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ABSTRACT

Background: Lead intoxication triggers testicular toxicity via oxidative stress.

Aim: This study aimed to explore the antioxidant potential of Moringa oleifera leaf extract (MOLE) in enhancing the
semen quality of rats exposed to lead acetate.

Methods: Twenty-five healthy rats were randomly and equally divided into five groups. Group C served as the negative
control, whereas group C+ was exposed to lead acetate at 50-mg/kg body weight (BW)/day without MOLE. The T1,
T2, and T3 groups were exposed to lead acetate at 50-mg/kg BW and concurrently received MOLE at doses of 200-,
316-, and 500-mg/kg BW/day, respectively, for 20 days. On the 21st day, all rats were euthanized for blood collection
and testicle harvesting.

Results: The result showed that exposure to lead acetate at 50-mg/kg BW/day in group C+ led to significant decreases (p
<0.05) in superoxide dismutase (SOD) levels, plasma membrane integrity, Leydig and Sertoli cell counts, spermatozoa
numbers, sperm motility, and live spermatozoa, as well as significant increases (p < 0.05) in malondialdehyde levels
and apoptotic and necrotic sperm, compared with control group C—. The administration of MOLE to rats exposed
to lead acetate resulted in improvement in all of these variables. However, SOD and testosterone levels, as well as
spermatozoa numbers, viability, apoptosis, and necrosis, did not recover in group T3 (p < 0.05) compared with control
group C—.

Conclusion: MOLE effectively restores sperm quality in lead acetate-induced rats.

Keywords: Leydig cells, Malondialdehyde, Membrane integrity, Reproductive health, Sertoli cells.

Introduction in urban river water samples (Fadlillah et al., 2023).
Furthermore, several major cities have experienced lead

air pollution exceeding both Indonesian regulations

Lead pollution affects soil, water, and air on a
global scale (Raj and Das, 2023). Elevated lead

concentrations in aquatic environments, which exceed
standard limits, pose threats to both the environment
and human populations in the vicinity (Olufemi et al.,
2022). Reports from Indonesia have documented
lead concentrations exceeding established thresholds

and WHO standards on an annual basis (Istiqomah and
Marleni, 2020). Global lead production has increased
due to the increased production of conventional cars,
electric vehicles, and cellphone batteries (Raj and
Das, 2023). Lead accumulates in the bodies of humans
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and animals through various processes, including
absorption, Dbioavailability, bioconcentration, and
biomagnification (Collin et al, 2022). At varying
exposure levels, lead is a pervasive pollutant that
jeopardizes health. A literature review on lead exposure
revealed that exposure results in nervous system
dysfunction, anemia, and cognitive impairment in
children, and cardiovascular dysfunction, neurological
decline, and male infertility in adults (Obeng-Gyasi,
2019).

Oxidative stress and the ensuing imbalance between
the antioxidant capacity of the testes and free-radical
generation are the main causes of lead’s harmful effects
on the testicles (Patra et al., 2011). Antioxidants can
stabilize free radicals by donating hydrogen atoms or
single electrons, which can counteract or lessen their
harmful effects on the body (Rabeta and Faraniza,
2013). Antioxidant activity plays a critical role in
mitigating heavy metal toxicity in testicles (Asadi
etal.,2017; Albasher ef al., 2021). Natural antioxidants
can be found in plants, such as Moringa oleifera Lam
(Fitriana et al., 2016). Moringa oleifera contains
flavonoids, polyphenols, lycopene, and B-carotene,
and its primary flavonoid is quercetin (Makita et al.,
2016). Moringa oleifera leaves contain a quercetin
concentration of 384.61 mg/100 g (Bhagawan et al.,
2017). Notably, the antioxidant potency of quercetin
exceeds that of vitamin C and vitamin E (Rarinca et al.,
2023).

Studies on the harmful effects of lead exposure on male
infertility are frequently included in review articles
(Giulioni et al., 2023). Experimental research has
been conducted to explore fertility disorders resulting
from lead exposure in various animal models (Dolati
et al., 2021; Osowski et al., 2023). Several studies
have documented the use of M. oleifera leaf extract
(MOLE) as an antioxidant to counteract oxidative
damage to male reproduction in various animals
(Abd et al., 2020; Laoung-On et al., 2021). MOLE
is expected to alleviate oxidative stress in relation to
male infertility (Mohlala et al., 2023). However, the
use of MOLE as an antioxidant against lead exposure-
induced male infertility remains unclear. Therefore, the
present study aimed to ascertain the impact of MOLE
on malondialdehyde (MDA) levels in the testicles as
an indicator of plasma membrane damage, superoxide
dismutase (SOD) as a measure of antioxidant capacity,
as well as the number of Sertoli and Leydig cells, serum
testosterone levels, sperm count, viability, motility,
intact plasma membrane, and apoptosis and necrosis of
spermatozoa in rats exposed to lead acetate.

Materials and Methods

Ethical approval

The research was approved by the Animal Care and
Use Committee, Universitas Airlangga (No: 158/
HRECCFODM/X1/2022).

Zl'j ‘turnlt]n Page 8 of 18 - Integrity Submission

Preparation

Lead acetate (Pb(CH,COO),) was obtained from
Sigma-Aldrich (USA; Cat. No. 6080-56-4). Treatments
were prepared by diluting lead acetate in distilled
water, which was administered as a single dose of 50-
mg/kg body weight (BW)/day (Septiani et al., 2022).
MOLE was obtained via extraction through maceration
using 96% ethanol, followed by freeze drying, and
subsequently dilution in 0.5% carboxymethyl cellulose
sodium (CMC Na) (Mardatillah et al., 2022).
Experimental animals

Male rats weighing approximately 200-250 g and
aged 2.5 to 3.0 months were individually housed in
plastic cages in a climate-controlled environment.
The temperature was maintained at 26°C + 2°C under
a 12/12 hours alternating light/dark cycle. Rats were
provided ad [libitum access to drinking water and
standard commercial feed.

Twenty-five rats were randomly and equally divided
into five groups. The negative control group (C-)
consisted of rats exposed to distilled water (used as a
solvent for lead acetate) and administered 0.5% CMC
Na. The positive control group (C+) was exposed to
lead acetate at a concentration of 50-mg/kg BW/day
and 0.5% CMC Na solution. Groups T1, T2, and T3
were exposed to lead acetate at a dose of 50-mg/kg
BW and MOLE at doses of 200-, 316-, and 500-mg/
kg BW/day, respectively. Rats were orally exposed to
a 0.5-ml lead acetate solution at 07.00 before feeding,
and 4 hours later, they were orally administered 0.5-
ml MOLE solution. This regimen was continued for 20
days.

All rats were anesthetized with intraperitoneal
ketamine at a dose of 40-mg/kg BW and euthanized
on day 21. Blood was collected from the heart via
subcostal arch laparotomy. Serum samples were also
collected to measure testosterone levels. Testicles
were harvested to determine MDA levels and SOD
activity, and Leydig and Sertoli cell counts were
assessed using hematoxylin—eosin-stained slides
examined microscopically. Semen was collected from
the cauda epididymis for quality evaluation, including
spermatozoa number, motility, viability, and plasma
membrane integrity (PMI) (Octaviani et al., 2021).
Testosterone levels

Serum testosterone levels were determined using the
solid-phase competitive chemiluminescence enzyme
immunoassay technique with a Seimens testosterone
test kit (Immulite® 1000 total testosterone) (Cinquanta
etal.,2017).

MDA levels

The thiobarbituric acid-reactive substance assay was
used to measure the amount of MDA in testicular tissue
using a Thiobarbituric Acid Kit (NWLSS, USA, Cat.
No. NWK-MDAO1). A UV-1601 spectrophotometer
was used to measure absorbance at a maximum
wavelength of 535 nm (Fogarasi et al., 2016; Steffensen
et al., 2020).
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SOD levels

SOD activity in testicular tissue was assessed using a
test kit (Cayman Chemicals (USA, Cat. No. 706,002).
The wavelength at which absorbance was measured
was 550 nm (Weydert and Cullen, 2010).

Leydig cell count

To determine the number of Leydig cells, five interstitial
seminiferous tubules were randomly selected, and the
average count was recorded (Ngizzah et al., 2023).
An Optilab viewer software version 2.2-equipped
light microscope was used for observations at 400%
magnification.

Sertoli cell count

Sertoli cells were counted using a Nikon E200 light
microscope equipped with Optilab viewer software
version 2.2 at 400x magnification. Five average
observation replications of seminiferous tubules were
performed randomly (Panggalih et al., 2021).

Sperm count

Semen was collected from the cauda epididymis
in a 3.5 cm Petri dish (Nunc™, Thermo Scientific)
containing 1 ml of 0.9% NaCl and gently stirred
to ensure homogeneity (Octaviani et al., 2021). A
microscope with a 100x magnification was used to
count the spermatozoa (Lemoine et al., 2018).

Sperm motility

A glass slide containing the spermatozoa suspension
was covered with a cover glass. A Nikon EclipseE100
light microscope with 400x magnification was used to
make the observations. Sperm motility was determined
based on the percentage of sperm that exhibited
progressive movement out of 100 observed sperm (Sari
etal.,2023).

Sperm viability

A drop of semen and two drops of eosin nigrosine
solution were smeared on a glass slide and rapidly
dried using a Bunsen flame. Sperm viability was
evaluated on an eosin nigrosine-stained slide under
a light microscope (Nikon EclipseE100) at 400x
magnification. Live sperm were unstained, whereas
dead sperm had a reddish appearance in the head of
the cytoplasm. Sperm viability (percentage of live
spermatozoa) was determined using 100 spermatozoa
(Sari et al., 2023).

Plasma membrane integrity

A 0.1-ml semen suspension was added to 0.9-ml of
hypoosmotic solution in a microtube, gently stirred,
and incubated at 37°C for 30 minutes. For 100
spermatozoa, a drop of the mixture was observed
under a light microscope at 400x magnification. Intact
sperm plasma membranes appeared swollen or coiled,
whereas damaged sperm plasma membranes displayed
straight tails. The PMI was calculated as the percentage
of spermatozoa with coiled tails (Silviani ef al., 2022).
Apoptotic and necrotic sperm counts

Samples of dry-smeared semen were preserved for
15 minutes with absolute methanol and glacial acid,
stained for 10 minutes with acridine orange, and then
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seen at 100x magnification using a Nikon Eclipse E800
fluorescent microscope (Tokyo, Japan). Necrotic sperm
appeared brownish-orange, whereas apoptotic sperm
exhibited yellow to reddish coloration. The sperm
cells were dyed green. A sample of 300 spermatozoa
was used to determine the percentage of necrotic and
apoptotic sperm (Meles et al., 2022).

Data analysis

The one-way ANOVA test and Duncan’s multiple range
test were used. If there was a significant difference (p
< 0.05), then continue with the Mann—Whitney test
at a 95% confidence level. The statistical software
(Statistical Program and Service Solution, IBM
Corporation) version 26 for Windows was used in all
statistical studies.

Result

Exposure to lead acetate at 50-mg/kg BW/day in rats
led to a significant decrease (p < 0.05) in both SOD
and PMI and a corresponding increase (p < 0.05) in
MDA levels compared with the control rats. In general,
MOLE administration in rats exposed to lead acetate
resulted in a significant increase (p < 0.05) in SOD and
PMI levels and reduced MDA levels. Notably, a dose of
500-mg/kg BW/day MOLE restored MDA levels and
PMI levels did not differ significantly (p > 0.05) from
those of control rats (Table 1).

The mean number of Leydig cells (Fig. 1) and
testosterone levels in rats exposed to lead acetate were
significantly lower (p < 0.05) than those in control
rats. The administration of MOLE to rats exposed to
lead acetate significantly increased (p < 0.05) both
the number of Leydig cells and testosterone levels
compared with the C+ group. Notably, in the T3 group,
the number of Leydig cells did not differ (» > 0.05) from
that in the control group. However, serum testosterone
levels remained significantly lower (p < 0.05), not
reaching levels observed in control rats (Table 2).
Exposure to lead acetate in rats in the positive control
group resulted in a significant reduction (p < 0.05) in
both the number of Sertoli (Fig. 1) cells, spermatozoa
count, and motility, compared with the negative control
rats. MOLE administration, starting at a dose of 200-
mg/kg BW (T1), significantly increased (p < 0.05) the
number of Sertoli cells, the spermatozoa count, and
their motility compared with the positive control group.
At a dose of 500-mg/kg BW, the number of Sertoli cells
and sperm motility were not significantly different (p
> 0.05) from those observed in the control group rats.
However, the spermatozoa counts observed under the
highest MOLE dose remained significantly lower (p
< 0.05) remained significantly lower than those in the
control group (Table 3).

Exposure to lead acetate in rats resulted in a decrease
in the percentage of live sperm cells and an increase
in the percentage of apoptotic and necrotic sperm (p <
0.05) compared with the negative control group (Fig.
2). The administration of MOLE to rats exposed to
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Table 1. SOD, % activity, intactness of the sperm (PMI, %), and MDA, nmol/ml levels in lead

acetate-induced rats (Rattus norvegicus) orally administered MOLE.

Group SOD PMI MDA

C-= 81.66 £2.24* 46.66 + 7.10° 5.20 £ 0.46°
C+ 25.21+1.27¢ 13.91 +2.06¢ 10.22 + 1.532
T1 38.74 +1.98¢ 26.47 +4.22° 9.31+1.342
T2 59.91 4+ 3.52¢ 33.46 + 7.65%® 7.33 £0.95°
T3 71.44 £1.61° 41.90 +£2.73¢ 6.07 £0.50°

Note: Different superscript letters in the same column indicate significant differences (p < 0.05). C—: negative
control group, with no exposure to lead acetate or MOLE; C+: positive control group, with exposure to lead
acetate but no MOLE administration; T1, T2, and T3: exposure to lead acetate with MOLE administration at

doses of 200-, 316-, and 500-mg/kg BW/day, respectively.

Fig. 1. Leydig (red arrow) and Sertoli (black arrow) cells were isolated from lead acetate-induced rats (Rattus norvegicus) orally
administered MOLE. HE staining under light microscope in 400x magnification. C—: negative control group, with no exposure
to lead acetate or MOLE; C+: positive control group, with exposure to lead acetate but no MOLE administration; T1, T2, and T3:
exposure to lead acetate with MOLE administration at doses of 200-, 316-, and 500-mg/kg BW/day, respectively.

lead acetate resulted in an increase in the percentage
of live sperm cells and a reduction in the percentage
of apoptotic and necrotic sperm (p < 0.05) compared
with rats exposed to lead acetate. However, at a dose
of 500-mg/kg BW, MOLE did not fully restore the
percentage of live sperm cells or reduce the percentage
of apoptotic and necrotic sperm; these values remained
significantly lower (p < 0.05) than those observed in
the control group rats (Table 4).

Discussion
In this study, exposure to lead acetate resulted in a
significant decrease in SOD activity (31% remaining),
a reduction in the percentage of spermatozoa with
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intact plasma membranes (30% remaining), and an
increase in MDA levels (197%) compared with control
rats. Lead exposure inhibits 0-aminolevulinic acid
dehydratase, resulting in increased d-aminolevulinic
levels and 4,5-dioxovaleic acid content, leading to
the generation of reactive oxygen species (ROS) in
the form of hydroxyl radicals, superoxide radicals,
hydroxyl radicals, and nitric oxide radicals, thereby
inducing oxidative stress (Ibrahem et al., 2020;
Irawati et al., 2022). ROS, being unstable and reactive
oxygen compounds with unpaired electrons in the
outer orbitals, interact with crucial molecules, such
as proteins, lipids, and DNA, attracting electrons
from their vicinity (Darbandi et al., 2018). Although
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Table 2. Leydig cell count per interstitial seminiferous tubule and serum testosterone (T4,
ng/dL) levels in lead acetate-induced rats (Rattus norvegicus) orally administered MOLE.

Group Leydig cells T4 level

C- 13.78 £ 0.72* 152.18 + 5.84¢
C+ 5.69 +0.58¢ 51.98 +2.76°
T1 7.77 £ 0.94 80.11 £ 5.77¢
T2 11.12 £ 1.90° 125.59 £ 5.26°
T3 13.21 + 1.80% 139.89 + 1.81°

Note: Different superscript letters in the same column indicate significant differences (p < 0.05). C—:
negative control group, with no exposure to lead acetate or MOLE; C+: positive control group, with
exposure to lead acetate but no MOLE administration; T1, T2, and T3: exposure to lead acetate with
MOLE administration at doses of 200-, 316-, and 500-mg/kg BW/day, respectively.

Table 3. Numbers of Sertoli cells per seminiferous tubule and sperm cells (million/ml), as
well as the percentage of motile sperm (%), in lead acetate-induced rats (Rattus norvegicus)

orally administered MOLE.

Group Sertoli cells Sperm count Motility

C- 9.05 £+ 1.00? 63.50 +1.38* 47.05 +5.91°
C+ 3.78 £ 0.57° 29.12 + 4.62° 10.77 £ 1.19¢
T1 6.22 +1.38° 40.59 +0.77¢ 22.65 + 1.70¢
T2 8.02 £ 1.08® 45.02 + 1.56¢ 30.91 £2.03°
T3 9.33+£1.79* 54.89 + 1.92° 44.35 + 6.34°

7 #efrnitin

Note: Different superscript letters in the same column indicate significant differences (p < 0.05). C—:
negative control group, with no exposure to lead acetate or MOLE; C+: positive control group, with
exposure to lead acetate but no MOLE administration; T1, T2, and T3: exposure to lead acetate with
MOLE administration at doses of 200-, 316-, and 500-mg/kg BW/day, respectively.

the body’s endogenous antioxidant enzymes can
neutralize ROS to some extent, an excess of ROS
overwhelms these defenses, leading to oxidative stress
and subsequent cell membrane damage (Murphy ef al.,
2022). Lipid peroxidation is the result of excessive
ROS reaction with polyunsaturated fatty acids in cell
membranes (Steffensen et al., 2020). Molecules that
have their electrons taken up by ROS can undergo
lipid peroxidation, leading to subsequent cell damage
(EI-Magd et al., 2016). ROS also reduces antioxidant
capacity by decreasing the activity of various enzymes,
such as glutathione peroxidase (GPx), SOD, and
catalase (Ighodaro and Akinloye, 2018). The process of
lipid peroxidation results in the production of MDA as
a secondary product, and elevated MDA levels indicate
cell membrane damage. Decreased SOD activity and
increased MDA concentrations provide evidence of
tissue damage caused by lead toxicity (Pizzino et al.,
2017).

Lead exposure also damaged the plasma membranes
of Leydig and Sertoli cells, resulting in a decrease in
their numbers (41% and 42% remaining, respectively).
Leydig cells are responsible for synthesizing
testosterone, and reduced Leydig cell counts led to
decreased serum testosterone levels (34% remaining).

Page 11 of 18 - Integrity Submission

An androgen-binding protein (ABP) that binds
testosterone is produced by Sertoli cells during
spermatogenesis (Gill-Sharma, 2018). The ABP-
testosterone complex supports the proliferation of
spermatogonia into spermatocytes, spermatids, and
spermatozoa (Griswold, 2018). The reduction in Leydig
and Sertoli cell counts, along with lower testosterone
levels, resulted in fewer spermatozoa (46% remaining),
diminished motility (23% remaining), and decreased
viability (26% remaining). Furthermore, these changes
were accompanied by an increase in the percentage
of spermatozoa undergoing apoptosis (557%) and
necrosis (952%).

The results of this investigation are in line with those
of Septiani et al. (2022), who found that rats exposed
to lead acetate had fewer Leydig cells. Lead directly
reduces the numbers of Sertoli and Leydig cells and
alters the arrangement and shape of spermatogonia,
spermatocytes, and spermatozoa due to lipid
peroxidation of cell membranes (Abdel-Emam et al.,
2021). Furthermore, damage to the sperm plasma
membrane negatively affects spermatozoa viability and
motility (Oluwakemi and Olufeyisipe, 2016; Pereira
etal., 2017). The present results align with the findings
of El-Magd et al. (2017) and Offor et al. (2019), who
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Fig. 2. Live (green arrow), apoptosis (yellow arrow), and necrosis (red arrow) spermatozoa in lead acetate-induced rats (Ratfus
norvegicus) orally administered MOLE. Acridine orange-ethidium bromide staining and fluorescent microscope in 400%
magnification. C—: negative control group, no exposure to lead acetate or MOLE; C+: positive control group, exposure to lead
acetate but no MOLE administration; T1, T2, and T3: exposure to lead acetate with MOLE administration at doses of 200-, 316-,
and 500-mg/kg BW/day, respectively.

Table 4. Percentage of live, apoptotic, and necrotic sperm cells (%) in lead acetate-induced rats (Rattus

21 turnitin

norvegicus) orally administered MOLE.

Group Live sperm Apoptosis Necrosis

C= 88.49 +2.05¢ 8.16+1.61¢ 335+2.21¢
C+ 22.66 + 3.03¢ 45.44 £4.25° 31.91 & 1.64°
T1 36.06 + 4.29¢ 45.30 + 3.69° 18.64 + 1.86°
T2 55.83 £5.25¢ 27.84 + 4.54° 16.33 +3.04°
T3 74.68 £ 2.62° 18.7 £4.02° 6.63 +1.72¢

Note: Different superscript letters in the same column indicate significant differences (p < 0.05). C—: negative control
group, with no exposure to lead acetate or MOLE; C+: positive control group, with exposure to lead acetate but no MOLE
administration; T1, T2, and T3: exposure to lead acetate with MOLE administration at doses of 200-, 316-, and 500-mg/kg

BW/day, respectively

highlighted lead’s adverse effects on sperm count and
motility.

Leydig cells express androgen receptors (ARs) on
their membranes, which mediate the steroidogenesis
pathway (Zirkin and Papadopoulos, 2018). Elevated
ROS levels lead to increased CYP450 expression in
Leydig cells, which can bind to ARs, subsequently
reducing testosterone synthesis (Huang et al., 2021)
and lowering testosterone levels (Wurlina et al., 2021).
Another method is that exposure to lead damages the
mitochondria and endoplasmic reticulum of Leydig
cells, disrupting the enzymes that produce androgen
(Huang et al., 2021).
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Oxidative stress resulting from lead exposure can
damage the plasma membrane of endocrine cells in
the hypothalamo—pituitary—testicular axis (Gandhi
et al., 2017; Darbandi et al., 2018). The hypothalamus
produces gonadotropin-releasing hormone (GnRH),
which is a crucial hormone for reproductive endocrine
regulation. The arcuate nucleus of the hypothalamus
produces and secretes GnRH, which promotes the
synthesis of luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) (Wang et al., 2021). FSH
regulates Sertoli cells to produce ABP, whereas LH
regulates Leydig cells to synthesize testosterone. Direct
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testosterone biosynthesis from cholesterol occurs only
in Leydig cells via the A5 pathway (Eacker et al., 2008).
A decline in Leydig cell numbers results in reduced
testosterone production, leading to a decrease in
spermatogenesis (Huang ef al., 2021). In the present
study, administration of 50 mg/kg/day of lead acetate
for 20 days led to Leydig cell damage and reduced
testosterone levels. Suppression of testosterone
biosynthesis can inhibit spermatogenesis, triggering
apoptosis in spermatogenic cells in the seminiferous
tubules and spermatozoa in the epididymis (Oduwole
et al., 2018). The process of programmed cell death,
known as apoptosis, is typified by chromosomal and
cell nucleus ruptures that result in apoptotic bodies
devoid of inflammation (Elmore, 2007). This process
can be initiated by ROS (Redza-Dutordoir and Averill-
Bates, 2016). Excessive ROS levels damage both DNA
and the mitochondrial plasma membrane. DNA damage
is followed by increased levels of p53, promoting an
increase in Bax protein content and a decrease in Bcl2
protein levels, ultimately raising the Bax/Bcl ratio and
potentially triggering the apoptosis cascade (George
and Abrahamse, 2019). Moreover, ROS increases cell
membrane permeability and decreases mitochondrial
membrane potential, both of which result in the release
of cytochrome c. The combination of an increased Bax/
Becl ratio and elevated cytochrome c levels induces the
expression of caspase-3, which acts as an apoptotic
executor (Qu et al., 2019). Excessive ROS also leads to
changes in the expression of genes related to apoptosis
(e.g., caspase-3, caspase-9, Bax, and Bcl2) in testicular
histology (Famurewa et al., 2023).

Lead intoxication results in elevated ROS levels,
reducing antioxidant enzyme capacity and affecting
several macromolecules, ultimately leading to cell
necrosis (Pal et al., 2015). As cell membranes become
damaged and unable to maintain homeostasis, they
permit the entry of extracellular ions and water,
leading to necrosis, an abrupt and irreversible form
of cell death. The breakdown of organelles within the
cell membrane, including intracytoplasmic fluid in
ribosomes and mitochondrial membranes, results in
cell necrosis and eventual lysis (Gudipaty et al., 2018).
Lead poisoning upregulates the expression of necrosis-
related proteins, particularly interleukin-6 and tumor
necrosis factor-alpha (Famurewa et al., 2023). The
apoptosis and necrosis observed in spermatozoa due to
excess ROS resulting from exposure to lead acetate in
the present study are similar to the effects of exposure
to 2,3,7,8-tetrachlorodibenzo-p-dioxin in a previous
study (Meles et al., 2022).

Rats exposed to lead acetate without MOLE in the
current study had a greater proportion of spermatozoa
experiencing necrosis than those experiencing
apoptosis, indicating a transition from apoptosis to
necrosis (necroptosis). Necroptosis is a controlled type
of cell death that resembles necrosis in appearance and
requires receptor-interacting serine-threonine kinase 3
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(RIPK3)and mixed lineage kinase domain-like (MLKL)
(Galluzzi et al., 2017). Cell surface death receptors,
such as Fas, TNF receptor 1, IFN receptors, TLRs,
and intracellular RNA- or DNA-sensing molecules,
can initiate the necroptosis pathway, especially in
response to apoptotic insults (Choi ef al., 2019).
Furthermore, lead exposure induces oxidative stress in
the endoplasmic reticulum membrane, followed by the
expression of caspase-9 and caspase-8. In the apoptosis
cascade, inhibition of caspase-8 activates RIPK3 and
MLKL (Dhuriya and Sharma, 2018; Chen et al., 2019),
ultimately leading to regulation of necrosis through the
formation of a necrosome complex (Chaouhan et al.,
2022).

Cellular damage caused by oxidants can be mitigated
by administering antioxidants that donate electrons.
Antioxidants are categorized into enzyme and
nonenzyme antioxidants (Martemucci et al., 2022).
Antioxidant enzymes, such as SOD, catalase, and GPx,
are found in many fruits and vegetables, along with
nonenzyme antioxidants such as lipoic acid, reduced
glutathione (GSH), vitamins C and E, B-carotene,
flavones, flavonoids, anthocyanins, catechins,
isoflavone, and isocatechins (Flieger ef al., 2021).

The lowest dose of MOLE (200 mg/kg BW)
administered to rats exposed to lead acetate resulted
in increased SOD and PMI levels, although MDA
levels remained unchanged compared with rats
exposed to lead acetate. The percentage of Leydig
cells increased, accompanied by elevated testosterone
levels. Higher testosterone levels and an increased
number of Sertoli cells naturally contribute to greater
numbers of spermatozoa, higher percentages of live
and motile spermatozoa, and decreased percentages
of necrotic spermatozoa. However, the percentage of
apoptotic spermatozoa remained unchanged in rats
exposed to lead acetate without MOLE treatment. This
is explained by the fact that rats exposed to lead acetate
alone and those exposed to lead acetate plus 200-mg/
kg BW MOLE had comparable MDA levels. The
administration of MOLE at a dose of 316-mg/kg BW
improved all observed variables.

Moringa oleifera leaves alleviate male infertility by
reducing oxidative stress and restoring reproductive
hormone levels, steroidogenesis, and sperm parameters
(Mohlala et al., 2023). Reduced antioxidant enzyme
content can serve as a marker of elevated free radical
levels (Flieger et al., 2021). Moringa oleifera leaves
are rich in various compounds, such as ascorbic
acid (vitamin C) (Pefalver et al., 2022), flavonoids,
phenolics, carotenoids, phytoestrogens, [-sitosterol,
iron, calcium, phosphorus, copper, vitamin A, vitamin
B, riboflavin, a-tocopherol (vitamin E), pyridoxine,
B-carotene, folic acid, and essential amino acids,
including methionine, cystine, tryptophan, and lysine
(Fitriana ef al., 2016). The high antioxidant capacity of
M. oleifera leaves is primarily attributed to their high
phenolic content (Pefialver et al., 2022), vitamin C
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(Paramita, 2023), and vitamin E, for which the activity
against superoxide radicals and hydroxyl radicals
has previously been observed at 92.4% and 73.1%,
respectively (Fejér et al, 2019). Vitamin C is an
antioxidant that breaks radical chain reactions, thereby
inhibiting ROS and oxidative stress. Vitamin C also
affects endocrine function and improves the testicular
structure and the number of spermatozoa in rats with
testicular oxidative damage (Behairy et al, 2020).
Vitamin E protects unsaturated fatty acids in biological
membranes from free radicals, captures free radicals
and oxygen compounds, and prevents lipid peroxidation
(Goérnicka et al., 2019). It also neutralizes superoxide,
hydrogen peroxide, and hydroxyl radicals. By donating
a hydrogen atom to convert peroxyl radicals to less
reactive and non-damaging radicals, vitamin E inhibits
lipid peroxide and protects cells from harm (Ochi and
Takeda, 2015; Gornicka et al., 2019).

Vitamins C and E have antioxidant properties that
help mitigate free radicals (Traber and Stevens, 2011),
thereby improving spermatogenesis in rats exposed to
lead. It is well-established that cholesterol is transported
to the mitochondrial membrane of Leydig cells via
peripheral-type benzodiazepine receptors and acute
regulatory proteins during steroidogenesis. The inner
mitochondrial membrane’s P450scc/CYP11A1 then
catalyzes the conversion of cholesterol to pregnenolone
(Manna et al., 2016). Through a sequence of enzymatic
events, pregnenolone is transported to the endoplasmic
reticulum for steroidogenesis. There, 3p-HSD, which
is catalyzed by P450 170, converts it to progesterone
to form 17-hydroxyprogesterone and androstenedione,
which are then transformed into testosterone (Agdam
et al., 2017). Excessive free-radical generation by lead
exposure disrupts testosterone synthesis and reduces
the stages of spermatogenesis and spermiogenesis.
The present study revealed that MOLE administration
revitalizes the formation of spermatozoa.

Vitamin E can effectively halt free-radical
chain reactions, ensuring the normal process of
spermatogenesis in seminiferous tubules (Malmir
et al., 2021), even without lead intoxication. Vitamin
E regulates lipid peroxidation by donating hydrogen to
convert peroxyl radicals into less reactive tocopherol
radicals, thereby preventing damage to fatty acid chains
and preserving cell integrity (Shastak et al., 2023).
Being fat-soluble, vitamin E can easily penetrate cells
through the phospholipid layers of cell membranes
(Vergara-Jimenez et al., 2017; Ahmed et al., 2020). In
the current study, the administration of MOLE at a dose
of 500-mg/kg BW led to an even higher SOD activity
compared with MOLE at a dose of 200-mg/kg BW,
with MDA and PMI levels similar to those in normal
rats. This suggests that oxidative stress is effectively
reduced in spermatogenesis-related cells.
Spermatogenesis is regulated by the hypothalamus,
pituitary gland, and testes. Specific neurons in the
hypothalamus synthesize GnRH, which, in turn,
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stimulates the production of LH and FSH. LH induces
testosterone synthesis in Leydig cells, and FSH
influences Sertoli cells, promoting the production of
ABP, which is essential for binding testosterone during
spermatogenesis (Ramaswamy and Weinbauer, 2015).
Several studies have demonstrated the detrimental
effects of lead-induced toxicity on male reproductive
function. However, GSH, GPX, and testicular catalase
levels, sperm count and motility, and FSH, LH, and
testosterone content were all restored in male rats
exposed to MOLE, thereby reducing reproductive
toxicity (El-Sheikh er al., 2016; Ngizzah et al.,
2023). Furthermore, studies have found that MOLE
administered to rats exposed to gentamicin leaf extract
increases the number of Leydig and spermatogenic
cells (Ngizzah et al., 2023). In addition, MOLE at a
dose 0f400-mg/kg BW/day has been shown to maintain
spermatozoa viability and motility in rats subjected to 1
hour of daily exposure to 40°C for 14 days (Octaviani
et al.,2021). MOLE administered at a dose of 300-mg/
kg BW per day for 28 days was found to restore semen
quality (total sperm count, viability, and motility), as
well as antioxidant markers (catalase, SOD, and GSH),
oxidative stress markers (MDA), and hormonal profiles
(FSH, LH, and testosterone) in drug toxicity-induced
rats (Ogunlade et al., 2022).

The improvements observed in cellular parameters
based on SOD markers, MDA, and PMI levels led
to increased numbers of Leydig and Sertoli cells,
effectively restoring counts to normal levels. However,
despite the restoration of Leydig cell numbers to normal
levels, serum testosterone content remained somewhat
lower (92%) than that in normal rats. Furthermore, the
highest dose administered in the present study did not
completely restore the numbers of spermatozoa (86%),
live spermatozoa (84%), apoptotic sperm (229%),
and necrotic sperm (192%) compared with control
rats. This outcome may be attributed to the marginal
improvement in SOD activity, which was only 0.87%
compared with that of the control rats. Nevertheless,
sperm motility, a vital fertility indicator, was restored
to levels observed in normal rats.

Conclusion

It can be inferred that MOLE enhances antioxidant
capacity, restores the integrity of the spermatogenic
support system, and effectively improves semen quality
in rats with lead acetate—induced reproductive toxicity.
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