbinol,

resveratrol® and CdCl, were selected from previous
studies, respectively. At this level, cadmium chloride was

demonstrated to significantly increase oxidative™

stress,
as was seen in our prior study on female Wistar rats.
P For CdCL, 13C and RES, our chosen solvent (2%
DMSO in distilled water) was well tolerated. Cadmium
chloride, Indole-3-carbinol and resveratrol were given
one time a day for three weeks (between 8 a.m. and
9 pm.). After three weeks of treatment, rats in the
control, CdCl,, CdCl, +sildenafil citrate, CdCl +13C and
CdCL+RES, CdClL+I3C+RES, groups were euthanized.
After the rats were sentenced to death, male sexual and

reproductive function parameters were measured.

Mating behaviour study

According to protocol, experiments on mating
behaviour were conducted in a separate space with
low red lighting. For the study, healthy male albino rats
with active sex lives and female rats with predictable
oestrus cycles (vaginal smear collection) were chosen.
For 10 min prior to introducing a primed female, the
male rats were positioned in a rectangular transparent
glass chamber to acclimate to the room’s surroundings.
After introducing the primed female into the chamber
with a female to male ratio of 2:1. Female wistar rats
were used to evaluate the sexual behaviours of male
rats, during the first and third weeks following the start
of the treatment. The following parameters of mating

behaviour were noted:

(a) Mount Frequency (MF) is the number of
mounts that happen without an intromission
from the time the female gets introduced until
ejaculation;

(b) Intromission Frequency (IF) is the number
of intromissions that occur from the time the
female is introduced until ejaculation;

(¢) Mount Latency (ML) is the amount of time
between the males initial mount and the
female’s entrance;

(d) Intromission Latency (IL): The time between
the female’s introduction and the male’s first
introduction (characterized by pelvic thrusting
and leaping dismount);

() Ejaculation Latency (EL) refers to the time
between the first intromission and ejaculation.

It is characterized by longer, deeper pelvic thrusting and
slow dismount followed by inactivity. At the first and
third weeks of medication administration, the values of
the observed parameters were measured and compared

to the control.?®*
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Estimation of cadmium concentration in serum,
testis and epididymis

Thetechniqueof Atomic AbsorptionSpectrophotometry
(AAS), as previously reported, was used to determine
the quantity of Cd in the blood, epididymis and testis at
the end of the three-week treatment period.*!

Semen analysis

Each rat’s left vas deferens and epididymis were removed
for semen analysis. Using the techniques outlined in
a prior study, viability, epididymal sperm pH, motility,
count and morphology were evaluated. Samples from
the vas deferens were utilised to assess sperm motility
and the cauda epididymis was used to assess sperm
count, viability and morphology.*+

Evaluation of serum reproductive hormone levels

Blood was drawn from each animal’s retroorbital venous
plexus after the procedure was completed. Blood
samples have been processed at 2500 rpm in a tabletop
centrifuge for duration of 10 min. The concentrations
of testosterone, Luteinizing Hormone (LH) and Follicle-
Stimulating Hormone (FSH) have been determined
using various serum samples. A radioimmunoassay kit
from the Board of Radiation and Isotope Technology
in Mumbai, India, was implemented to measure serum
FSH, a microplate Chemiluminescence Immunoassay
(CLIA) kit was used to assess FSH concentration and a
double antibody ELISA kit from the Eiagen Testosterone
kit in Italy was used to quantify testosterone.!*’

Histological studies

The testis underwent a histological investigation using
the Haematoxylin and Eosin (H&E) method. Briefly,
the animals’ right testicle has been extracted, fixed in
Bouin’s solution, dried and then placed within paratfin
blocks. Blocks of sectioned tissue were stained with
H&E and examined under a light microscope. Sections
of the testicular tissue were examined.*+*!

RESULTS
In silico docking study

Aromatase inhibitors are commonly used in the
treatment receptor-positive  breast
carcinoma. By blocking the enzyme aromatase, which

of hormonal

converts androgens into estrogens. However, there
is emerging interest in exploring the potential use of
aromatase inhibitors as aphrodisiacs due to their ability
to modulate estrogen levels, which can impact sexual
function. 13C and resveratrol are natural compounds that
have been suggested to possess aphrodisiac properties.
In this research, we used docking simulations to look into

the potential interaction between a protein aromatase
inhibitor and a ligand such as sildenafil citrate, I3C and
resveratrol (Table 1). Docking simulations were carried
out using molecular docking software, which predicts the
binding orientation and affinity between a ligand. 13C
and resveratrol are two natural compounds that adhere
to the Lipinski rule without violations. The Lipinski rule
is a set of guidelines used in drug discovery to assess
the drug-likeness and oral bioavailability of potential
compounds. The docking results demonstrated that
the aromatase inhibitor formed hydrogen bonds and
hydrophobic interactions with I3C. These interactions
were primarily mediated by specific amino acid residues
in the active site of the aromatase enzyme. Similatly,
docking simulations between the aromatase inhibitor
and resveratrol revealed favorable binding interactions.
Resveratrol exhibited a different
compared to I3C, with distinct hydrogen bonding and

binding mode

hydrophobic interactions. These interactions indicate the
potential for modulating aromatase activity, supporting
the hypothesis that resveratrol may possess aphrodisiac
properties through estrogen modulation. Significantly,
sildenafil citrate created hydrogen bonds with known
important amino acid residues for aromatase’s catalytic
mechanism. Additionally, hydrophobic interactions were
observed between sildenafil citrate and hydrophobic
residues lining the binding site of aromatase. These
interactions contribute to the stabilization of the ligand
within the active site. The docking scores indicated a
favorable binding affinity between sildenafil citrate and
aromatase, suggesting a potential inhibitory effect on
the enzyme’s activity Figure TA.

Table 1: Docking scores and Inhibitory Constants for

Interacting Residues Calculated by Autodock (4.0.)

Ligand Hydrogen Number Docking Inhibitory
bond of score constant
rotational (Kcall  (Ki) (Nm)
bonds mol)
Indole-3- 2 1 -4.7 359.15
carbinol
CID: 3712
Resveratrol 4 2 -6.25 26.18
CID: 445154
Sildenafil 0 7 -10.05 43.31
citrate
CID:
135413523

Effect of cadmium chloride, Indole-3-carbinol,
resveratrol on mating behaviour of rats

According to a study on mating behaviour, continuous
treatment of 13C and resveratrol for three weeks resulted
in substantial (»<0.05), significant ("»<0.001) reductions
in mount and intromission latencies when compared
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Figure 1A: 3D and 2D image (Ligplot) of docked compound with 3EQM aromatase protein.
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Table 2: Effects of mating behaviour on rats on 1 and 3 week of drug treatment.

Param- Control Negative control Standard CdClL+I3C CdCl,+RES CdCl,+I3C+RES
eters (CdcCl,)

1week 3 weeks 1week 3weeks 1week 3weeks 1week 3weeks 1week 3weeks 1week 3 weeks
ML 10.26x 10.63+ 15.61+ 25.12+ 2.03+ 1.91% 412+ 3.01+ 454+ 4.03+ 3.45+ 3.12+
1.26 1.14 1.02° 2.21 2.04™ 1.14™ 1.54 1.04° 1.45 212" 1.41" 212
[ 9.93+ 10.97+ 11.09+ 14.43% 2.78+ 1.46+ 5.01% 411+ 5.12+ 5.03% 3.52+ 3.05+
1.45 2.21 214 0.54 1.45™ 212 1.65° 2.01 2.01° 1.04° 0.58" 1.45°

EL 226+ 229+ 259+ 298+ 143+ 129+ 183 172+ 178+ 169+ 155.21+ 140.15%
1.04 1.50 2.01° 0.84 2.217" 0.54™ 0.58 212 1.21° 2.01° 1.28™ 2127

MF 70.48+ 68.23+ 4258+ 35.83% 197+ 207+ 75.19+ 81.43+ 7019+ 79.23+ 220.14+ 211.62%
212 0.98 1.04° 1.54 2.02™ 2.54™ 2.54° 0.41° 213 1.45 1.58" 1.01"

IF 7741+ 79.31x 58.23+ 46.05% 196+ 219+ 159.03+ 169.11x 121.35+ 155.13+ 215.26+ 231.54+
0.84 1.14 5.01" 1.04" 4.10™ 1.45™ 0.98 211 0.81° 2.01° 0.48" 1.04™

EJ for ejaculation delay, IL for intromission latency, ML stands for mount latency, MF for mount frequency and IF for intromission frequency. Values are mean SEM, n=6 and

*%%p<0.001, **p<0.01, *p<0.05 vs the negative control group *p<o.001.

to the negative control (p<0.001). In compartison
to the negative control, it also considerably shortens
the ejaculatory latency (p<0.05, “'p<0.001). Finally,
compared to the negative control (p<0.001), there was
a significantly ((p<0.05), (7'»<0.001) higher proportion
of mounting frequency and intromission frequency.
However, the number of times of mounting and
intromission as well as other sexual reactions was greatly
enhanced by the combination of Indole-3-carbinol (100
mg/kg) and resveratrol (20 mg/kg). According to Table
2, all of the dosages of 13C and resveratrol were followed
by a dose-dependent effect on the mating behaviour of
male rats at intervals of the first and third weeks. The
indices of sexual behaviour increased overall and the
findings were statistically significant.

Analyzing the levels of cadmium in the serum,
epididymis and testis

Cd concentrations in the blood, testicles and epididymis
increased in the (CdCl) negative group, while in
comparison to the control. (Figure 1A) demonstrates
that the standard deviation of the serum Cd content
was considerably ("7p<0.001) lower in sildenafil
group and (p<0.05) in CdCl,+13C, CdCL+RES and
("p<0.01) in CdCL+I3C +RES and compared to the
negative control group (p<0.001) which showed higher
concentration of serum Cd. The testicular levels of
Cd were significantly decreased (7p<0.001) in the
standard group and (p<0.05) CdCL+13C, CdCL,+RES
and ("p<0.01) in CdCL+I3C +RES, in comparison
with the negative group (»<0.001) (Figure 1B).
Additionally, there was a notable reduction in Cd levels
in the epididymis ("'»<0.001) in the standard group
and ((p<0.05) CdCL+I13C, CdCL+RES and (**P<0.01)
in CdCL+I3C +RES, in contrast to the negative group
(p<0.001) (Figure 1C).

Semen analysis

The group’s average semen pH was the same. While
in comparison to the negative control, ESN and
the percentage of viable sperm were considerably
higher in Standard, CdCL+I3C, CdCL+RES and
CdClL+I3C+RES, respectively (“'»<0.001, '»<0.05 and
“p<0.01) (Table 3). Sperm motility was dramatically
reduced (*p<0.001) in the negative control group in
contrast to the control, but significantly enhanced
(p<0.05) in the standard, CdCl,+I3C and CdCL+RES
when compared to the negative group (»<0.01). In
comparison with the negative control group, it was
considerably greater ("p<0.01) in the CdCl,+I13C+RES
group (Table 3). In comparison to the control, the
negative control considerably (*»<0.001) increased the
proportion of spermatozoa with aberrant morphology.
The percentage of with
morphology considerably decreased ("»<0.001) in the
standard group and (»<0.05) in the CdCL+I3C and
CdCL+RES groups. When compared to the negative
control ("p<0.01), the proportion of spermatozoa with
aberrant morphology dropped considerably ("p<0.01)
in CdCL+13C+RES (Table 3).

spermatozoa aberrant

Effect of CdCl, Indole-3-carbinol, resveratrol on
serum testosterone, FSH and LH in male wistar
rats

Compared to the control, the negative group’s
(p<0.001) serum FSH levels fell (Figure 2A). When
compared to the negative control group, the serum FSH
concentration increased considerably (7p<0.001) in
the standard group, ("p<0.01) in the CdClL,+I13C+RES
group and (/p<0.05) in the CdCl,+RES and CdCl,+13C
group, respectively.

Contrary to the negative control (p<0.001), the
CdCL+I3C+RES ("p<0.01) and standard group had
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Figure 1 (A, B, C): Rats’ serum, testis and epididymis Cd concentrations after 3 weeks of different treatments are shown in (A), (B) and
(C), respectively. Values are mean+SEM, n = 6, ***p<0.001, **p<0.01, *p<0.05 vs negative control group *p<0.001.

Table 3: Effect of CdCIZ Indole-3-carbinol, resveratrol on semen analysis.

Factors Control  Negative control Standard CdCl,I3C CdCI,RES CdCl*+I3C+RES
Semen pH 6.2+0.1 5.8+0.1 6.3+0.1 6.2+0.1 6.3+0.1 6.2+0.1
Epididymal sperm number (million/ml)  79.7+2.1 29.5+1.8" 83.5£0.1" 51.8+1.2 30.4%1.6° 80.2+1.9”
Sperm viability (%) 78.2+1.8 33.8x1.1° 88.2+1.9" 55.5+1.5 31.5+1.8° 80.9+1.8"
Sperm motility (%) 85.5+1.5 40.6+1.7° 87.2+1.7" 489+21°  39.8+2.1° 81.8+2.1"
Abnormal morphology (%) 7.0£0.4 35.0+1.8° 5.2+1.57 8.1£1.2° 7121 6.5£1.6"

ESN stands for epididymal sperm number and values are mean SEM, n=6. ***p<0.001, **p<0.01 and *p<0.05. vs negative control group *p<o.oo1.

substantially higher serum LH concentrations (" p<
0.001) Figure 2B. Also, in comparison to the negative
control, serum LH levels rose considerably ((»<0.05) in
the CdCl +I3C and CdCL+RES groups.

When compared to the negative control group (p<0.001),
the standard (7p<0.001) and CdCL+I3C+RES
groups had considerably higher serum testosterone
concentrations ((»<0.05) the CdCl, group Figure 2C.
When compared to the negative control, the blood
testosterone levels in the CdCL+I3C and CdCL+RES
groups increased significantly ('»<0.05) Figure 2C.

754

Testicular histopathology

The testis’ histology was investigated Figure 3A-E In
compatison to the negative control ((»p<0.001) which
showed maturation arrest, there was a substantial
(7p<0.001), (p<0.05) improvement shown in the
standard group, CdCl +13C and CdCl, +RES groups.
The space within the seminiferous tubule was reduced
in the combination treatment with CdCL+13C+ RES,
which led to an increase in spermatogenesis and showed
significant difference ("p<0.01) when compared to the

negative control group.
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Figure 2 (A, B, C): All data were shown as mean SEM (n = 6); significant comparisons to the *p<0.001 negative control were determined
using ***p<0.001, **p<0.01 and *p<0.05.

Photomicrographs of the Control group show healthy
interstitial  tissues with
spermatocytes and spermatogonia at 10x magnification.
The Cadmium-induced group exhibits deteriorated
interstitial tissue and impaired germ cell development
at 10x magnification. The Standard-treated group
displays normal interstitial tissues, seminiferous tubules
and healthy germ cells (spermatogonia, spermatocytes,
spermatids and spermatozoa), Sertoli, Leydig cells and
flagella at 10x magnification. The I3C-treated group
shows healthy germ cells, including spermatogonia,
spermatocytes,  spermatids, spermatozoa, Sertoli
and Leydig cells at 10x magnification. The RES-
treated group reveals increased germ cell presence,
including spermatogonia, spermatocytes, spermatozoa,
spermatids, Sertoli and Leydig cells at 10x magnification.
The I3C and RES-treated group shows a significant
increase in germ cells (spermatocytes, spermatogonia,
spermatozoa, spermatids), along with Sertoli and Leydig
cells, at magnifications of less than 10x.

and seminiferous tubules

SUMMARY

Cadmium is a common heavy metal that is harmful to
the environment and is found in practically all parts
of the environment.* It is employed extensively in a
variety of applications. According to a growing number
of studies, exposure to cadmium in animal’s results in
significant testicular injury and consequent infertility.
1 The main sources of cadmium exposure for people
include food, water, tobacco smoke and industrial or
agticultural goods." As a result, several studies have
employed various techniques in recent years to lessen
the damaging effects of cadmium on the testicles.
Some items with anti-inflammatory and antioxidant
characteristics have been utilised to lessen the testicular
of Cd because oxidative stress and
inflammation play a significantrole in cadmium-mediated
testicular damage.”>Y The purpose of the present
research is was to determine how I3C and resveratrol

toxic levels

affected male wistar rats’ cadmium-induced toxicity via
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Figure 3 (A-F): Male wistar rat testicular histology. Hematoxylin and eosin staining was applied to sections.

suppressing the aromatase enzyme in both 7 vivo and
in silico. The findings demonstrated that sperm motility,
sperm viability, sperm count and serum testosterone
were all considerably reduced in rats exposed to Cd.
Additionally, a histological analysis of the testis anatomy
revealed abnormalities in the seminiferous tubule
structure and a reduction in the number of Leydig
cells in the cd-treated groups. Numerous investigations
have demonstrated that cadmium has harmful effects
on hormone functioning, inflammatory response
activation and oxidative stress.” The effects of CdCl, -
induced alterations in histology, hormonal levels, sperm
characteristics and serum testosterone levels were also
reduced by the administration of sildenafil, I3C and
resveratrol. In accordance with those results, sildenafil,
Indole-3-carbinol and resveratrol treatment avoided the
severe changes in the testes caused by CdCl, poisoning,
As a result of maintaining hormone levels and
restoring sexual activity, normal histological structure
production, therapy
with Indole-3-carbinol and tesveratrol can alleviate
Cd-intoxication-induced testicular injuries in rats.

and promoting testosterone

DISCUSSION

The current study demonstrates the therapeutic potential
of Indole-3-carbinol and resveratrol as effective natural
aromatase inhibitors to mitigate cadmium-induced male
infertility. Cadmium, a toxic environmental pollutant,
is well-documented for its detrimental effects on
male reproductive health, primarily through oxidative
stress and hormonal disruption. Previous research on
aphrodisiacs like Tribulus terrestris and Panax ginseng has
highlighted their ability to enhance sexual performance
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and sperm quality by modulating testosterone levels
and combating oxidative stress. Consistent with these
findings, our study showed that I3C and RES improved
sperm motility, viability and overall sexual behaviour
in cadmium-exposed rats, suggesting similar protective
mechanisms. The role of aromatase inhibitors in male
infertility management is well established, with both
synthetic (e.g, anastrozole) and natural inhibitors
being explored for their efficacy.”” Our I silico analysis
confirmed strong binding affinities of I13C and RES
to the aromatase enzyme, supporting their action as
natural inhibitors. This aligns with prior computational
studies that validated the potential of flavonoids and
lighans as effective aromatase inhibitors.”® The In-vivo
results further confirms this, as treatment with 13C
and RES not only restored hormonal balance but also
improved testicular histology, indicating enhanced
spermatogenesis and increased Sertoli and Leydig
cell counts, akin to the effects reported for Eurycoma
longifolia and  _Ashwagandba in similar experimental
methodology.P”

Histological examination provided additional evidence
of the protective effects of I3C and RES, demonstrating
improved  testicular  architecture and
spermatogenic activity compared to the cadmium-only
group. This suggests that these compounds can mitigate
cadmium-induced testicular damage and support normal
reproductive function, paralleling previous findings on
resveratrol’s antioxidant capabilities in protecting against
testicular oxidative damage."! The synergistic effect
observed with the combination of 13C and RES further
underscores the potential of using natural aromatase
inhibitors in addressing male infertility associated with
environmental toxin exposure. Given the promising

increased
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outcomes, further research is warranted to explore the
applicability of these compounds in human infertile
populations and establish standardized dosing regimens
for therapeutic use.

CONCLUSION

The docking simulations, in conclusion, showed possible
interactions between the aromatase inhibitor and the
ligands 13C, resveratrol and sildenafil citrate, suggesting
that these compounds have the capacity to control
aromatase activity. I13C and resveratrol’s aphrodisiac
properties were demonstrated by the mating behaviour
study’s increased sexual behaviour parameters. The
study also emphasised the possible defence mechanisms
of 13C and resveratrol against Cd-induced toxicity as
well as the effects of these compounds on hormone
levels and testicular histology. These results provide
credence to the idea that aromatase inhibitors, such as
13C and resveratrol, may be investigated as aphrodisiac
drugs, albeit further study is required to confirm these
effects in actual clinical settings.
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ABBREVIATIONS
CID: Compound Identifier; Cd: Cadmium; AAS:
Atomic  Absorption  Spectrophotometry;  CdCl,;:

Cadmium Chloride; DMSO: Dimethyl Sulfoxide;
DNA: Deoxyribonucleic Acid; ESN: Epididymal
sperm number; FSH: Follicle-Stimulating Hormone;
H and E: Hematoxylin and Eosin; LH: Luteinizing
Hormone; I3C: Indole-3-carbinol; RES: Resveratrol;
SEM: Standard Error of Mean; SPZ: Spermatozoa;
ST: Seminiferous Tubules; IT: Interstitial tissues;
ST seminiferous tubules; SP: Spermatogonia; SPI:
Spermatocytes; SPt: Spermatids; SPZ: spermatozoa;
STc: Sertoli; LeyC: Leydig cells; Flg: Flagellum;
sperm cells; DM: Disrupted maturation; CPCSEA:
Committee for the Purpose of Control and Supervision
of Experiments on Animals; IAEC: Institute
Animal Ethics Committee; MF: Mount Frequency;
IF: Intromission Frequency; ML: Mount Latency;

IL: Intromission Latency; EL: Ejaculation Latency;
PDB: Protein data bank.

SUMMARY

The study investigated the effects of Indole-3-
carbinoland resveratrol on male Wistar rats exposed to
cadmium-induced infertility. The findings highlighted
their potential as aromatase inhibitors, capable of
reducing cadmium toxicity, improving sperm quality
and restoring hormonal balance. The I vivo and In silico
results demonstrated improved sexual performance
and protective effects against testicular damage. These
natural compounds offer promising therapeutic avenues
for treating male infertility caused by environmental
toxins, though further research is needed to validate
their efficacy in human subjects.

REFERENCES

1. Kumar S, Sharma A. Cadmium toxicity: effects on human reproduction and
fertility. Reviews on environmental health. 2019;34(4):327-38.

2. Rahman MS, Kwon WS, Lee JS, et al. Cadmium-induced toxicity in human
spermatozoa has great implications for fertility impairments in the general
population. Toxicol Sci. 2019;168(2):560-72.

3. Shahat AM, Rizzoto G, Kastelic JP. Amelioration of heat stress-induced
damage to testes and sperm quality. Theriogenology. 2020;158:84-96.

4. Lovakovi¢ BT. Cadmium, arsenic and lead: elements affecting male
reproductive health. Current Opinion in Toxicology. 2020;19:7-14.

5. Ghosh D. Structures and functions of human placental aromatase and
steroid sulfatase, two key enzymes in estrogen biosynthesis. Steroids.
2023;(1):196:109249.

6.  Williams DE. Indoles derived from glucobrassicin: cancer chemoprevention
by indole-3-carbinol and 3, 3'-diindolylmethane. Frontiers in Nutrition.
2021;8:734334.

7. Chen Q, Yang H, Zhou N, et al. Effects of cadmium exposure on the
development of reproductive system in male offspring of rats. BioMed Res
Int. 2017;2017:5358189.

8. Rahman MS, Kwon WS, Yoon SJ, Ryu DY, Park YJ, Pang MG. Indole-3-
carbinolattenuates oxidative stress and improves sperm quality in testes of
rats exposed to lead. Reprod Toxicol. 2017;73:186-94.

9.  Zong DD, Liu XM, Li JH, Ouyang RY, Long YJ, Chen P, Chen Y. Resveratrol
attenuates cigarette smoke induced endothelial apoptosis by activating
Notch1 signaling mediated autophagy. Respiratory Research. 2021;22:1-2.

10. de Oliveira FA, Costa WS, Sampaio FJ, Gregorio BM. Resveratrol attenuates
metabolic, sperm and testicular changes in adult Wistar rats fed a diet rich
in lipids and simple carbohydrates. Asian journal of andrology.
2019;21(2):201-7.

11.  Tewari AK, Stockert JA, Yadav SS, Yadav KK, Khan I. Inflammation and
prostate cancer. Cell and Molecular Biology of Prostate Cancer: Updates,
Insights and New Frontiers. 2018:41-65.

12.  ShenN,Wang T, Gan Q, Liu S, Wang L, Jin B. Plant flavonoids: Classification,
distribution, biosynthesis and antioxidant activity. Food chemistry.
2022;383:132531.

13. Chen P, Li B, Ou-Yang L. Role of estrogen receptors in health and disease.
Frontiers in endocrinology. 2022;(13):839005.

14. Azcoitia |, Mendez P, Garcia-Segura LM. Aromatase in the human brain.
Androgens: clinical research and therapeutics. 2021;2(1):189-202.

15. Dobbs RW, Malhotra NR, Greenwald DT, Wang AY, Prins GS, Abern MR.
Estrogens and prostate cancer. Prostate Cancer and Prostatic Diseases.
2019;22(2):185-94.

16. Hammes SR, Levin ER. Impact of estrogens in males and androgens in
females. The Journal of clinical investigation. 2019;129(5):1818-26.

Asian Journal of Biological and Life Sciences, Vol 13, Issue 3, Sep-Dec, 2024 757



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

758

Singaravel, et al.: Assessing Flavonoid and Glucosinolate as Aromatase Inhibitors: Combatting Cadmium-Induced Male Infertility in Wistar Rats

Di Zazzo E, Galasso G, Giovannelli P, Di Donato M, Castoria G. Estrogens
and their receptors in prostate cancer: therapeutic implications. Frontiers in
oncology. 2018;(8):2.

de Bono JS, Guo C, Gurel B, De Marzo AM, Sfanos KS, Mani RS, Gil J,
Drake CG, Alimonti A. Prostate carcinogenesis: inflammatory storms. Nature
Reviews Cancer. 2020;20(8):455-69.

Azcoitia |, Mendez P, Garcia-Segura LM. Aromatase in the human brain.
Androgens: clinical research and therapeutics. 2021;2(1):189-202.

Simerly RB, Chang C, Muramatsu M, Swanson LW. Distribution of androgen
and estrogen receptor mRNA-containing cells in the rat brain: an in situ
hybridization study. J Comp Neurol. 1990;294(1):76-95. doi: 10.1002/
cne.902940107.

Cheboub A, Regouat N, Djidjik R, Slimani A, Hadj-Bekkouche F. Short-
term aromatase inhibition induces prostatic alterations in adult wistar rat:
A biochemical, histopathological and immunohistochemical study. Acta
Histochemica. 2019;121(8):151441.

Korani M. Aromatase inhibitors in male: A literature review. Medicina Clinica
Préctica. 2023;6(1):100356.

Jakab RL, Horvath TL, Leranth C, Harada N, Naftolin F. Aromatase
immunoreactivity in the rat brain: gonadectomy-sensitive hypothalamic
neurons and an unresponsive ’limbic ring’ of the lateral septum-bed nucleus-
amygdala complex. J Steroid Biochem Mol Biol. 1993;44(4-6):481-98. doi:
10.1016/0960-0760(93)90253-s.

Cooke B, Hegstrom CD, Villeneuve LS, Breedlove SM. Sexual differentiation
of the vertebrate brain: principles and mechanisms. Front Neuroendocrinol.
1998;19(4):323-62. doi: 10.1006/frne.1998.0171.

Hess RA, Carnes K. The role of estrogen in testis and the male reproductive
tract: a review and species comparison. Animal Reproduction (AR).
2018;1(1):5-30.

Ghosh D, Syamal AK, Ghosh S. Role of estrogens in immunoendocrine
regulations of male reproduction. Chemical Biology Letters. 2021;8(4):248-
56.

Cooke PS, Walker WH. Nonclassical androgen and estrogen signaling is
essential for normal spermatogenesis. InSeminars in Cell and Developmental
Biology 2022;(121):71-81.

Kianpoor S, Abdolmohammadi A, Hajarian H, Nikousefat Z, Khamisabadi
H. Association of MTNR1A and CYP19 genes polymorphisms with sperm
quality and testicular size in Sanjabi breed rams. Annals of Animal Science.
2018;18(3):699-711.

Hess RA, Carnes K. The role of estrogen in testis and the male reproductive
tract: a review and species comparison. Animal Reproduction (AR).
2018;1(1):5-30.

Hess RA, Sharpe RM, Hinton BT. Estrogens and development of the rete
testis, efferent ductules, epididymis and vas deferens. Differentiation.
2021;118:41-71.

Morris GM, Goodsell DS, Halliday RS, Huey R, Hart WE, Belew RK, et al.
Automated docking using a Lamarckian genetic algorithm and an empirical
binding free energy function. J Comput Chem. 1998;19(14):1639-62. doi:
10.1002/(SICI1)1096-987X(19981115)19:14<1639::AID-JCC10>3.0.CO;2-B.
Suvannang N, Nantasenamat C, Isarankura-Na-Ayudhya C, Prachayasittikul
V. Molecular docking of aromatase inhibitors. Molecules. 2011;16(5):3597-
617. doi: 10.3390/molecules16053597.

Gong C, Chen Z, Tang Y, Lu H, Chen S, Zhu Y, Ge RS, Zhao J. Aromatase
as a novel target of parabens in human and rat placentas: 3D-quantitative
structure-activity relationship and docking analysis. Ecotoxicology and
Environmental Safety. 2024;286:117244.

KANASE VG, KINI R, MANIYAR D, SHETTIGAR S. EFFECT OF
ADVERTISED POLYHERBAL (AYURVEDIC) APHRODISIAC
FORMULATIONS ON POTENT MALE ALBINO RATS. Asian J Pharm Clin
Res. 2020;13(5):51-3.

Zamaratskaia G, Thogersen R, Candek-Potokar M, Rasmussen MK. Co-
treatment with indole-3-carbinol and resveratrol modify porcine CYP1A and
CYP3A activities and expression. Xenobiotica. 2018;48(3):232-40.

Saedi S, Jafarzadeh Shirazi MR, Totonchi M, Zamiri MJ, Derakhshanfar
A. Effect of prepubertal exposure to CdCI2 on the liver, hematological and
biochemical parameters in female rats; an experimental study. Biological
trace element research. 2020;194:472-81.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Nna VU, Usman UZ, Ofutet EO, Owu DU. Quercetin exerts preventive
ameliorative and prophylactic effects on cadmium chloride induced oxidative
stress in the uterus and ovaries of female Wistar rats. Food Chem Toxicol.
2017;102:143-55. doi: 10.1016/j.fct.2017.02.010, PMID 28229914.
Malekzadeh S, Jashni HK, Hooshmand F. Aphrodisiac Activity of Tribulus
Terrestris Extract Improves Male Reproductive System Parameters And
Fertility. JAPS: Journal of Animal and Plant Sciences. 2024;34(1).
Subramoniam A, Madhavachandran V, Rajasekharan S, Pushpangadan
P. Aphrodisiac property of Trichopus zeylanicus extract in male mice. J
Ethnopharmacol. 1997;57(1):21-7. doi: 10.1016/s0378-8741(97)00040-8,
PMID 9234161.

Almaimouni NM, Roshdy MH. Study on the Efficacy of Garlic Extract Against
Cadmium Toxicity of Liver and Kidney in Rats. Acta Scientific Veterinary
Sciences. 2022;4(11).

Nna VU, Osim EE. Testicular toxicity following separate and combined
administration of PDE-5 inhibitors and opioid: assessment of recovery
following their withdrawal. Andrologia. 2017;49(6). doi: 10.1111/and.12669,
PMID 27484363.

Udi OA, Efekemo O, Orororo OC. Changes in liver histomorphology,
hematological parameters and lipid profile of cadmium-exposed rats
treated with combined leaf extract of Vernonia amygdalina and Occimum
gratissimum. Asian Journal of Medicine and Health. 2022:195-203.
Acevedo-Rodriguez A, Kauffman AS, Cherrington BD, Borges CS,
Roepke TA, Laconi M. Emerging insights into hypothalamic-pituitary-
gonadal axis regulation and interaction with stress signalling. Journal of
neuroendocrinology. 2018;30(10):e12590.

Nna VU, Usman UZ, Ofutet EO, Owu DU. Quercetin exerts preventive
ameliorative and prophylactic effects on cadmium chloride induced oxidative
stress in the uterus and ovaries of female Wistar rats. Food Chem Toxicol.
2017;102:143-55. doi: 10.1016/j.fct.2017.02.010, PMID 28229914.
Alshailabi EM, Al-Zail NI, Abraheem RA. The therapeutic effects of Sidr
honey in healing the testicular and sperm damage of rats exposed to
cigarette smoke. African Journal of Advanced Pure and Applied Sciences
(AJAPAS). 2023:261-9.

de Angelis C, Galdiero M, Pivonello C, Salzano C, Gianfrilli D, Piscitelli P, et
al. The environment and male reproduction: the effect of cadmium exposure
on reproductive function and its implication in fertility. Reprod Toxicol.
2017;73:105-27. doi: 10.1016/j.reprotox.2017.07.021, PMID 28774687

Zhu Q, Li X, Ge RS. Toxicological effects of cadmium on mammalian testis.
Front Genet. 2020;11:527. doi: 10.3389/fgene.2020.00527, PMID 32528534.
Yang SH, He JB, Yu LH, LiL, Long M, Liu MD, et al. Protective role of curcumin
in cadmium-induced testicular injury in mice by attenuating oxidative stress
via Nrf2/ARE pathway. Environ Sci Pollut Res Int. 2019;26(33):34575-83. doi:
10.1007/s11356-019-06587-9, PMID 31650475.

Morsi AA, Shawky LM, El Bana EA. The potential gonadoprotective effects
of grape seed extract against the histopathological alterations elicited in an
animal model of cadmium-induced testicular toxicity. Folia Morphologica.
2020;79(4):767-76.

Saha R, Roychoudhury S, Kar K, Varghese AC, Nandi P, Sharma GD, et al.
Coenzyme Q10 ameliorates cadmium induced reproductive toxicity in male
rats. Physiol Res. 2019;68(1):141-5. doi: 10.33549/physiolres.934000, PMID
30848156.

Marini HR, Micali A, Squadrito G, Puzzolo D, Freni J, Antonuccio P, Minutoli
L. Nutraceuticals: a new challenge against cadmium-induced testicular injury.
Nutrients. 2022;14(3):663.

AliW, Ma Y, Zhu J, Zou H, Liu Z. Mechanisms of cadmium-induced testicular
injury: a risk to male fertility. Cells. 2022;11(22):3601.

Wang J, Zhu H, Lin S, Wang K, Wang H, Liu Z. Protective effect of naringenin
against cadmium-induced testicular toxicity in male SD rats. Journal of
Inorganic Biochemistry. 2021;214:111310.

Elmallah MIY, Elkhadragy MF, Al-Olayan EM, Abdel Moneim AE.
Protective effect of Fragaria ananassa crude extract on cadmium-induced
lipid per-oxidation, antioxidant enzymes suppression and apoptosis in rat
testes. Int J Mol Sci. 2017;18(5):957. doi: 10.3390/ijms18050957, PMID
28475120.

Habib R, Wahdan SA, Gad AM, Azab SS. Infiximab abrogates cadmium-
induced testicular damage and spermiotoxicity via enhancement of
Ster-Oidogenesis and suppression of inflammation and apoptosis

Asian Journal of Biological and Life Sciences, Vol 13, Issue 3, Sep-Dec, 2024



56.

57.

58.

59.

Singaravel, et al.: Assessing Flavonoid and Glucosinolate as Aromatase Inhibitors: Combatting Cadmium-Induced Male Infertility in Wistar Rats

mediators. Ecotoxicol Environ Saf.
ecoenv.2019.109398, PMID 31276887.
Shojaeepour S, Sharififar F, Haghpanah T, Iranpour M, Imani M, Dabiri S.
Panax ginseng ameliorate toxic effects of cadmium on germ cell apoptosis,

2019;182:109398. doi: 10.1016/j.

sperm quality and oxidative stress in male Wistar rats. Toxin Reviews.
2022;41(2):389-401.

Johnston JN. Aromatase inhibitors. Biochemistry and function of sterols.
2020:23-53.

Shukla S, Mishra M, Pant P. In silico evaluation of flavonoids as potential
aromatase inhibitors. Phytomedicine. 2018;50:12-9. doi: 10.1016/.
phymed.2017.09.016. PMID: 29107277.

Leitdo AE, de Souza Vieira MC, Pelegrini A, da Silva EL, de Azevedo
Guimarédes AC. A 6-month, double-blind, placebo-controlled, randomized

60.

trial to evaluate the effect of Eurycoma longifolia (Tongkat Ali) and concurrent

training on erectile function and testosterone levels in Androgen Deficiency of

Aging Males (ADAM). Maturitas. 2021;145:78-85.

Mongioi LM, Perelli S, Condorelli RA, Barbagallo F, Crafa A, Cannarella R,

La Vignera S, Calogero AE. The role of resveratrol in human male fertility.

Molecules. 2021;26(9):2495.

Cite this article: Singaravel S, Mark JS, Gunasekaran S, Jayapal P, Ponnusamy M. in vivo and in silico Evaluation of Flavonoid
and Glucosinolate as Aromatase Inhibitor for Assessing Sexual Performance against Cadmium Induced Infertility in Male Wistar
Rats. Asian J Biol Life Sci. 2024;13(3):748-59.

Asian Journal of Biological and Life Sciences, Vol 13, Issue 3, Sep-Dec, 2024

759



