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Abstract

This study investigates the protective effects of resveratrol (RSV) against heat stress (HS)-induced testicular injury in rats.
Climate change has exacerbated heat stress, particularly affecting male fertility by impairing testicular function and sexual
behavior. A total of 32 rats were allocated into four experimental groups: control, RSV control, HS control, and RSV + HS.
The HS groups were subjected to a 43 °C water bath for 20 min to induce testicular hyperthermia, while the RSV + HS
group received 20 mg/kg of RSV starting just before HS and continuing for eight weeks. Our findings reveal that HS sig-
nificantly impairs male sexual behavior, evidenced by reduced mount and intromission numbers, and increased latencies. It
also negatively affects the reproductive system, decreasing the weights of testes (Cohen’s d=1.8), epididymis, and acces-
sory sex glands, and deteriorating sperm profile parameters such as motility (Cohen’s d=2.1), viability, and morphology.
Furthermore, HS notably decreases reproductive performance in female rats, reducing litter size, live births, and conception
rates. Biochemically, HS decreases activities of key antioxidant enzymes in the testes—glutathione peroxidase, superoxide
dismutase, and catalase—while increasing lipid peroxidation, nitrite levels, and proinflammatory cytokines (IL-1p and
TNF-a). It also reduces serum levels of reproductive hormones like testosterone (Cohen’s d=2.0) and 17p-estradiol. These
results were affirmed with the histopathological evaluation and the immunohistochemistry staining (Ki-67, PCNA, Bax 5,
and caspase-3 protein expression). Remarkably, RSV treatment mitigated these adverse effects, restoring both physiological
and biochemical parameters toward normal levels (e.g., testicular weight Cohen’s d= 1.6, sperm motility Cohen’s d=1.9, and
testosterone levels Cohen’s d=1.7). This suggests that RSV’s antioxidative, anti-inflammatory, antiapoptotic, and androgenic
properties could effectively counteract the degenerative impacts of testicular hyperthermia. This highlights the potential of
RSV as a therapeutic agent against climate change-induced fertility issues in males.
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Introduction

Temperature is one of the most changeable environmental
elements that terrestrial creatures confront during their lives,
and it is expected to have a significant impact on animal’s
physiology, behaviour, and health features (Angilletta 2009;
Huey et al. 2012). The complicated and multifaceted effects
of heat stress (HS) on reproduction are made worse by the
mounting problems brought on by climate change. Fertility
and animal welfare are two delicate metrics readily impacted
by heat stress (Tattersall et al. 2012). HS causes a significant
drop in testosterone levels, spermatozoa’s ability to ferti-
lize eggs, a decline in sexual behavior, and, ultimately, a
decrease in the rate of reproduction. Finding workable solu-
tions to mitigate the effects of climate change on animal
welfare and fertility is imperative to protect the animals’
productivity, profitability, and reproductivity (Khan et al.
2023). Numerous research studies have been conducted on
the impact of environmental hazards on the reproductive
system. Reproduction is one of the most crucial traits of liv-
ing things that allows the survival of the species (Abdollahi
et al. 2023). The testes are the primary male reproductive
organs where sperm are produced. One of the most essential
reproductive factors is normal spermatogenesis; a disruption
in scrotal thermoregulation can result in both temporary or
permanent male infertility and poor spermatogenesis (Zhang
et al. 2020). When the testicles are 2—4 °C colder than the
body’s core temperature, normal spermatogenesis takes
place. Several elements influence cellular temperature con-
trol, such as thin skin, sweat glands, the cremaster and dar-
tos muscles, the pampiniform plexus, counter-current heat
exchange between testicular veins, and arterial blood (Delk-
hosh et al. 2021). While climate change has exacerbated heat
stress (HS) globally, rising infertility rates cannot be solely
attributed to the approximately 1.5 °C increase over the past
150 years. Several medically realistic and occupational sce-
narios expose human testicles to heat stress, causing similar
detrimental effects on male reproductive function: Occupa-
tional heat exposure: professions such as steel working, min-
ing, agriculture, welding, and baking expose individuals to
elevated environmental temperatures for prolonged periods.
Combined with restrictive clothing and inadequate cooling,
these occupational settings impair scrotal thermoregulation,
leading to hyperthermia that adversely impacts spermato-
genesis and testosterone production (Delkhosh et al. 2021).
Lifestyle factors: modern habits such as prolonged laptop
use on the lap, heated car seats, sedentary behavior, and
tight-fitting clothing can elevate scrotal temperatures by
1-2 °C—enough to disrupt normal spermatogenesis and
sperm quality (Robinson et al. 2023). Fever-induced hyper-
thermia: febrile illnesses, whether acute (e.g., infections)
or chronic (e.g., inflammatory diseases), cause systemic
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hyperthermia, which has been shown to impair testicular
function and fertility (Shoorei et al. 2019). Regional heat
waves: climate change has increased the frequency and
intensity of heat waves in many regions. Prolonged exposure
during extreme heat waves, particularly in warmer climates
with limited access to cooling systems, poses a significant
risk to male reproductive health (Khan et al. 2023). These
scenarios emphasize that testicular heat stress is not limited
to climate change but extends to occupational, lifestyle, and
medical conditions. The use of scrotal heat stress in animal
models, as in this study, provides a realistic approach for
investigating mechanisms of heat-induced testicular injury
and evaluating potential therapeutic interventions.

Some reports have reported that reactive oxygen species
(ROS) have been related to scrotal HS. Although ROSs are
produced in the testicles during normal oxygen metabolism
and help in sperm capacitation, acrosome reaction, and other
processes, an excess of ROSs induced by HS can lead to tes-
ticular germinal atrophy and spermatogenic arrest (Delkhosh
et al. 2021). HS and Leydig cells are the somatic cells of
the testes involved in spermatogenesis (Shoorei et al. 2019;
Abdollahi et al. 2023).

Hydrogen peroxide levels in testicles have been shown to
rise in response to HS exposure. Then, by reducing the activ-
ity of enzyme antioxidants such as glutathione peroxidase
(GPx), catalase (CAT), and superoxide dismutase (SOD),
lipid peroxidation is increased (Houston et al. 2018; Khan
et al. 2023). Conversely, germ cell death and cell cycle arrest
may result from extrinsic (mitochondrial-dependent) and
intrinsic (initiated in response to HS) apoptotic mechanisms
(Fan et al. 2017). Additionally, nuclear factor-kB (NF-kB),
linked to testicular inflammation and male infertility, may be
activated by oxidative damage brought on by HS (Delkhosh
et al. 2021).

Natural antioxidants were reported to bind to free radicals
and reduce their damaging effects on cellular functioning
(Hou et al. 2020). Thus, they may be employed to lessen
the harmful effects of HS on the male reproductive system.
Several plants, including red wine, peanuts, and grapes, are
known to naturally contain resveratrol (trans-3,5,40-trihy-
droxystilbene, or RSV), a powerful antioxidant and poly-
phenolic phytoalexin (Aanyu 2016). By activating the hypo-
thalamic-pituitary—gonadal axis, daily oral administration of
RSV to healthy adult male rats boosted sperm production
(Juan et al. 2005). It has been reported that RSV possesses
antioxidant properties in cells that produce reactive oxygen
species (ROS) and is an efficient scavenger of radicals pro-
duced by metals, hydroxyls, and superoxide.

Consequently, by serving as a metal chelator, enzyme
regulator, and radical scavenger in testicular tubules, RSV
may also be protective by preventing inherent oxidative
stress (de Oliveira et al. 2021). It improves sperm motility,
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viability, and in vivo production by blocking spermatocytes’
lipid peroxidation (LPO) (Illiano et al. 2020). Additionally, it
exhibits protective benefits against testicular toxicity caused
by numerous anticancer medications and environmental pol-
lutants, germ cell death in mice and rats (Lv et al. 2020).
This study comprehensively examines the effects of RSV
on male reproductive parameters in rats exposed to scrotal
heat stress. Key parameters assessed include sexual behav-
ior, sperm quality, reproductive hormone profiles, testicular
oxidative and nitrosative stress markers, activities of ster-
oidogenic enzymes, reproductive performance, levels of
proinflammatory cytokines, histomorphometric alterations,
and apoptosis markers using immunohistochemistry. To the
best of our knowledge, this is the first detailed investigation
of RSV’s role in mitigating the effects of scrotal heat stress
in male rats.

Materials and methods
Animals

In the current experiment, thirty-two male adult Wistar
rats (weighing 200-220 g) at five months of age (rats were
sexually mature) were housed in plastic cages (80 cm x50
cm X 40 cm), (4 rats/cage)/2 cages per group under a con-
trolled temperature (23 2 °C), controlled humidity (50%),
and a 12 h/12 h light/dark cycle with ad libitum access to
food (standard laboratory pellet diet) and water through-
out the experiments. Rats were obtained from the Medical
Research Institute (animal breeding unit), acclimatized to
laboratory conditions for two weeks. This experimental
study was permitted by the Animal Care Review Commit-
tee at the Faculty of Veterinary Medicine (Ethical Commit-
tee Approval Number: 2023/013/206). The United States
National Academy of Sciences’ “Guide for the Care and
Use of Laboratory Animals” was followed to provide the
animals humanely treatment, and every effort was made to
lessen their suffering.

Work design

Four groups of eight rats each were formed via random
assignment of the rats as follows:

i. The rats in group 1 (normal control group) were not
exposed to scrotal heat stress

ii. The rats in group 2 (RSV group) were not exposed to
scrotal heat stress and received RSV (R5010-500 mg,
Sigma-Aldrich, St. Louis, MO, USA) at 20 mg/kg of
bwt dose once /day by oral gavage for up to 8 weeks.
Based on data from earlier research demonstrating

against testicular injury, the dose of RSV was chosen
(Guo et al. 2019).

iii. The rats in group 3 (HS control group) were exposed
to scrotal heat stress

iv. The rats in group 4 (RSV +HS group) were exposed
to scrotal heat stress and given RSV as described with
group 2.

Resveratrol was dissolved in normal saline. Each rat in
the RSV-treated group was administered 0.5 ml of the solu-
tion daily via oral gavage, corresponding to a dose of 20 mg/
kg body weight. Rats in the control and HS control groups
received an equivalent volume of normal saline using the
oral gavage for up to 8 weeks.

A simple randomization method was used to allocate the
animals into groups. Each rat was assigned a unique identi-
fier (1-32), and a computer-generated random sequence was
produced using Microsoft Excel’s random number function.
This sequence was used to allocate the rats into the respec-
tive groups. The randomization process was conducted by an
independent researcher who was not involved in the experi-
mental procedures to minimize selection bias. To reduce
potential bias during treatment administration and outcome
assessments, personnel responsible for animal care, sample
collection, and data analysis were blinded to the group allo-
cation throughout the study (Suresh 2011).

Scrotal heat induction

The procedure used to induce scrotal hyperthermia was based
on a prior study. Briefly, rats in groups 3 and 4 were first given
ketamine/xylazine (10 mg/kg)/ IP injection. Then, the scrotum
was palpated to check for the presence of testicles, and every
other day, the scrotum and the rats' testicles were submerged
in a water bath at 43 °C for 20 min for 8 weeks (Kheradmand
etal. 2011; Delkhosh et al. 2021). RSV treatment began before
heat exposure and continued every day for eight weeks (rat’s
spermatogenic cycle varied from 48 to 56 days, which is why
this treatment period was selected (Guo et al. 2019)).

Sexual behavior

Sexual behavior as estimated by fertility test as follows:
Dinoprost tromethamine (LUTALYSE®) 0.1 mg/100g
bwt was intraperitoneally injected into 32 female rats (Tso
and Tam 1977) two times per day (in the morning and late
afternoon) for synchronization of estrous. Next, a vaginal
smear was performed to confirm the presence of estrous
cells (irregular-shaped cornified cells). Each male present
(at the beginning of the 7th week of the heat induction and
the treatments) was presented to the estrous females in their
plastic cage with 3—4 cm of wood shavings for bedding. The
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test was video recorded for 15 min using a video camera. A
vaginal smear was performed again on the following day to
detect sperm, and that day was rendered to be day zero of
gestation (Luna 1968). The following measurements were
determined (Yakubu et al. 2007):

Mount frequency mounts number till ejaculation
Intromission frequency intromissions number till ejaculation

time from the female entrance till the first
mount

Mount latency

time from the female entrance till the first
intromission

Intromission latency

Ejaculatory latency time from intromission till ejaculation

Sample collection and preparation

Following the course of the treatments (at the end of the
8 weeks), the rats were euthanized under a ketamine/xyla-
zine anesthetic (7.5, 1.0 mg/kg IP). Blood samples were col-
lected from the medial canthus of the eye via a heparinized
microhematocrit tube. Testosterone and 17p-estradiol values
were determined using serum samples collected after blood
centrifugation at 5000 rpm for 10 min. The testes were sepa-
rated, the epididymis and accessory sex gland samples were
weighed, and the right testes were homogenized to produce a
10% homogenate (w/v) in 0.1 M Tris (hydroxymethyl) ami-
nomethane-HCI (Tris—HCI), pH 7.4. This was done using
an ice-chilled glass homogenizing vessel in a homogenizer
equipped with a Teflon pestle (Glass-Col, USA). Subse-
quently, the homogenate underwent a 10-min cooling cen-
trifugation at 3000 X g and 4 °C to exclude debris and nuclei.
The testicular antioxidant system (catalase, glutathione
peroxidase, and superoxide dismutase) activities, oxidative/
nitrosative stress markers (lipid peroxidation indicator and
malondialdehyde), the activity of steroidogenic enzymes (3f
hydroxysteroid dehydrogenase, or 3 HSD) and 17 hydrox-
ysteroid dehydrogenase, or 17 HSD), and proinflammatory
cytokines (interleukin 1 beta, or IL1p) and tumor necrosis
factor-alpha, or TNFa) were then measured in the super-
natant, which was maintained at — 80 °C. Testicular tissue
from the left side (fixed in 10% neutral-buffered formalin)
was utilized for histopathological and immunohistochemi-
cal analysis.

Reproductive organ index weights
The reproductive organs’ index weight (IW) was established
previously (Matousek 1969), including the prostate, seminal

vesicles, and epididymis: IW =100 X [organ weight (g)/body
weight (g)].
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Sperm characteristics

Sperm characteristics were assessed as previously described
(Soliman et al. 2021). The cauda epididymis was carefully
dissected, sliced into small pieces, and incised to release
sperm onto a clean, wet glass slide. A total of 2 pl of sperm
was mixed with 20 pl of sodium citrate (2.9%) to prepare
the sample. Sperm motility was independently evaluated in
at least four microscopic fields at a magnification of 400 X,
using 1 drop per slide repeated five times per rat. Sperm con-
centration was determined using a Neubauer hemocytometer
and examined at 40 X magnification. Seminal smears were
prepared on slides, stained with eosin-nigrosin, and analyzed
for abnormalities in sperm morphology, including head,
midpiece, and tail defects. Sperm viability was assessed
using eosin-nigrosin staining, where unstained sperm were
viable, and stained sperm were non-viable. Sperm motil-
ity was evaluated by placing a drop of the suspension on a
pre-warmed slide and observing under a light microscope at
400 x magnification,.All assessments were conducted with
equipment and slides maintained at physiological conditions
(37 °C) to ensure accuracy.

Reproductive performance of female rats
Reproductive performance was estimated according to Ibeh

and Saxena (Ibeh and Saxena 1997), and the measurements
recorded were as follows:

Total litter at birth:
Live litter at birth:
Dead litter at birth:
Birth weight (g):
Conception rate:

the overall number of born pups.
alive born pups number.

dead pups number at birth.

each pup’s weight at birth.

% of pregnant females/group.

Estimation of serum reproductive hormonal levels

Testosterone and 17f-estradiol (E2) levels were measured
using ELISA kits (Catalog Nos. TE373S and ES380S,
respectively) in accordance with the manufacturer’s instruc-
tions (Calbiotech Inc., El Cajon, USA).

Testicular steroidogenic marker enzyme activities

The activities of 17p-hydroxysteroid dehydrogenase (17f-
HSD) and 3B-hydroxysteroid dehydrogenase (33-HSD) in
testicular tissue were determined using the method described
by (Bergmeyer and Bernt 1974). After initial standardiza-
tion, the enzyme experiments were carried out under the
parameters of zero-order kinetics. The expression of enzyme
activities was given as follows: nmol of NADPH trans-
formed to NADP per mg protein per minute (17p-HSD),
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or nmol of NAD converted to NADH per mg protein per
minute (3p-HSD).

Estimation of testicular antioxidant system
and oxidative/nitrosative stress markers level

The activities of antioxidant enzymes and oxidative/nitrosa-
tive stress markers were assessed using spectrophotometric
methods and commercial assay kits. Superoxide dismutase
(SOD) activity was determined following the method of
(Nishikimi et al. 1972), glutathione peroxidase (GPx) activ-
ity was measured as described by (Glatzle et al. 1974), and
catalase (CAT) activity was evaluated using the protocol
of (Bergmeyer 1974). Oxidative stress markers, including
malondialdehyde (MDA), a lipid peroxidation marker, and
nitric oxide (NO), were analyzed in testicular tissue homoge-
nates. MDA levels were measured using the thiobarbitu-
ric acid reactive substances (TBARS) assay described by
(Buege 1978). Nitric oxide (NO) levels were indirectly esti-
mated by determining nitrite concentrations using the Griess
diazotization reaction (Buege 1978). All parameters, includ-
ing SOD, GPx, CAT, MDA, and NO, were measured using
commercial kits provided by Biodiagnostic Co. (SOD: cata-
log # SD25; GPx: catalog # GP10; CAT: catalog # CA25;
MDA: catalog # MD25; NO: catalog # NO25), following the
manufacturer’s protocols. The protein content in testicular
tissues was quantified to normalize enzyme activities and
oxidative/nitrosative stress marker levels using following
(Lowry et al. 1951).

Analysis of testicular proinflammatory cytokines

Tumor necrosis factor-alpha (TNF-a; catalog # MBS824824)
and interleukin-1f (IL-1pB; catalog # MBS825017) lev-
els were measured in testicular tissue homogenates using
enzyme-linked immunosorbent assay (ELISA) kits pur-
chased from BioSource Inc. (San Diego, CA, USA). The
assays were performed in accordance with the manufac-
turer’s instructions and the protocol described by (Seriolo
et al. 2006). Optical density readings were obtained using
an ELISA plate reader (Bio-Rad, Hercules, CA, USA) to
facilitate accurate quantification.

Histopathological examination
Specimens’ preparation

At the end of the experiment, the left testis was collected
and immediately fixed in 10% neutral-buffered formalin for
a minimum of 24 h. The samples were then processed using a
conventional paraffin-embedding technique. Tissue sections,
5-pm thick, were prepared and stained with hematoxylin and
eosin (H&E) for histopathological examination under a light

microscope. The histopathological analysis was performed
following the standard technique described by (Bancroft and
Gamble 2008). To minimize investigator bias, the individual
responsible for the histological and immunohistochemi-
cal assessments was blinded to group allocation throughout
the analysis process. The slides were coded by a separate
researcher not involved in the assessments, ensuring that the
evaluator was unaware of the experimental groups during the
examination.

Immunohistochemical assessment

The proliferating cell nuclear antigen (PCNA) serves as a
marker for assessing germ cell proliferation and evaluating
germ-cell kinetics; Ki-67 is used to detect the expression of
the Bax and caspase-3 proteins, and the proliferative indexes
are all detected (Seriolo et al. 2006). Positively charged slides
of paraffin tissue slices from testicles were subjected to the
conventional horseradish-peroxidase immunohistochemistry
protocol. Testicular tissue sections, 4-pm thick, were depar-
affinized using xylene, rehydrated through a series of graded
alcohol solutions, and pre-treated with 3% hydrogen perox-
ide (H,0,) to block endogenous peroxidase activity. Antigen
retrieval was performed by placing the slides in 10 mM sodium
citrate buffer (pH 6.0) and microwaving them for 10 min. The
sections were incubated with biotin-conjugated goat anti-rat
IgG antiserum for 60 min, after which they were rinsed with
PBS and incubated for 30 min with streptavidin-peroxidase
conjugate. Slides were then incubated with the specific pri-
mary antibody for Ki-67 (ab279653), PCNA (ab264494), Bax
(ab216494), and caspase-3 (ab184787), diluted in 1% BSA/
PBS pH 7.4 at a ratio of 1:100. The sections were stained
microscopically with Mayer’s hematoxylin after being detected
with 3,3-diaminobenzidine tetra-hydrochloride substrate chro-
mogen solution. The ocular detection of brown hue indicates
positive staining.

Statistical analysis

SAS software was used to perform the statistical analysis
(Sneller 1994). Testicular oxidative/nitrosative stress markers,
sperm parameters, fertility performance, sexual behavior, tes-
tosterone hormone, and reproductive organ index weights were
all examined using one-way ANOVA followed by Duncan’s
test as post-hoc analyses. It was decided to set the overall sig-
nificance at P <0.05. Data were displayed as the mean =+ SD.
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Results
Sexual behavior

Heat stress adversely affected male fertility during the fertil-
ity tests. It caused a significant reduction (P < 0.05) in sexual
behavioral patterns compared to the control and RSV-treated
rats, as summarized in Table 1. Heat stress significantly dis-
rupted sexual behavior (P <0.001), with the patterns in heat-
stressed rats differing markedly from other groups. However,
RSV administration significantly improved all sexual behav-
ioral parameters, restoring them to normal levels.

Reproductive organ index weights

Scrotal heat stress caused a significant reduction (P <0.05)
in body weight and relative weights of reproductive organs
compared to the control and RSV-treated groups. Con-
versely, RSV administration substantially improved these
parameters, restoring them to normal physiological values,
as shown in Table 2.

Sperm characteristics

Scrotal heat stress induced reproductive dysfunction, charac-
terized by a significant reduction (P <0.001) in epididymal

sperm mass, individual motility, count, and the percentage
of live sperm, along with an increase in sperm abnormali-
ties compared to the control group, as presented in Table 3.
RSV treatment markedly improved sperm count, sperm mass
motility, and the percentage of live sperm while reducing
sperm anomalies compared to the heat-stressed group. How-
ever, these improvements were comparable to the control
group values.

Reproductive performance of female rats

Scrotal heat stress led to reproductive failure, as shown
in Table 4. It significantly reduced (P <0.05) the concep-
tion rate, number of litters, number of live litters, and birth
weight, while increasing the number of dead litters. Treat-
ment with RSV significantly mitigated these adverse effects,
improving all reproductive performance parameters.

Serum reproductive hormonal levels and testicular
steroidogenic enzyme activities

As shown in Fig. 1, heat stress caused a significant reduction
(P<0.05) in serum testosterone and 17f-estradiol levels and
the activity of testicular steroidogenic enzymes (17p-HSD
and 3p-HSD) compared to the control group. RSV treatment
significantly improved these hormonal levels and enzymatic

Table 1 Effect of RSV on sexual behavior during fertility test of scrotal heat-stressed male rats

Groups Mount number Intromission number Mount latency (sec) Intromission Ejaculatory latency (sec)
latency (sec)

NC 16.85+2.56* 16.17+2.97* 7.00+1.29* 7.67+1.26 645.7+71.6*

RSV 16.87+2.93* 17.67+1.48* 8.50+2.68" 9.50+2.68* 619.2+70.8*

HS 8.00+2.83° 10.33+2.23 22.00+7.41¢ 23.67+7.31° 367.5+£46.2°

RSV +HS 14.33+0.70° 15.00 +2.45% 10.67+1.67° 12.17+3.28 560.8 +63.1°

P value <0.0005 <0.005 <0.0001 <0.0001 <0.0001

NC normal control, RSV resveratrol, HS heat stress, RSV + HS resveratrol + heat stress

Values showed as mean + standard deviation (SD)

abMeans in the same column without a common superscript letter differ significantly (P <0.05)

Table2 Effect of RSV on Groups Body weight (2) Testes IW Epididymis IW Accessory IW

body weight and different

TCPFOdUCtiVQ organ index NC 178.75 £6.35% 1.905+0.17* 0.859+0.083* 0.992+0.038*

weights of scroal heavstressed — pgy 175.50 4 5.02° 1.809+0.09° 0.829£0.074° 0.932+0.015°
HS 142.63 +£4.23¢ 1.217+0.08¢ 0.425+0.023¢ 0.602 +0.068¢
RSV +HS 158.00+5.63 1.524+0.12° 0.635+0.038" 0.839+0.049"
P value <0.0001 <0.005 <0.005 <0.005

NC normal control, RSV resveratrol, HS heat stress, RSV + HS resveratrol + heat stress, /W index weight

Values mean =+ standard deviation (SD)

4bMeans in the same column without a common superscript letter differ significantly (P <0.05)
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Table 3 Effect of RSV on sperm characteristics (sperm count, mass sperm motility %, individual sperm motility %, sperm abnormalities, and
live sperm %) of scrotal heat-stressed male rats

Groups Sperm count (million/ml) Mass sperm motility (%) Individual sperm  Sperm abnormalities Alive sperm (%)
motility (%)

NC 332.00+13.71* 93.95+6.17* 75.24 +5.12% 6.54+1.82% 90. 88 +3.65%

RSV 333.63+28.63" 95.09+7.48* 78.16+6.22% 6.81+191° 90.85+4.18*

HS 182.25+20.60° 40. 17 +3.04¢ 30.41+2.08° 21.52+2.14° 62.75+3.22¢

RSV +HS 21038 +22.35° 65.54+5.12° 55.51£4.22° 1129+ 1.56 75.75+2.83

P value <0.0001 <0.001 <0.001 <0.0001 <0.001

NC normal control, RSV resveratrol, HS heat stress, RSV + HS resveratrol + heat stress
Values are mean =+ standard deviation (SD)

abMeans in the same column without a common superscript letter differ significantly (P <0.001)

Table 4 Effect of RSV on female rats’ reproductive performance after mating with scrotal heat-stressed male rats

Groups Total litter at birth Live litter at birth Dead litter at birth Birth weight (g) Conception rate (%)
NC 9.33+1.17% 933+1.17* 0.00+0.00* 6.76+0.51* 100.00+00.00?
RSV 9.00+1.95* 9.00+1.95* 0.00+0.00* 7.01+0.34% 98.93+16.67*

HS 350+1.18* 1.17+0.14* 2.33+1.03° 3.80+0.16° 19.67 +10.08¢

RSV +HS 7.17 £2.43° 7.17+2.43° 0.00+0.00* 6.15+0.28° 88.67+21.08"

P value <0.0001 <0.001 <0.005 <0.001 <0.0001

NC normal control, RSV resveratrol, HS heat stress, RSV + HS resveratrol + heat stress

Values showed as mean + standard deviation (SD)

45Means in the same column without a common superscript letter differ significantly (P <0.05)

activities, ameliorating the reproductive dysfunction caused
by heat stress.

Testicular oxidative/nitrosative status

Heat stress significantly increased (P <0.05) the levels of
malondialdehyde (MDA) and nitrite, while significantly
decreasing the activities of SOD, GPx, and catalase com-
pared to the control group. RSV treatment reduced oxidative
and nitrosative markers, partially restoring the antioxidant
defense mechanisms in heat-stressed rats Fig. 2.

Testicular proinflammatory cytokines status

Heat stress significantly increased (P < 0.05) testicular pro-
inflammatory cytokines (IL-1p and TNF-a) compared to
the control group. RSV administration effectively reduced
these cytokine levels, mitigating the inflammatory response
in heat-stressed rats Fig. 2.

Histopathological findings

Histological examination of the testicular tissue in the con-
trol and RSV-treated groups revealed normal seminiferous

tubules and interstitium (Fig. 3a, b). In contrast, the heat-
stressed group exhibited degenerative changes, including
vacuolar degeneration of Sertoli cells and spermatogonia,
sloughing of the germinal epithelium, necrosis, interstitial
edema, and disorganized seminiferous tubules (Fig. 3c—g).
Treatment with RSV significantly improved spermatogen-
esis and minimized histopathological lesions, although
mild interstitial edema and minimal germinal epithelium
degeneration were observed in some tubules (Fig. 3h, 1).

Immunohistochemistry

Immunohistochemical analysis revealed strong positive
Ki-67 and PCNA immunostaining in the spermatogonia
and spermatocytes of the control and RSV-treated groups,
with negative Bax and caspase-3 staining. Conversely, the
heat-stressed group exhibited negative Ki-67 and PCNA
immunostaining in germ cells and strong positive Bax
and caspase-3 immunoreactivity in Leydig cells and germ
cells. RSV treatment restored Ki-67 and PCNA immuno-
reactivity and reduced Bax and caspase-3 expression to
weak levels (Fig. 4).
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Fig. 1 Effect of RSV on the
level of serum reproductive
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Clustering heatmap and the 3D PCA score plot

The hierarchical clustering heatmap (Fig. 5) visualized the
biochemical and inflammatory profiles of samples under dif-
ferent conditions (NC, RSV, HS, and RSV +HS). Samples
from NC and RSV groups clustered closely, indicating simi-
lar responses, while HS samples showed markedly elevated
stress and inflammatory markers. RSV treatment moderated
these effects, restoring the RSV +HS group closer to con-
trol levels. The 3D PCA score plot showed clear separation
among groups, primarily along PCA 1, which explained
98.62% of the variance, highlighting significant biochemical
differences between groups. PCA 2 and PCA 3 contributed
minimally to the observed variability.

Discussion
Several environmental conditions, including heat, negatively

impact spermatogenesis. Spermatogenesis works best at
24 °C temperature below the body’s core (Robinson et al.
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2023). Evidence from earlier research indicates that heat
might cause a rise in DNA damage and germ cell apoptosis,
which can cause oxidative stress and irreversible changes to
sperm characteristics (Durairajanayagam et al. 2015). We
reported disturbances in the activity of antioxidant biomark-
ers and sperm properties as evidenced by the reduction in
the SOD, GPx, and CAT activities with increased levels of
MDA and nitrite (Hou et al. 2020).

In our study, heat stress (HS) showed a significant reduc-
tion in the exhibition of sexual behavior and fertility of male
rats. These may be attributed to several reports stating that
heat stress causes a marked decrease in reproductive hormo-
nal values of 17f-estradiol and testosterone under the effect
of scrotal heat stress, which was also reported by (Khan
et al. 2023). This directly impacts the fertility of male rats
and their libido and ability to mount other females and show
normal sexual behavioral patterns. Moreover, (Houston
et al. 2018) stated that a low concentration of circulating
testosterone reduced sexual behavior, fertility, sperm motil-
ity, count, and weights of reproductive organs, which was
also reported in our study. In those rats administered with
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Fig.2 Effect of RSV on testicular oxidative/nitrosative parame-
ters: A malondialdehyde (MDA, nmol/mg protein), B nitrite (pmol/
mg protein), C superoxide dismutase (SOD, U/mg protein), D glu-
tathione peroxidase (GPx, U/mg protein), and E catalase (CAT, U/
mg protein). F Proinflammatory cytokines (tumor necrosis factor-o

RSV, the decrease in exhibition of sexual behavior and fer-
tility was significantly recovered; these findings are due to
the protective action of RSA on the body’s sex hormones,
which improve sperm count and adjust sperm production
(de Oliveira et al. 2021) and its role as an antioxidant in
contradiction of oxidative stress (Lv et al. 2020).

In the current investigation, various characteristics of
reproductive dysfunctions in rats induced by HS have been
validated, along with the administration of RSV intragas-
trically for 56 days during the spermatogenic cycle. The
considerable reductions in body weight, testicular weight,
epididymal weight, and accessory sex gland weight observed
in the HS group in our data is strongly associated with

(TNF-a, pg/mg protein) and G interlukin-1p (IL-1pB, pg/mg protein))
of scrotal-heat stressed male rats. Normal control (NC), resveratrol
(RSV), heat stress (HS), resveratrol +heat stress (RSV +HS). Values
mean + standard deviation (SD). *»*Means in the same column with-
out a common superscript letter differ significantly (P <0.05)

degenerative and necrotic changes in the reproductive organs
(Delkhosh et al. 2021).

Rats with RSV treatment showed a considerable recovery
in the weight loss of their reproductive organs and testicles.
Notably, histopathological images in the HS group showed
that HS caused various necrotic and degenerative changes.
In contrast, the administration of RSV induced repaired
morphology patterns, These findings are further validated
by (Cheng et al. 2019), who reported that light microscopy
of testicular tissue during scrotal hyperthermia revealed
shrunken, disordered, and buckling seminiferous tubules
with single or multiple cell layers. (Kopalli et al. 2017)
Kopalli et al. (2017) suggested that the decreased testicular
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Fig.3 Photomicrographs of rat testicular tissue sections stained with
H&E: a control group showing normal testicular histo-architecture;
b RSV-treated group showing normal testicular histo-architecture;
c—g scrotal heat stress (HS) group showing vacuolar degeneration
of the germinal epithelium and Sertoli cells (long black arrows),
sloughing of the germinal epithelium into the lumen of seminiferous
tubules (short red arrows), faint eosinophilic albuminous interstitial
edema (white star), hyalinization of the luminal contents (black star),

weight under heat stress conditions may result from degen-
erative testicular injury.

In contrast, the RSV-treated group experienced a reduc-
tion in these histological alterations. Remarkably, the RSV
group had the usual histological characteristics, suggesting
that RSV alone did not adversely affect the testicular tissue.
Gao et al. (Gao et al. 2012) concluded that heat stress can
significantly reduce testicular and epididymal weight over
time, a finding that aligns with the testicular histological
results observed in our investigation. Histological staining
revealed a reduction in the number of cells and thickness
of seminiferous tubules caused by heat stress, a decrease
in the life span of primary spermatocytes, and a gradual
degradation of round spermatids (Abdollahi et al. 2023).
In contrast, the RSV-treated group experienced a reduc-
tion in these histological alterations. Remarkably, the RSV
group had the usual histological characteristics, suggesting
that RSV alone did not adversely affect the testicular tissue
(liano et al. 2020).
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shrunken, buckled, disorganized seminiferous tubules (arrowheads),
and small-sized seminiferous tubules with single- or double-cell lay-
ers (red stars) containing giant cell formations (long red arrows) in
the lumen; and h, i RSV +HS group showing marked improvement
in spermatogenesis with only a few seminiferous tubules displaying
vacuolar degeneration of the germinal epithelium (long black arrows),
congestion of interstitial blood vessels (short black arrows), and mild
interstitial edema (white star). Scale bar =100 pm

Elevated temperatures may escalate the degree of oxi-
dative stress in living organisms and induce modifications
to the microenvironment, hormone levels, oxygen metabo-
lism, and enzyme activity within the testis. These outcomes
may culminate in feeble sperm, oligozoospermia, and more
spermatogenic illnesses (Robinson et al. 2023). We revealed
that hyperthermia markedly reduced spermatozoa count,
percentage of live sperm, mass, and individual motility in
rats while increasing the percentage of sperm abnormalities.
These reproductive dysfunctions could be due to the reduced
level of testosterone hormone, which was affected by the
disruption of the oxidative/nitrosative balance induced by
heat stress (Houston et al. 2018). RSV was found to help
with spermatogenic dysfunction brought on by heat stress
since it significantly improved these biomarkers.

Moreover, in our study, heat stress shows a significant
adverse effect on the reproductive performance of female
rats after mating with heat-stressed male rats, as it causes a
substantial reduction in the conception rate of females and a
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Fig.4 Immunohistochemically stained rat testis sections showing
protein expression of Ki-67, PCNA, Bax, and caspase-3. a Control
(CTRL) group rats showed strong positive immunoreaction in the
nuclei of spermatogonia and spermatocytes for Ki-67 and PCNA and
negative immunoreaction for Bax and caspase-3. b The resveratrol
(RSV)-treated group showed a similar pattern to the control group
with strong positive immunoreaction for Ki-67 and PCNA and nega-
tive staining for Bax and caspase-3. ¢ Heat stress (HS) group show-

decrease in number of litters and their birth weight and the
mortality rate of litters after birth. These results are caused
by the significant reduction of spermatogenesis caused by
heat stress (Abdollahi et al. 2023) and also causing oligo-
zoospermia, weak sperm, further spermatozoa dysfunctions
and abnormalities of sperm character (Houston et al. 2018),
and low spermatic count in semen samples (Hou et al. 2020),
which led to a lower conception rate of females and adverse
effect on the litter’s number, weight, and mortality rate
when they were born. RSV substantially enhanced all these
adverse effects; consequently, it was established that RSV
could enhance spermatogenic disorders and sperm charac-
teristics triggered by hyperthermia due to its antioxidant role
(Ullah et al. 2020). That’s why RVS improves the conception
rate of females and significantly increases the number of
litters, live litters, and birth weight of litters, and there were
no mortality rats with RVS-treated groups.

ing negative immunoreaction (black arrows) for Ki-67 and PCNA and
strong positive immunoreaction (red arrows) in the cytoplasm of Ley-
dig cells for Bax and in germ cells for caspase-3. d HS + RSV-treated
group showed weak immunoreaction (blue arrows) for Ki-67 and
PCNA and reduced positive immunoreaction for Bax and caspase-3
compared to the HS group—scale bars: 20 pm for all images except
caspase-3, where the scale bar is 100 um

Numerous processes, including the heat shock response
and the oxidative stress reaction, have been observed in the
testes under heat stress conditions. According to (Illiano
et al. 2020), one of the main causes of sperm oxidative dam-
age is reactive oxygen species (ROS) produced by metabo-
lism. Peroxides are delivered by the body's reaction to high
temperatures. An infertile sperm can result from lipid per-
oxidation of the sperm membrane, which damages the sper-
matozoa’s development, growth, morphology, and quantity;
this happens when the body produces more ROS than it can
remove (Shoorei et al. 2019). According to our findings,
scrotal HS raised the levels of MDA and nitrite in the rats’
testicles while lowering SOD, GPx, and CAT activities. An
indicator of the state of oxidative stress and lipid peroxida-
tion has been thought to be a high level of MDA. The nitrite
level is measured to indicate the nitric oxide quantity that
represents the nitrosative stress state (Hafeez et al. 2020).
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Fig.5 A The clustering heatmap visualizes the data sets, with each
color-coded cell indicating the concentration levels of the parameters
(MDA, Nitrite, SOD, GPx, CAT, TNF-a, and IL-1p). Columns repre-
sent the treatment groups (NC, RSV, HS, and RSV +HS), while rows
correspond to the variable averages. On the gradient scale, darker
colors indicate lower values, whereas lighter colors represent higher

Moreover, testing the MDA level could be used to assess
the degree of testicular tissue injury. A reduction in endog-
enous antioxidant enzymes (such as CAT, GPx, and SOD)
and the stimulation of testicular cell death are caused by
increased lipid peroxidation, which also generates free radi-
cals such as hydroxyl, superoxide, and hydroperoxyl radicals
(Delkhosh et al. 2021). GSH-Px can restore the physiologi-
cal state of unsaturated fatty acids on the cell membrane, and
catalase helps SOD in the tissues to eliminate the hydrogen
peroxide produced. SOD may also decrease the apoptosis of
spermatogenic cells and contribute to male infertility (Shoo-
rei et al. 2019). In contrast, higher MDA, nitrite, and lower
antioxidant enzyme levels were recovered to almost control
levels in rats treated with HS and RSV. In a review, RSV was
shown to lower oxidative/nitrosative stress indicators in the
male reproductive system (Mongioi et al. 2021).

Resveratrol has a well-established protective effect
against oxidative stress on the testes and epididymis (Lv
et al. 2020), given that resveratrol has a role as an elec-
tron donor, free radical scavenger, and antioxidant (Ullah
et al. 2020). It has been previously shown that resveratrol’s
antiapoptotic and peroxidative properties helped to lessen
the testicular damage caused by doxorubicin in rats (Tiiredi
et al. 2015). In humans and experimental animals, res-
veratrol administration enhanced the testicular antioxidant
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values, allowing clear differentiation of the experimental groups. B
The 3D principal component analysis (PCA) score plot illustrates the
separation of experimental groups based on the first three principal
components, effectively discerning the differences in biochemical
profiles among the groups

defense system and epididymal sperm characteristics (Said
et al. 2021). Furthermore, studies have demonstrated that
resveratrol increases sperm production and protects sperm
from apoptosis brought on by physiological injury (Moham-
madzadeh et al. 2020). Thus, our study’s findings showing
the discrepancy between lipid peroxidation (MDA) and anti-
oxidant enzymes (SOD, GPx, and CAT) suggest that RSV,
via its antioxidant ability, is probably going to be essential
for maintaining prooxidant-antioxidant equilibrium.

The hypothalamus-pituitary—gonadal axis can influence
spermatogenic activity, and sperm generation and con-
centration are regulated by sex hormones in the body (de
Oliveira et al. 2021). Testosterone can change into estra-
diol to bind to the estrogen receptor; testicular functions
depend on estradiol, which is involved in the growth and
differentiation of germ cells into mature spermatids (Kim
et al. 2017). Testosterone controls sperm generation by
binding to the AR in Sertoli cells and actively moving or
diffusing into the vas deferens. Moreover, testosterone can
support gonadal organ development, spermatozoa matura-
tion in the epididymis, and preservation of normal physi-
ological function (Hou et al. 2020). Testicular steroido-
genic enzyme activities (3 HSD and 17 HSD) and blood
levels of reproductive hormones (17b-estradiol and testos-
terone) were considerably decreased by HS. In contrast,
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the RSV-treated HS group had significantly greater levels
of the abovementioned parameters. While the suprarenal
glands in both sexes can produce modest amounts of tes-
tosterone, Leydig cells in the testicles of males secrete a
substantial amount of it (Nishimura and L’Hernault 2017).
On the other hand, in Leydig cells, steroidogenesis starts
when cholesterol enters the mitochondrial inner membrane
through the steroidogenic acute regulatory (StAR) pro-
tein. The cytochrome P450 cholesterol side-chain cleavage
enzyme (P450scc) in the mitochondria converts cholesterol
to pregnenolone. Subsequently, 3f-HSD, 17a-hydroxylase/
C17-20 lyase (P450c17), and 17p-hydroxysteroid dehy-
drogenase sequentially convert pregnenolone into pro-
gesterone, 17a-hydroxyprogesterone, androstenedione,
and testosterone, respectively (Payne and Hales 2004).
Nishimura and L’Hernault (2017) further reported that the
accurate synthesis of testosterone is critically dependent
on the activities of the steroidogenic enzymes 17p-HSD
and 3B-HSD.

Curcumin, an antioxidant, was shown in one study to
regulate the 3p-HSD gene and prevent HS-induced dam-
age in Leydig cells, hence increasing androgen production,
which is necessary for healthy spermatogenesis (Lin et al.
2015). Thus, these enzymes (17p-HSD and 3p-HSD) were
employed in our investigation to examine a few of the path-
ways in testosterone synthesis. To discover how RSV stops
the reduction in testosterone values under the HS condition,
we also recommend that future research look at the other
routes involved in testosterone secretion.

Regarding TNF-a and IL-1 levels, we revealed that the
HS group administered with RSV had lower levels than the
untreated group. In contrast, the HS group substantially
increased these proinflammatory markers compared to the
control group. Testicular dysfunction may develop after
increased proinflammatory cytokines despite these being
essential for maintaining the testicles’ equilibrium (de
Oliveira et al. 2021)). In rats subjected to scrotal heat stress,
elevated TNF-a and IL-1 levels can reduce blood testoster-
one levels (Delkhosh et al. 2021). According to Abdollahi
et al. (2023), this leads to oxidative imbalances, resulting in
abnormalities in spermatogenesis, reduced sperm quality,
and infertility.

It also enhances the migration of leukocytes into the
reproductive system. An in vitro investigation showed that
TNF-a or IL-1p treatment inhibited steroidogenesis in Ley-
dig cells by downregulating the expression of genes involved
in testosterone production, StAR, 3-HSD, P450scc, and
P450c17 (Nishimura and L’Hernault 2017). These findings
appear to have a possible role in our study’s decline in tes-
tosterone levels. Conversely, we propose that RSV reduces
TNF-o or IL-1p levels to prevent inflammation. Neverthe-
less, more research is needed to fully assess the anti-inflam-
matory benefits of RSV (Mohammadzadeh et al. 2020).

Immunohistochemistry selected Ki-67 and germ cell pro-
liferation (PCNA) expression as bio-indicators to assess cell
proliferation in rat testes under heat stress in vivo. Heat stress
inhibited intra-seminiferous tubule cell growth but increased
interstitial cell proliferation, according to Ki-67 cell prolifera-
tion marker staining (Nguyen-Thanh et al. 2022). Proliferation-
associated peptide PCNA, a marker of the G1 and S phases of
the cell cycle, was found to be another essential element in the
current investigation. Heat exposure may considerably lower
the mean proportion of spermatocytes and immunostained
spermatogonia against PCNA. PCNA was severely depleted
in the spermatocytes of the HS group due to the simultaneous
relative up-regulation of Bax in these cells (Kim et al. 2017).
Similar findings were found in an increased testicular tempera-
ture model in humans, where the expression of PCNA was sig-
nificantly downregulated in varicocele (up to 70%) compared
to the control (Nguyen-Thanh et al. 2022). Significantly, RSV
increased the levels of PCNA and Ki-67 in both spermatogonia
and spermatogenic cells (Khan et al. 2023). Compared to HS
rats, the RSV-treated heat stress animals exhibited a reduc-
tion in Bax substance level, which was closely correlated with
increased PCNA expression. This led to faster regeneration
of seminiferous tubule germ cells, which accelerated testicu-
lar recovery and the resuming of spermatogenesis (Guo et al.
2019).

It has long been understood that elevated testicular tempera-
ture causes apoptosis rather than necrosis and that this process
can be triggered by reactive oxygen species (ROS), the trans-
location of the proapoptotic factors The translocation of Bax
and caspase-3 from the cytoplasm to the perinuclear region, or
the release of cytochrome ¢ from mitochondria (Hikim et al.
2003). (Fan et al. (2017) reported that heat-induced testicular
damage in germ cells is primarily mediated by the apoptotic
peptides Bax and caspase-3. Given that Bax and caspase-3
are crucial factors in determining cell fate, we thus postulated
that RSV might be involved in their modulation (Houston et al.
2018). The current investigation suggests that RSV administra-
tion may considerably lower the expression of the proteins Bax
or caspase-3 in the Leydig and germ cells. The data obtained
further indicate that RSV can help reduce the adverse effects of
heat exposure on the testicles, as it may mitigate heat-induced
apoptotic events in spermatogenic cells, which are the most
heat-sensitive cells (Cheng et al. 2019). The current study is
likely the first among current publications. To our knowledge,
no data compares the RSV influence on the heat-induced apop-
totic effects in the testes.

Conclusion
Resveratrol effectively mitigates the detrimental effects

of scrotal heat stress on various aspects of male repro-
ductive health, including sexual behavior, sex hormone

@ Springer



8372

Naunyn-Schmiedeberg's Archives of Pharmacology (2025) 398:8359-8373

regulation, inflammation, oxidative and nitrosative stress,
apoptosis, and overall reproductive performance. The find-
ings from our study demonstrate that RSV therapy not
only suppresses the harmful impacts of prolonged heat
exposure but also restores normal physiological func-
tions. By reducing oxidative and nitrosative stress mark-
ers and enhancing the activity of antioxidant enzymes such
as SOD, GPx, and CAT, RSV strengthens the testicular
antioxidant defense system. Additionally, it decreases
proinflammatory cytokines (IL-1p and TNF-a), thereby
attenuating inflammation-induced damage in the testis.
Our histological and immunohistochemical analyses fur-
ther confirm that RSV prevents heat-induced degeneration
of testicular tissue by preserving the integrity of seminifer-
ous tubules and reducing the expression of apoptotic mark-
ers like Bax and caspase-3. Moreover, RSV significantly
improves serum testosterone and estradiol levels, as well
as the activity of key steroidogenic enzymes (17p-HSD
and 3B-HSD), which are critical for testosterone synthe-
sis. Importantly, RSV treatment restores sexual behavior
and sperm quality to near-normal levels, enhancing sperm
motility, viability, and count while reducing abnormali-
ties. In summary, our study verifies that RSV, as a potent
antioxidant and anti-inflammatory agent, can effectively
alleviate the adverse effects of thermal stress on the male
reproductive system. These findings suggest that RSV
could serve as a therapeutic intervention to protect against
heat-induced testicular dysfunction and infertility. Further
investigations are recommended to explore its potential
clinical applications.
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