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Abstract

Paraquat (PQ) is an organic compound, which is commonly used as a herbicide in the agriculture sector, and it is also known
to stimulate critical damages in the male reproductive system. Gossypetin (GPTN) is one of important members of the fla-
vonoid family, which is an essential compound in flowers and calyx of Hibiscus sabdariffa with potential pharmacological
properties. The current investigation was aimed to examine the ameliorative potential of GPTN against PQ-instigated testicu-
lar damages. Adult male Sprague—Dawley rats (n=48) were distributed into four groups: control, PQ (5 mg/kg), PQ+ GPTN
(5 mg/kg + 30 mg/kg respectively), and GPTN (30 mg/kg). After 56 days of treatment, biochemical, spermatogenic indices,
hormonal, steroidogenic, pro-or-anti-apoptotic, and histopathological parameters were estimated. PQ exposure disturbed
the biochemical profile by reducing the activities of catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase
(GPx), and glutathione reductase (GSR), while it increased the concentration of reactive oxygen species (ROS) and malon-
dialdehyde (MDA) level. Furthermore, PQ exposure decreased the sperm motility, viability, number of hypo-osmotic tail
swelled spermatozoa, and epididymal sperm count; additionally, it increased sperm morphological (head mid-piece and
tail) abnormalities. Moreover, PQ lessened the follicle-stimulating hormone (FSH), luteinizing hormone (LH), and plasma
testosterone levels. Besides, PQ-intoxication downregulated the gene expression of steroidogenic enzymes (StAR, 3p-HSD,
and 17p-HSD) and anti-apoptotic marker (Bcl-2), whereas upregulated the gene expression of apoptotic markers (Bax and
Caspase-3). PQ exposure led to histopathological damages in testicular tissues as well. Nonetheless, GPTN inverted all the
illustrated impairments in testes. Taken together, GPTN could potently ameliorate PQ-induced reproductive dysfunctions
due to its antioxidant, androgenic, and anti-apoptotic potential.
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Introduction

Paraquat (PQ) is an organic compound widely used as a her-
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(NADPH), before being oxidized by dioxygen to produce
superoxide, a major reactive oxygen species), that is quick
and non-selective in action, capable of inducing cellular
damages by enhancing the generation of reactive oxy-
gen species (ROS) and subsequent oxidative stress (OS)
(Asghari et al. 2017). It adversely affects humans and farm
animals by accumulating in their lungs, liver, kidneys, and
heart (Ahmed 2010). It also causes neurological (Kamel
2013) as well as reproductive impairments (Nasibeh et al.
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can range between 60 and 80% (Kuan et al. 2016). It also
acts as an anti-androgen that exerts its anti-fertility effect
by its action, on the hypothalamus-pituitary—gonadal axis
(HPGA) or via directly altering hormonal levels in the
reproductive organs that lead to inhibition of spermatogen-
esis (Ofoego et al. 2018).

In animals, PQ exposure occurs through damaged skin
or inhalation (Qian et al. 2019), which is then disseminated
through the blood to all tissues and organs of the body fol-
lowing the absorbance from the respiratory and digestive
tract (Fortenberry et al. 2016). Inside the cells, it conflicts
with the endogenous anti-oxidant activities, which as feed-
back raises the level of ROS production which eventually
leads to cell death as well as tissue damage (Meng et al.
2013; Blanco-Ayala et al. 2014). The generation of free
radicals in the male reproductive tract after PQ exposure
has become a great concern due to its detrimental effects
on sperm quality and function, such as significantly lower
reproductive potential due to reduced numbers of Leydig
cells (LCs), spermatocytes, and spermatids (Nasibeh et al.
2015; Li et al. 2019), and high rate of abnormal sperm
production (Chen et al. 2017).

Gossypetin (GPTN; 3,5,7,8,3',4' hexa hydroxy flavone)
is an important flavonoid, which is a vital compound in
flowers and calyx of Hibiscus sabdariffa with diverse phar-
macological activities that include anti-oxidant (Xie et al.
2019), anti-tumor (Salvamani et al. 2014), anti-rheumatoid
arthritis (Patel and Patel 2021b), anti-atherosclerotic (Lin
et al. 2021), anti-cancer (Lee et al. 2017), anti-inflammatory
(Patel and Patel 2021b), anti-depressant (Gulsheen et al.
2019), anti-microbial (Pawar et al. 2017), and neuroprotec-
tive activities (Patel and Patel 2021a). Despite the poten-
tial therapeutic properties of GPTN, its remedial potential
against reproductive dysfunctions was not examined until
now. To fulfill this knowledge gap, the present investigation,
for the first time, aimed to explore the shielding impacts of
GPTN against PQ-induced reproductive dysfunctions in the
testicular tissues of adult male Sprague—Dawley rats.

Materials and methods

Chemicals

All chemicals used in the present study were bought from
Sigma-Aldrich, Germany.

Animals
In this study, adult male Sprague-Dawley rats (n=48)
weighing (250 +20 g) were used as experimental animals.

They were kept in steel cages (56 X 30X 22 cm) at stand-
ard temperature (22-25 °C), 12 h light or dark cycle, and
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humidity (45 +5%) in animal house, University of Agricul-
ture, Faisalabad (UAF). Tap water was provided ad libitum.
Rats were fed a commercial diet (Oxbow Essentials adult rat
food, Oxbow Animal Health, Murdock, USA), comprising
of 4% fat; 15% protein was used as standard rat feed. All
experimental protocols were performed in compliance with
the guidelines of the UAF animal protection and handling
Committee.

Experimental design

Adult male Sprague—Dawley rats (n =48) were distrib-
uted into four separate groups, each containing n=12 per
group: Control group; PQ administered group (5 mg/kg. b.
wt. orally); PQ+ GPTN co-treated group (5 mg/kg b.wt. of
PQ and 30 mg/kg. b.wt. of GPTN orally, respectively); and
GPTN treated group (30 mg/kg.b.wt orally). After 56 days
of the entire experiment, rats were given anesthesia by die-
thyl ether and then decapitated and blood was collected. To
separate plasma, trunk blood was drawn into heparinized
syringes. Blood centrifugation was performed for 10 min at
3000 revolutions per minute (rpm). After isolation, plasma
was stored at — 20 °C for further analysis. For histopatho-
logical evaluation, the left testis was fixed in a 10% formal-
dehyde solution for about 48 h. The right testis was kept at
—80 °C to evaluate the activities of biochemical enzymes.
Testicular tissues were homogenized in sodium phosphate
(NazPO,) buffer at 12,000 rpm for 15 min and the tempera-
ture was maintained at 4 °C. This supernatant was ultimately
used to assess multiple parameters.

Biochemical evaluation
Activity of catalase

In the testicular tissues, the activity of catalase (CAT) was
determined according to the method described by Chance
and Maehly (1955). Various chemicals, including 2.5 mL of
50 mM phosphate buffer (pH 5.0), 0.4 mL of 5.9 mM H,0,,
and 0.1 mL enzyme extract were mixed to make reaction
mixture. Absorbance changes in the mixture were noted at
240 nm. One unit of CAT activity was considered as an
absorbance change of 0.01 as units/min.

Activity of superoxide dismutase

Superoxide dismutase (SOD) activity was estimated by fol-
lowing the method of Kakkar et al. (1984). Reaction mix-
ture comprising of 1.2 mL of sodium pyrophosphate buffer
(0.052 mM; pH 7.0) and 0.1 mL of phenazine methosul-
fate (186 mM). 0.3 mL of supernatant after centrifugation
(1500 x g for 10 min followed by 10,000 X g for 15 min)
of homogenate was added to the reaction mixture. Then,
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0.2 mL of NADH (780 mM) was added to initiate an
enzyme reaction, which was later on terminated by adding
1 mL of glacial acetic acid. Finally, the chromogen amount
was assessed by noticing the change in color intensity (at
560 nm). The values of SOD activity were presented as
unit/mg of protein.

Activity of glutathione peroxidase

Glutathione peroxidase (GPx) activity was evaluated accord-
ing to the method of Lawrence and Burk (1976), in which
testicular homogenates were centrifuged, and the superna-
tant was used to measure GPx activity in the presence of
glutathione reductase, reduced glutathione, and cumene
hydroperoxide, and enzymatic reaction was measured spec-
trophotometrically at 37 °C at a wavelength of 412 nm. GPx
activity was measured as U/mg protein.

Activity of glutathione reductase

Glutathione reductase (GSR) activity was measured accord-
ing to the method of Carlberg and Mannervik (1975) by
estimating the nicotinamide adenine dinucleotide phosphate
(NADPH) disappearance. The change in absorbance was
estimated at 340 nm by using spectrophotometer (UV—Vis-
ible/NIR-UHS5700). NADPH was used as a substrate. An
extinction coefficient of 6.22x 10> M~! cm™! was used for
calculations. The values obtained were expressed as nM
NADPH oxidized min~! mg™! tissue.

Reactive oxygen species concentration

Hayashi et al. (2007) protocol was employed to deter-
mine the concentration of reactive oxygen species (ROS).
Homogenate (5 pL) and 0.1 M sodium acetate buffer
(140 pL) with pH 4.8 were mixed and dispensed in 96-well
plate. After incubating at 37 °C for 5 min, 100 pL of ferrous
sulfate solution and N, N-diethyl-para-phenylenediamine
were dispensed to each plate and then incubated at 37 °C
for 1 min. At 505 nm, the absorbance was observed with the
help of a microplate reader for 180 s with a 15-s interval. In
the end, the standard curve was plotted. ROS concentration
was recorded as unit g~ tissues.

Malondialdehyde level

Malondialdehyde (MDA) level was used as the indicator of
terminal phase of lipid peroxidation (LP), which was meas-
ured with the 2-thiobarbituric acid method of Placer et al.
(1966) using 1, 1,3,3-tetraethoxypropane as standard. This
reaction produces a colored product, the color intensity of
which was measured at a wavelength of 532 nm. The results
were expressed in nmol/mg protein.

Semen analysis

A hemocytometer was employed to count epididymal sperm.
Firstly, the caudal piece of epididymis was isolated to take
semen samples, which was after finely minced in physiolog-
ical-saline (5 mL), incubated at 37 °C for about 30 min that
allowed sperm to abscond from the epididymis. A solution
containing 25 mg eosin/100 mL of distilled water (H,0),
1 mL formalin (35%), and 5 g sodium bicarbonate (NaHCO5)
was utilized 1:100 to dilute the supernatant. Lastly, a 10-mL
droplet of the above mixture was put in a sperm-counting
chamber and examined (ten fields) microscopically at 400X
(Yokoi et al. 2003). On the other hand, sperm motility (%)
was recorded with the help of a phase-contrast microscope at
400X (Kenjale et al. 2008). Correspondingly, sperm viability
was assessed by eosin or nigrosin staining, accompanied by
a microscopic evaluation (Halvaei et al. 2012). Also, sperm
morphological abnormalities (head, tail, and mid-piece)
were ascertained via the protocol of Cao et al. (2017). The
units of measurement are the percentage (%). The integrity
of the sperm plasma membrane was ascertained by the hypo-
osmotic swelling (HOS) test, according to Correa and Zavos
(1994) method. The test was carried by placing 20 pL of
semen in 180 pl of fructose solution, keeping the osmotic
pressure at 80 mOsm/L for about 20 min. After subsequent
incubation and processing, the sperms were stained with
eosin or nigrosin. Finally, using a light microscope (400X),
two hundred spermatozoa with swollen and non-swollen
tails were estimated.

Hormonal assay

For the evaluation of hormonal levels such as follicle-stim-
ulating hormone (FSH) (Bio-Check Inc., USA Catalog No.
BC-1029; sensitivity 0.0083 ng/mL), luteinizing hormone
(LH) (Bio—Check Inc., USA Catalog No. BC-1031; sensi-
tivity 0.0069 ng/mL), and plasma testosterone (Bio—Check
Inc., USA Catalog No. BC-1115; sensitivity 0.07 ng/
mL) enzyme-linked immunosorbent assay (ELISA) kits
were employed as per the guidelines of the manufacturer
(Bio—Check Inc., USA). The units of measurement are ng/
mL.

Ribonucleic acid extraction and real-time quantitative
reverse transcription-polymerase chain reaction

The steroidogenic expressions of the acute regulatory pro-
tein (StAR), 3p-hydroxysteroid dehydrogenase (3p-HSD),
and 17p-hydroxysteroid dehydrogenase (17B-HSD), as
well as the anti-or pro-apoptotic markers such as B-cell
leukemia/lymphoma 2 (Bcl-2), Bcl-2 associated X, apop-
tosis regulator (Bax), and cysteine-aspartic acid protease-3
(Caspase-3), were estimated via real-time quantitative
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reverse transcription-polymerase chain reaction (RT-
gPCR). By using TRIzol (Invitrogen) reagent (Life Tech-
nologies, New York, USA), total ribonucleic acid (tRNA)
isolation was carried out, which was succeedingly con-
verted into complementary deoxyribonucleic acid (cDNA)
by reverse transcription. Alterations in the expression of
these steroidogenic enzymes and apoptotic markers were
analyzed via 2, “24€T admitting that B-actin is the interior
regulator (Livak and Schmittgen 2001). B-actin and tar-
geted genes primer sequences are presented in Table 1, as
demonstrated earlier (Ijaz et al. 2021a).

Histopathology

For the evaluation of testicular histopathology, firstly, pre-
viously fixed testicular tissues were dehydrated in ascend-
ing grades of alcohol and inserted in paraffin wax. Then
5-pm-thick pieces were cut, stained via hematoxylin—eosin
(H & E), and examined microscopically (Nikon, 187,842,
Japan). Sequentially Leica-LB (Olympus Optical Co. LTD,
Japan) and image-J2x software was employed to take and
analyze the images of specimens.

Statistical analysis

Results were shown as mean +standard error (SE). Data were
interpreted with a one-way analysis of variance (ANOVA),
followed by Turkey’s multiple comparison test using Minitab
Software. The p <0.05 were set statistically meaningful.

Results

Effect of GPTN on PQ-disrupted testes biochemical
markers

Table 2 displays the mean values of biochemical mark-
ers. In the present study, PQ-intoxication significantly
(p <0.05) lowered the CAT, SOD, GPx, or GSR activities,
while increased the concentration of ROS and MDA levels
in contrast to the control group. Nevertheless, GPTN sup-
plementation in the PQ-cotreated group prompted significant
(p <0.05) increased in the activities of CAT, SOD, GPx, or
GSR, and significantly (p <0.05) decreased the concentra-
tion of ROS and MDA in contrast to the PQ group. Addition-
ally, non-significant differences were observed between the
GPTN only treated and control groups.

Effect of GPTN on PQ-disrupted sperm motility,
viability, count, and HOS test of sperm

Table 3 presents the mean values of spermatogenic indices.
PQ exposure significantly (p <0.05) lessened the epididy-
mal sperm or HOS coil-tailed sperm count, sperm motility,
and viability, while morphological sperm anomalies (sperm
head-tail and mid-piece) were elevated in the PO-intoxi-
cated rats as compared to the control rats. Conversely, GPTN
significantly (p <0.05) inverted all these sperm indices to
a normal state in the PQ-cotreated group in contrast to the
PQ group. However, a non-significant deviation was seen
within the mean values of GPTN alone treated and the con-
trol groups.

Table 1 Primers sequences

Primers 5'—>3'

Accession number

. T Gene

for the real-time quantitative

reverse transcription- 3p-HSD

polymerase (RT-qPCR) (n=12/

group)
17p-HSD
StAR
Bax
Bcl-2
Caspase-3
B-actin

Forward: GCATCCTGAAAAATGGTGGC
Reverse: GCCACATTGCCTACATACAC
Forward: CAGCTTCCAAGGCTTTTGTG
Reverse: CAGGTTTCAGCTCCAATCGT
Forward: AAAAGGCCTTGGGCATACTC
Reverse: CATAGAGTCTGTCCATGGGC
Forward: GGCCTTTTTGCTACAGGGTT
Reverse: AGCTCCATGTTGTTGTCCAG
Forward: ACAACATCGCTCTGTGGAT
Reverse: TCAGAGACAGCCAGGAGAA
Forward: ATCCATGGAAGCAAGTCGAT
Reverse: CCTTTTGCTGTGATCTTCCT
Forward: TACAGCTTCACCACCACAGC
Reverse: GGAACCGCTCATTGCCGATA

NM_001007719

NM_054007

NM_031558

NM_017059.2

NM_016993.1

NM_012922.2

NM_031144

3b-HSD, 3b-hydroxysteroid dehydrogenase; 17b-HSD, 17b-hydroxysteroid dehydrogenase; StAR, steroido-
genic acute regulatory protein
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Effect of GPTN on PQ-disrupted hormones plasma
concentration

Table 4 shows the mean values of the hormonal levels.
Results of the hormonal assay reported that PQ-exposure
significantly (p < 0.05) lowered the levels of FSH, LH,
and plasma testosterone in PQ-intoxicated rats, as com-
pared to the control rats. Nonetheless, GPTN treatment
significantly (p <0.05) recovered the hormonal levels in
PQ co-treated group. GPTN alone treatment exhibited
normal hormonal levels with no significant alterations as
compared with the control group.

Effect of GPTN on PQ-disrupted genes expression
of steroidogenic enzymes

Figure 1 presents the comparative differences in the steroi-
dogenic enzyme expressions. Outcomes of the investigation
revealed that PQ-intoxication significantly (p <0.05) reduced
the StAR, 38-HSD, and 17B-HSD gene expressions in PQ
intoxicated rats as compared to control rats. Nevertheless,
GPTN provision significantly (p <0.05) recovered steroido-
genic enzyme expressions in PQ co-treated group in com-
parison to the PQ group. However, non-significant differences
were noted between GPTN only treated and control groups.

Table 2 Mean + SE of rats (n=12/group) biochemical markers in the testicles of control, paraquat treated, cotreated, and gossypetin groups

Parameters Groups
Control Paraquat Paraquat 4 gossypetin Gossypetin
Catalase (U/mg protein) 9.77+035% 4.96+0.28" 7.67+0.24% 9.8+0.39%
Superoxide dismutase (U/mg protein) 7.13+£0.23% 2.85+0.13° 5.87+0.26% 7.18+0.19%
Glutathione peroxidase (U/mg protein) 15.81+1.09% 7.98+0.30° 12.24+0.77 15.82+1.08%
Glutathione reductase (nm NADPH oxidized/ 4.02+041°% 1.72+£0.1° 3.25+026% 4.08+0.30%
min/mg tissue

Reactive oxygen species (U/mg tissue) 0.62+0.13 2 7.63+044° 1.88+0.12 % 0.61+0.122
Malondialdehyde (nmol/mg protein) 0.73+0.05? 2.91+0.10° 1.44+0.09 % 0.72+0.07 *

Values having different superscripts are significantly (p <0.05) different from other groups

Table 3 Mean +SE of rats (n=12/group) epididymal sperm count, motility, viability, the structural abnormalities of sperm and hypo-osmotic
swelled sperm count in control, paraquat treated, cotreated, and gossypetin groups

Parameters Groups
Control Paraquat Paraquat + gossypetin Gossypetin
Epididymal sperm count (million/mL) 26.03+1.58% 15.29+0.77 ° 22.66+0.68* 27294094
Motility (%) 78.06+1.85% 41.74+1.37° 60.85+1.75% 78.92+2.35%
Dead sperm (%) 17.20+0.96 * 74.03+1.29° 25.52+1.24% 17.09+0.96 *
Head abnormality (U/mg protein) 499+0.17° 14.65+0.36° 7.77+£0.27% 491+0.30?
Mid sperm abnormality (%) 0.72+0.04 % 7.71+0.48° 1.82+0.16 % 0.70+0.06 *
Tail abnormality (%) 1.59+0.12% 10.71+£0.75° 3.46+0.16% 1.53+0.13%
Hypo- osmotic swelled sperm count (%) 76.07+1.44% 26.33+1.53° 61.48+1.84% 76.59+0.85%
Values having different superscripts are significantly (p <0.05) different from other groups
Table 4 MeaniSEofrats Parameters Groups
(n=12/group) testicular
hormonal axis in control, Control Paraquat Paraquat + gossypetin ~ Gossypetin
paraquat treated, cotreated, and
gossypetin groups Follicle stimulating hormone (ng/ml) 3.86+0.09% 1.62+0.08 b 278+0.092 3.91+0.09%
Luteinizing hormone (ng/ml) 2.83+0.09% 098+0.16° 221+0.09% 2.86+0.09*%
Plasma testosterone (ng/ml) 428+0.19° 1.89+0.17° 3.63+0.16° 4.39+0.08 ¢

Values having different superscripts are significantly (p <0.05) different from other groups
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Fig. 1 Representing the impact Control
of paraquat and gossypetin on (a) E3 Paraquat

the expression of (a) 3b-HSD,
(b) 17b-HSD, and (c) StAR. 1.5+
The bar graphs are composed
based on mean + SE values
(n=12/group). Different super-
scripts on the bars showing sig-
nificant differences at p <0.05.
3b-HSD, 3b-hydroxysteroid
dehydrogenase; 17b-HSD,
17b-hydroxysteroid dehydro-
genase
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Effect of GPTN on PQ-disrupted genes expression
of pro-apoptotic and anti-apoptotic markers

To ascertain the anti-apoptotic activity of GPTN, a prop-
erty that provides its protective effects against PQ-instigated
testicles dysfunction, we estimated the alterations in the
gene expression of the pro-apoptotic-markers, particularly,
Caspase-3 and Bax, and in the anti-apoptotic protein Bcl-2
(Fig. 2). Results revealed that PQ intoxication significantly
(» <0.05) downregulated the gene expression of Bcl-2,
whereas upregulated the gene expression of Bax and Cas-
pase-3 in the PQ group as compared to the control group.
However, GPTN supplementation in the PQ co-treated group
significantly (p <0.05) recovered these anti-apoptotic and
apoptotic gene expressions as compared to the PQ group.
GPTN alone treatment presented insignificant differences in
the anti-apoptotic and apoptotic gene expressions as com-
pared with the control group.

Effect of GPTN on histopathological profile
against PQ induced oxidative damage by mediating
free radical scavenging potential

The histopathological alterations following PQ and GPTN
exposure are shown in Table 5 and Fig. 3. The results of
the study revealed that PQ exposure significantly (p <0.05)
lessened the diameter as well as the epithelial height of sem-
iniferous tubules, besides the thickness of tunica propria.
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Moreover, it increased the luminal diameter of tubules. PQ-
treatment also significantly (p <0.05) diminished the num-
ber of spermatogonia, primary and secondary spermatocytes
along with spermatids, in the PQ-intoxicated rats as com-
pared to the control rats. Nevertheless, GPTN supplementa-
tion in the co-treated group significantly (p <0.05) recovered
all these structural damages as well as germ cell count as
compared with the PQ group. However, the insignificant
differences were observed between the GPTN only treated
group and the control group.

Discussion

The current investigation was aimed to elucidate the defen-
sive role of GPTN against PQ-prompted testicular dys-
functions. PQ exposure prompted the damage in the status
of biochemical, spermatogenic, steroidogenic, hormonal,
apoptotic, and histopathological parameters. As reported
earlier, PQ is a widely applied agricultural pesticide glob-
ally (Sandstrom et al. 2017). Yet, the use of PQ comes at
a high cost, as it is a potential threat to the environment
and the other non-targeted organisms (Mussi 2010). Many
studies on PQ have shown its harmful effects on the repro-
ductive system of males, i.e., testes, accessory sex glands
including the neuroendocrine system due to oxidative stress
(0OS) (Ofoego et al. 2018). However, co-treatment of rats
with GPTN for 56 days significantly cured all the above
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Fig.2 Displaying the impact
of paraquat and gossypetin on Control Ea Control
the expression of (a) Bax, (b) (@) BB Paraquat (b) g3 Paraquat
Bcl-2, and (c) Caspase-3. The Paraquat+Gossypetin B3 Paraquat+Gossypetin
bar graphs are composed based a EX Gossypetin .
on mean + SE values (n=12/ A 1.59 EX) Gossypetin
group). Different superscripts
on the bars showing significant 34 a
e el

differences at p <0.05

Relative mRNA expression
(Bax/p-actin)
b

Relative mRNA expression

Control
©) EZ3 Paraquat
Paraquat+Gossypetin

Relative mRNA expression
(Caspase-3/3-actin)

BX) Gossypetin

Table 5 Mean =+ SE of

c Parameters units Groups

histopathology of rats (n=12/

group) testis in control, Control Paraquat Paraquat + gossypetin  Gossypetin

paraquat-treated, cotreated, and

gossypetin groups Interstitial spaces (um?) 227140.29*  78.93+1.41°  3251+0.78° 21.19+0.39
Tunica propria (um) 53.4+128% 17.77+£0.66°  34.91+1.08% 54.36+1.28%
Seminiferous tubules (pmz) 326.52+9.042 132.84+4.75% 260.10+9.09 336.78 +4.83 2
Seminiferous tubule epithe- 8426+1.73%  36.32+2.92° 66.58+1.70 ° 84.86+1.38°

lial height (um)

Tubular lumen (um?) 275.09+5.02* 732.26+9.51° 313.79+4.32% 262.19+6.44°
Spermatogonia (n) 56.22+2.57% 22.89+1.86° 46.29+1.73° 56.88+2.62%
Primary spermatocytes (n) 47.67+1.10°  19.93+1.11°  3425+1.08° 48.42+0.94%
Secondary spermatocytes (n)  35.40+0.97*  13.90+0.92°  28.89+0.65°? 36.16+0.84 %
Spermatids (n) 5240+£1.94% 2320+135° 43.37+1.28° 52.61+1.98°

Values having different superscripts are significantly (p <0.05) different from other groups

PQ-induced toxic alterations in rat testes. The natural plant-
derived flavonoid GPTN has several therapeutic properties.
Earlier studies stated that GPTN is a powerful antioxidant
compound that potently scavenges free radicals to mitigate
lipid peroxidation (LP). Furthermore, it exhibits anti-inflam-
matory, nephroprotective (Patel and Patel 2020), and hepato-
protective properties (Khan et al. 2015). Hence, the current
investigation mainly emphasized the antioxidant potential of
GPTN against PQ-instigated testicle toxicities.

The endogenous antioxidant enzymes primarily include
CAT, SOD, GPx, and GSH (Momtaz and Abdollahi 2012).
Therefore, CAT, SOD, GPx, and GSR are known as the first
lines of defense that protect biomolecules such as lipids, pro-
teins, and DNA from OS by reducing ROS generation. Nitric
oxide (NO), hydrogen peroxide (H,0,), superoxide dis-
mutase (O,7), and hydroxyl radical (OH) are the most reac-
tive nitrogen and oxygen species (Davalli et al. 2016). SOD
catalyzes the dismutation of O, to form H,0O, (Ighodaro
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Fig.3 Micro-images of the
adult Sprague—Dawley rats
(n=12/group) testicles (H&E,
400X): (A) Control group dem-
onstrating impenetrable germi-
nal epithelium including differ-
ent stages of germ cells and the
tapered luminal area containing
spermatozoa; (B) Paraquat-
intoxicated group demonstrating
sloughing of the epithelial layer,
vacant lumen, and degenerated
area of interstitial spaces; (C)
Paraquat 4+ gossypetin cotreated
group displaying restoration

in epithelial part, and tubular
lumen; filled with seminifer-
ous tubules as well as retrieved
the deteriorated interstitial
spaces; (D) Gossypetin-treated
group representing compacted
seminiferous tubules with less
interstitial spaces and lumi-

nal part filled with all stages

of spermatogenic cells thus
improved spermatogenesis. IS,
interstitial spaces; TL, tubular
lumen; SHE, seminiferous
epithelial height

and Akinloye 2018), whereas H,0, is transformed into water
by CAT and GPx (Aslani and Ghobadi 2016). On the other
hand, reduced GSH functions as an electron donor in these
reactions (Birben et al. 2012). The concentration of GSH is
retained by GSR, which restores reduced GSH from GSSG
(oxidized form) for the perpetual functioning of GPx (Ali
et al. 2020). Thus, a reduction in the activities of antioxi-
dant enzymes elevates the concentration of ROS. When con-
centration of ROS exceeds the body’s antioxidant-defense
capacity, OS occurs (Huang et al. 2016). OS is a state in
which a higher concentration of ROS harms cells, tissues,
or organs (Barbosa et al. 2020). When the concentration
of ROS in tissues is high, it damages polyunsaturated fatty
acids (PUFAs) in the sperm plasma membrane and triggers
a series of chemical reactions known as lipid peroxidation
(LP) (Fois et al. 2018), and in this study, MDA is a marker
of LP. LP, in turn, may lead to damages that affect membrane
integrity as well as the fluidity and permeability. Our results
are compatible with the previous investigation, in which PQ
treatment decreased the antioxidant activities of CAT and
SOD, which, as a result, significantly raised the level of
LP in the lung tissues of PQ-treated animals (Rasooli et al.
2020). However, reduced activity of the antioxidant enzymes
in the current study was increased by the co-treatment of
rats by GPTN for 56 days. Co-treatment of GPTN alleviated
harmful impacts of PQ by declining OS. The present study
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has shown that GPTN exposure significantly elevated the
activities of CAT, SOD, GPx, or GSR while lowered the
concentration of ROS and MDA levels in the testicular tis-
sues presenting its potential antioxidant property. This free
radical scavenging activity of GPTN was probably due to its
ring structure (Khan et al. 2015).

Findings of the present investigation also showed that
PQ exposure significantly reduced epididymal sperm
as well as HOS coiled-tailed sperm count, motility, and
viability, in addition to anomalies in the head-tail and
mid-piece of sperm. PQ produces free radicals that have
been documented to cause deleterious effects on reproduc-
tive parameters such as count, motility, and architecture
of sperm (Ofoego et al. 2018). As reported previously,
OS is a culprit behind deteriorated semen quality (Ijaz
et al. 2021b). Spermatozoa, especially the mid-piece seg-
ment, is potentially vulnerable to the toxic effects of free
radicals (Nair 2015). Additionally, PQ exposure decreases
ATP production by damaging mitochondria (Qian et al.
2019). This ATP reduction in spermatozoa hampers
the flagellar movement, causing immobility of sperm
(Anam et al. 2019). These findings are compatible with the
results of Chikere et al. (2020). However, the GPTN treat-
ment potentially resettled all the spermatogenic impair-
ments, which indicated its excellent free radical scaveng-

ing property.
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The pituitary hormone FSH and androgens locally
generated in response to LH are critically responsible for
the development and maintenance of spermatogenic cells
(O'Shaughnessy 2014). However, PQ administration reduced
the production of gonadotropins (FSH and LH) and testos-
terone, possibly due to the disturbed hypothalamus-pitui-
tary—gonadal (HPG) axis. The outcomes of our study are
also consistent with the findings of Okorondu et al. (2019).
PQ exposure stimulates the formation of free radicals that,
as a result, triggers the hypothalamic—pituitary—adrenal
(HPA) axis, which discharges corticosterone (in rodents)
and cortisol (in humans). These stress hormones, through
the cross-talk among the HPG and HPA axes, affect LH and
FSH discharge from the anterior pituitary (O'Shaughnessy
2014). In males, FSH stimulates the proliferation of imma-
ture Sertoli cells (SCs) and spermatogonia, whereas, on the
other hand, LH stimulates Leydig Cells (LCs) to produce
testosterone (Ramaswamy and Weinbauer 2015). Besides,
testosterone in alliance with FSH stimulates the growth of
spermatids and the release of sperms (O’ Shaughnessy et al.
2010). Hence, adequate levels of hormones are necessary
for spermatogenesis. However, GPTN treatment significantly
improved hormonal levels. GPTN may alleviate these deadly
changes in hormonal levels due to withdrawal in regulating
the hypothalamic-pituitary-testicles axis, which might as
feedback restored these spermatogenic damages.

Leydig cells (LCs) are present in the testicular stroma and
are responsible for testosterone production (Tremblay 2015).
Testosterone is an important male hormone that regulates
spermatogenesis process and secondary sexual characters
development (Zirkin and Papadopoulos 2018). To explore
the philosophy behind the reduced testosterone level follow-
ing PQ intoxication, the expression of steroidogenic enzymes
such as StAR, 38-HSD, and 178-HSD was estimated. The
key enzymes, 3f-HSD, and 178-HSD regulate the steroi-
dogenic activities and play a central role in androgenesis.
StAR also acts as a rate-limiting enzyme in steroidogenesis
(Castillo et al. 2015) that controls the transport of cholesterol
into the mitochondria for testosterone biosynthesis (Das et
al. 2012). Thus, the transformation of cholesterol to testos-
terone occurs in a chain of reactions catalyzed by primary
steroidogenic enzymes of the endoplasmic reticulum (ER),
such as 38-HSD or 173-HSD (Ye et al. 2011). Outcomes
of the investigation showed that PQ exposure significantly
repressed the genes expression of StAR, 33-HSD, or 17p-
HSD. These outcomes are also compatible with the earlier
study in which PQ impairs steroidogenesis (Li et al. 2019).
Lower expression of these androgenic enzymes due to PQ-
prompted OS appeared in a lower level of the male reproduc-
tive hormone testosterone. Conversely, GPTN significantly
increased the repressed testosterone level via upregulating
the expression of the steroidogenic enzymes may be due to
its androgenic property.

In the current study, PQ exposure upregulates the apop-
totic protein expressions such as Bax and caspase-3 while
lowered the anti-apoptotic protein Bcl-2 expression. Apop-
tosis is regulated by pro-apoptotic and anti-apoptotic pro-
teins via mitochondria-dependent and independent pathways
(Venkatadri et al. 2016). The relative imbalance between
these proteins results in apoptotic cell death (Zhao et al.
2019). Bax is an apoptotic marker, which encourages cell
death, while Bcl-2 is an anti-apoptotic protein that imper-
sonates a part in the inhibition of apoptosis (Ghasemi et al.
2019). On the other hand, caspase-3 belongs to the caspase
family (protease enzyme), and its activation is an irrevers-
ible phase, which prompts apoptosis. Thus, reduction in
Bcl-2 and elevation in Bax adversely alter the permeability
of the mitochondrial membrane, leading to the liberation
of cytochrome ¢ within the cytosol (Gu et al. 2017). This
augmented cytochrome c in cytosol ultimately activates the
expression of caspase-3, which leads to apoptosis and cell
death (Kaur et al. 2020). However, GPTN could protect the
apoptotic damages by minimizing the expression of Bax and
caspase-3, along with improving the expression of the anti-
apoptotic protein, Bcl-2. Conclusively, GPTN showed its
anti-apoptotic activity mainly by regulation Bcl-2/Bax ratio.

In the present investigation, PQ exposure has elicited
severe histoarchitectural damage in testicles by causing a
diminution in height and diameter of seminiferous tubules’
epithelium, as well as tunica propria height. Whereas, the
diameter of the tubular lumen was increased. Moreover,
PQ scaled down the number of spermatogonia, primary
and secondary spermatocytes, in addition to spermatids.
PQ administration induced retrogressive histopathological
impairments in seminiferous tubules such as the reduced
outer diameter of seminiferous tubules as well as germinal
epithelial thickness and reduced spermatogenic cell, which is
associated with spermatogenic failure (Ojha and Srivastava
2014). According to previous studies, PQ exposure revealed
necrotic testicular tissue, with testicular atrophy, and loss of
sperm numbers due to the upsurge of ROS (Ofoego et al.
2018). However, GPTN alleviated the adverse histological
degeneration of testicular tissues and the number of germ
cells in the male reproductive system owing to its andro-
genic, anti-apoptotic, and anti-oxidant potential.

Conclusion

In conclusion, the outcomes of the present investigation
stated that PQ exposure significantly (p <0.05) reduced
the activities of antioxidant enzymes and increased the
concentration of ROS and the level of MDA. Furthermore,
PQ-intoxication promoted apoptosis, lowered the germ
cell count, and led to structural impairment of testicles.
PQ exposure also primarily posed harmful effects on the
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hormonal axis in rats that eventually led to reduced sperm
count, motility, and viability. Moreover, it down-regulated
the gene expression of steroidogenic enzymes. However,
GPTN treatment recovered these testicular damages due to
its remarkable antioxidant, androgenic, and anti-apoptotic
potentials. The results of the current study show promising
clinical prospects to address the infertility issues of filed
workers exposed to pesticides.
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