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Impact statement

Infertility resulting from reproductive defi-
ciency can be stressful. Exposure to afla-
toxin B1, a dietary mycotoxin prevalent in
improperly stored grains, is reported to
elicit reproductive insufficiencies and
infertility. We, therefore, examined the
likely beneficial effect of gallic acid (GA) a
phytochemical, recognized to exhibit in
vitro and in vivo pharmacological bioactiv-
ities against oxidative stress and related
inflammatory damages in rats, since AFB1
toxicities are predicated on oxidative
epoxide formation, in a bid to proffer new
evidence to advance the field of nutriceu-
tical application from plant-derived che-
mopreventive agents. Our findings will
advance the field of chemoprevention by
presenting data absent in the literature on
GA. Our results demonstrate further evi-
dence for GA conferred protection against
AFB1-mediated histological lesions in
testes, epididymis, and hypothalamus of
treated rats; suppresses oxidative dam-
ages, relieved inflammatory and apoptotic
responses, restored sperm functional
characteristics, and hormonal levels rele-
vant for reproductive integrity and function.

Abstract

Aflatoxin B1 (AFB1) is reported to elicit adverse reproductive outcomes in animals. Gallic
acid (GA) is known to exhibit antioxidant and inflammatory bioactivities. The impact of GA
on AFB1-facilitated reproductive dysfunction is nonexistent in literature. This investigation
elucidated GA protective effect on AFB1-induced reproductive toxicities in rats, exposed
for 28 consecutive days to AFB1 (75 ng/kg), or co-treated with GA (20 or 40 mg/kg) body
weight. AFB1 significantly (p < 0.05) reduced testicular function biomarkers, serum hor-
monal levels, and functional sperm characteristics in experimental animals. GA abated
AFB1-induced increases (p < 0.05) in lipid peroxidation and reactive oxygen and nitrogen
species, suppressed myeloperoxidase, interleukin-1f, nitric oxide, and tumor necrosis
factor-a levels—inflammatory biomarkers—in testes, epididymis, and hypothalamus.
Furthermore, GA improved antioxidant defenses and alleviated reduction in interleukin-
10, caspase-3 activation, and histological variations in epididymis, testes, and hypothala-
mus of rats dosed with AFB1. Conclusively, GA enhanced reproductive function in AFB1-
exposed rats by modulating inflammatory, oxidative stress, and apoptosis mediators.
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Introduction

The increasing rate of deterioration in the reproductive
health of both animals and humans is of great concern glob-
ally. Epidemiological studies recently indicated that there
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are almost 186 million infertile patients in the world, of
which male infertility cases are more than half."* The con-
tributory role of environmental pollutants to reproductive
dysfunction is well documented.** Humans and wildlife
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Figure 1. Chemical structures of AFB1 (a) and gallic acid (b).

are frequently exposed to toxic chemicals from industries
and diet. Exposure to dietary toxins, including mycotoxins,
is of significant health concern, owing to their involvement
in carcinogenesis, hepatotoxicity, reproductive damage,
and suppression of growth and immunity.> Aflatoxin B1
(AFB1, Figure 1(a)) is a toxic secondary metabolite of
Aspergillus avus and Aspergillus parasiticus species, which
occurs naturally in food crops, namely corns, ground-
nuts, millet, and wheat due to poor storage and favorable
hot and humid climates.®”

Epidemiological data, mainly in developing countries,
revealed that approximately 4.5 billion persons are at
danger of persistent AFB1 exposure via tainted food
crops.s’9 Indeed, AFB1 metabolite known as aflatoxin M1
(AFM1) is frequently found in milk, samples of cord blood,
and colostrum in pregnant women, which signify the pos-
sibility of prenatal contact to AFB1 in humans.'*"?
Aflatoxins were reportedly detected in semen samples
(40%) obtained from infertility clinics amid a higher
chance of sperm anomaly compared with fecund men
living within a locality in Nigeria."> Moreover, data from
experimental animals have demonstrated that AFB1 may
be an essential risk factor for male infertility.'*'* Earlier
animal studies revealed that acute and chronic AFB1 expo-
sure induced testicular damage disrupted endocrine func-
tion and spermatogenesis, leading to impaired fertility."*"”
Elucidated mechanisms associated with AFBl-mediated
reproductive toxicity include suppression of androgen bio-
synthetic proteins (17 B-hydroxysteroid dehydrogenase 3,
3B-hydroxysteroid dehydrogenase, and steroidogenic acute
regulator), induction of oxidative stress, inhibition of anti-
oxidant defense systems, germ cell apoptosis and autoph-
agy.'™° Thus, the potential chemopreventive or
chemotherapeutic agents to assuage the deleterious effects
of AFB1 in the exposed population are warranted.

Gallic acid (3, 4, 5-trihydroxybenzoic acid; GA) (Figure 1
(b)) occurs naturally as a low molecular triphenolic acid in
several plants. It is produced as a secondary metabolite via
the shikimic acid pathway in plants. GA is abundant in
several commercially available beverages, namely red
wine, pomegranate juice, coffee, and green tea. GA has
been documented to elicit numerous critical biological
activities, namely antioxidant, anti-inflammatory, antican-
cer, antidiabetic, and antimicrobial activities.?"?> Moreover,
GA finds application industrially as an additive to food,
thereby precluding oxidation/rancidity of oils and fats.”
GA is demonstrated to defend against cyclophosphamide-
mediated reproductive toxicity,**** radiation®® and type I
diabetes.”” GA was demonstrated to inhibit aflatoxin
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biosynthesis in Aspergillus avus,” and GA is a direct inhib-
itor of several CYP450s that facilitate the intrahepatic acti-
vation of AfB1,%>°? one of the mechanisms of GA-mediated
detoxification of AFB1 could be through a direct inhibition
of these CYP450s.

Nevertheless, there is a gap in literature regarding the
effect of GA on AFBI toxicity and the reproductive system.
We hypothesized that GA, owing to its intrinsic biological
activities, may mitigate oxidative stress and inflammation
to abrogate AFBl-induced reproductive damage. The pre-
sent investigating is aimed at elucidating the possible
effects of GA on AFBl-mediated toxicity in the reproduc-
tive function and system of exposed adult rats.

Materials and methods

Chemicals

Aflatoxin B1 (AFB1) (>98%), gallic acid (>95%), thiobarbi-
turic acid (TBA); 5,5-dithio-bis-2-nitrobenzoic acid (DTNB);
trichloroacetic acid (TCA); epinephrine; and CDNB -1-
chloro-2,4-dinitrobenzene procured from Sigma-Aldrich
Chemical Co. (St Louis, MO, USA). ELISA-Enzyme-
Linked Immunosorbent Assay plates for the spectrophoto-
metric microplate estimation of caspase 3 (CASP3) activity,
interleukin-1p (IL-1p), tumor necrosis factor-alpha (TNF-a),
and interleukin-10 (IL-10) levels were supplied by E-lab-
science Biotech, Beijing, China.

Maintenance of experimental animals

Fifty adult Wistar rats (sex: male; age nineweeks old,
weight: 161 £7g) were sourced from the University of
Ibadan, Department of Veterinary Medicine, primate
colony, Ibadan, Nigeria for the purpose of this experimen-
tation. Experimental rats were housed in polycarbonated
cages in a standard rodent experimental vivarium and
maintained under a cycle of 12h—dark and light photope-
riod. The animals were acclimatized for one week while
being feed with standard rodent pellets (Ladokun™
Feeds, Ibadan, Nigeria) and with free access to clean drink-
ing water, before the experimentation. All protocols and
care of experimental animals were done with adherence
to the authorized guidelines Ethical use of small laboratory
animal in experimentation Committee University of
Ibadan. Furthermore, we complied with the National
Institute of Health “Guide for the Care and Use of
Laboratory Animals” in all experimentation.

Research plan

Following the acclimatization period, experimental animals
were sorted randomly into five groups of 10 animals each.
They were treated as detailed below for 28 consecutive
days per os (p.o.) or gavage (orally):

Group 1: Control—treated with corn oil (2mL/kg)

alone p.o.
Group 2: Gallic acid (GA) alone —treated with GA:40 mg/

kg p.o.
Group 3: Aatoxin B1 (AFB1)—treated with AFB1 (75pg/

kg) alone p.o.



1018  Experimental Biology and Medicine Volume 245 June 2020

Group 4: AFB1 + GA1—treated with AFB1 (75 ng/kg +GA
at 20mg/kg) p.o.
Group 5: AFB1 + GA2 —treated with AFB1 (75 ng/kg +GA
at 40mg/kg) p.o.

AFB1 and GA doses utilized for this study were chosen
based on previous studies.>"** Earlier studies revealed that
commonly consumed corn (maize) reportedly had the
highest levels of AFBI1. Specifically, studies in Croatia,
Pakistan, and the Democratic Republic of Congo evidenced
maximum AFB1 levels to be 2072, 1405.3, and 1401.45 png/
kg, respectively.”> The estimated AFB1 daily intake
during chronic exposure ranged from 48.4 ng to 77.4 pg in
humans.’® AFB; and GA were separately reconstituted
in corn oil before administration to experimental animals.
In groups that received AFB1 and GA, AFB1 was adminis-
tered 30 min prior to dosing of rats with GA. Terminal sac-
rifice of experimental animal occurred on day 29, after the
animals were weighed — to obtain final body weights —and
blood collected via retro-orbital venous plexus into vials
without anticoagulant. Subsequently, the serum prepared
from clotted blood via centrifugation (4°C; 3000g; 10 min)
were probed for the assessment of hormones relevant in
reproduction. Thereafter, experimental rats were sacrificed
under anesthesia—light ether. The testis, epididymis, and
hypothalamus were instantly removed, weight recorded,
and processed for histological and biochemical evaluations.

Assessment of sperm characteristics and reproductive
hormones

Sperm progressive motility was estimated in line with
established method.”” Briefly, epididymal sperm isolated
from the cauda epididymis were released onto a sterile
glass slide after surgical incision. The sperm was conse-
quently diluted with 2.9% sodium citrate dehydrate solu-
tion pre-warmed to 37°C, and enclosed with a coverslip on
a slide. Ten microscopic fields were observed (x200 mag-
nification) using a microscope (phase-contrast) to assess
motility. The spermatozoa motility was estimated by
recording the quantity of each progressive sperm, non-
progressive, and immotile sperm in the same field of
view. Data were expressed as progressive sperm motility
in percentages. The viability and morphological aberra-
tions of the sperm were estimated using precise stain in
line with established procedure,®® diluted epididymal
sperm suspension obtained from the cauda epididymis
(1 drop of sperm + 10 droplets of sodium citrate dihydrate),
and mixed with staining solution containing eosin B (0.2 g)
plus fast green (0.6 g) in ethyl alcohol, and distilled water in
a ratio of 1:2 and maintained for one min at 37°C. A small
drop of the final solution was finely spread on a slide,
air-dried, and observed with a Leica light microscope
(DM 500-Leica, Germany) for counting. Spermatozoa’s —
400 counts — from each rat were tallied and allotted to var-
ious classes of morphological abnormalities attributable to
sperm. Viability of sperm was estimated with eosin (1%)
and nigrosin (5%) stains in sodium citrate dihydrate solu-
tion. Epididymal sperm count was calculated following
standard method.*” Testicular sperm count and daily
sperm production were evaluated in line with standard

method.”” Using sperm obtained after mincing caudal
epididymis in normal saline, the resultant suspension
was filtered through a nylon mesh. Sperm aliquot
(5pL) was mixed with a diluent (95 pL) containing: forma-
lin  (0.35%)+ NaHCO;(5%) + trypan  blue  (0.25%).
Subsequently, diluted sperm (10 pL) was pipetted into the
grove of a hemocytometer and left to settle for 5min in a
moist compartment to avoid dehydration and counted in
the Neubauer chamber (Deep 1/10m; LAB ART, Munich,
Germany) and a Leica light microscope (Magnification:
x400). Assessment of reproductive hormones was done
using appropriate precoated ELISA 96-well microplates
(E-labscience, Beijing, China) for FSH (E-R0391), LH
(E-R0026), testosterone (E-R0033), and prolactin (E-R0052)
in line with manufacturers” manual. All hormonal analyses
were completed simultaneously to reduce the inter-assay
difference. The sensitivities of LH, FSH, testosterone, and
prolactin were 0.41ng, 0.35ng, 0.39ng, and 0.11 ng, respec-
tively. In contrast, the intra-assay coefficients of variations
were 2.3%, 3.1%, 3.2%, and 2.6% for LH, FSH, testosterone,
and prolactin, respectively.

Assessment of biomarker enzymes of testicular
function

Moreover, marker enzymes activities of testicular function
were assessed in the supernatant of the testes to assess
further the effect of GA on AFBl-stimulated toxicity.
Briefly, the testicular activity of glucose-6-phosphate dehy-
drogenase (G6PD) was assayed using nicotinamide ade-
nine dinucleotide phosphate and glucose-6-phosphate
as substrates as earlier reported.*** Testicular acid phos-
phatase (ACP) and alkaline phosphatase (ALP) activities
were assayed following established practice based on
the degradation of p-nitrophenyl-phosphate in acid and
alkaline milieu, respectively.43'44 Also, testicular lactate
dehydrogenase-X (LDH-X) activity was assessed by a stan-
dard technique that depended on the inter-change of lactate
and pyruvate.*®

Biochemical analyses

The testes, epididymis, and hypothalamus of the
experimental animals were discretely homogenized in a
Tris-HCl buffer (50 mM; pH 7.4). The resulting homogenate
was centrifuged (12,000g; 15min) to get the supernatant
that was subsequently utilized for biochemical assays.
The quantity of protein in the samples was assessed using
bovine serum albumin as standard, according to
Bradford.*®

Assessment of antioxidant status in the testes,
epididymis, and hypothalamus

Superoxide dismutase (SOD) activity was analyzed by the
method of Misra and Fridovich.*’ Briefly, sample aliquots
were added to 0.05M carbonate buffer (2.5ml; pH 10.2)
followed by adrenaline (0.3ml). The absorbance (at
480nm) increases was recorded every 30s for 150s. The
activity of catalase (CAT) was assayed for as earlier
described by Clairborne,*® CAT splits hydrogen peroxide
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Table 1. Effect of gallic acid on the body weight gain and organo-somatic indices of testes and epididymis in AFB1-treated rats.

Control AFB1 alone GA alone AFB1 + GA1 AFB1 + GA2
Final body weight (g) 187.84 £2.02 178.57 £2.11 182.83 +2.06 180.48 £2.73 184.14+£2.16
Initial body weight (g) 163.52+1.26 165.98 +1.38 162.11+£1.64 163.96 +2.05 165.97 +1.08
Body weight gain (g) 22.38+1.26 13.6141.08% 20.75+1.25 17.12£1.07° 18.86 +1.02°
Hypothalamus 0.32+0.01 0.29+0.02 0.31+0.01 0.32+0.01 0.31+0.01
Testes 2.52+£0.17 1.81+0.15% 2.49+0.13 2.19+0.09° 2.4440.23°
Epididymis 1.2440.03 0.72+0.08? 1.254+0.08 1.12+0.02° 1.21+£0.05°

Note: Values are expressed as mean + S.D. for 10 rats per group.

AFB1: Aflatoxin B1 at 75 pug/kg; GA1: gallic acid at 20 mg/kg; GA2: Gallic acid at 40 mg/kg.

#Values differ significantly from control (p < 0.05).
PValues differ significantly from AFB1 alone (p < 0.05).

resulting in a loss of absorbance at 240 nm. The changes in
absorbance was recorded each minute for 5min. Activities
of glutathione peroxidase (GPx) following Rotruck et al.,*’
protocol, using standard laboratory reagents, reduced glu-
tathione (GSH), H,O, and sample were reconstituted to
form the reacting mixture. The reaction mixture was further
made up to 2.0 mL with the addition of distilled water and
incubated (37°C; 3min). Subsequently, the reaction was
stopped by the addition of TCA, centrifuged, and the resid-
ual GSH was determined from the supernatant obtained
by adding disodium hydrogen phosphate, and 5,5"-
dithio-bis-2-nitrobenzoic acid (DTNB). Finally, the absor-
bance (412nm) was measured spectrophotometrically.
The values of GPx activity were obtained and expressed
in pmoles per mg protein. Glutathione-S-transferase
(GST) was assayed as earlier described by Habig et al.>°
Briefly, 0.1 mL of 1-chloro-2,4-dinitrobenzene (CDNB) was
mixed with 1.7mL of phosphate buffer to constitute
the reaction mixture and for 5 min, incubated at 37°C. The
mixture was then primed with the test samples (50 uL),
and the absorbance (340 nm) was monitored for 5min and
recorded. Similarly constituted reaction mixture without
the samples containing enzyme served as a reference
blank. GST-specific activity was determined as GSH/
CDNB conjugate formed in pmoles per min per milligram
protein. Levels of reactive oxygen and nitrogen species
(RONS) were estimated based on the capacity of RONS to
oxidize 2',7'-dichlorodihydrofluorescin diacetate (DCFH-
DA) to 2,7'-dichlorofluorescin (DCF).”"** Quickly, the reac-
tion admixture (sample (10pL)+ potassium phosphate
buffer (0.1M; pH 7.4; 150 uL) + distilled water (35uL)+
DCFH-DA (5pL)) was prepared with marginal exposure
to air. DCF fluorescence emission ensuing from DCFH-
DA oxidation was evaluated (10min; at 30s gaps) at the
following wavelengths: emission (525nm) and excitation
(488 nm). The readings were obtained with the aid of
M384 SpectraMax™ Multi-modal plate reader. The levels
of GSH was biochemically estimated using methods earlier
described by Jollow et al.,”® using standard reagents follow-
ing deproteination, samples were incubated with 5,5"-
dithio-bis-2-nitrobenzoic acid (DTNB), and the absorbance
at 412nm was obtained by spectrophotometrically propor-
tional to GSH level and expressed in pmoles/ g tissue. Lipid
peroxidation (LPO) was assayed as described by Farombi
et al.%* Briefly, samples were mixed with Tris-KCI buffer-
containing trichloroacetic acid (TCA). Subsequently,

thiobarbituric acid (TBA) was added to each sample sus-
pended in a hot water bath for 45min. The reaction was
then cooled, centrifuged, and the absorbance of the resul-
tant supernatant was taken at 532 nm, against a reference
blank. All biochemical analyses, apart from SOD and CAT
activities, were done with the aid of a plate reader—
Multimodal M384 SpectraMaxTM (Molecular Devices, San
Jose, USA).

Assessment of caspase-3 activity and inflammatory
biomarkers

The level of nitric oxide (NO) was assayed using Griess
reagent as earlier described by Green et al.>® Briefly, equal
volumes of sample and Griess’ reagent were mixed togeth-
er and allowed to stand for 15 min at 25°C and the absor-
bance obtained at 540nm. The level of total nitrite was
calculated from the absorbance obtained from a standard
solution and the results expressed in Units per mg protein.
Activity of myeloperoxidase (MPO) was assessed as earlier
described by Granell et al.,*® by monitoring the oxidation of
O-dianisidine in the presence of H,O, catalyzed by myelo-
peroxidase at 470 nm. The levels of interleukin-1p (IL-1B),
interleukin-10 (IL-10), and tumor necrosis factor-alpha
(TNF-a) as well as caspase-3 activity in the hypothalamus,
testes, and epididymis were evaluated by means of ELISA
Kits (E-labscience, Beijing, China). All readings were
obtained with the aid of a plate reader—Multimodal
M384 SpectraMax ™.

Microscopic assessment

Microscopic evaluation of the testes, epididymis, and hypo-
thalamus was performed as earlier described by Bancroft.””
Quickly, the tissue samples were fixed using Bouin’s solu-
tion, dehydrated, and embedded in paraffin. Using a
microtome, 5pum slices were sectioned from the paraffin-
embedded tissues. Sliced tissue sections were layered on
treated glass slides and stained using hematoxylin-eosin
stains. The stained slides were coded before examination
by a pathologist using a Leica microscope (DM-500,
Germany) and a digital camera (Leica ICC50 E, Germany).

Statistical analyses

Analysis of the results was done by One-way analysis of
variance (ANOVA) and posthoc test (Bonferroni) with the
aid of Prism version 8.3.0 for Mac (GraphPad Software,



1020 Experimental Biology and Medicine Volume 245 June 2020

La Jolla, California, USA, www.graphpad.com). The assay
was performed in duplicates and the results expressed as
mean £+ S.D. We considered value of p < 0.05 to be statisti-
cally significant.

Results

Gallic acid improved the body weight gain and relative
organ weight of the epididymis and testes in AFB1-
treated animals

Experimental animal body weight gain and relative
organ weight of the epididymis, testes, and hypothalamus
of control, GA alone, AFB1 only, and AFB1 and GA are
shown in Table 1. The rats treated with AFBlalone demon-
strated significant (p < 0.05) reduction in body weight gain
and relative organ weight—epididymis, testes, and hypo-
thalamus —matched with the control animals. Conversely,
these alterations were effectively reversed to conditions
similar to control in animals co-administered with AFB1
and GA at 20 and 40 mg/kg body weight.

Gallic acid alleviated AFB1-induced deficits in
reproductive hormones and enzyme biomarker
of testicular function in treated animals

Figure 2 displays GA effect on serum concentrations of
reproductive hormones- FSH, LH, and testosterone-, also
the marker enzymes of testicular function in AFB1-treated
rats. When compared with the control rats, exposure to
AFBI1 alone elicited a significant reduction in serum testos-
terone, FSH, and LH levels with a simultaneous reduction
in the activities of G6PD, LDH, ACP, and ALP of the testi-
cule, although co-administration alongside GA (20 and
40mg/kg body weight) significantly abrogated AFB1-
mediated decreases in enzyme biomarker activities of tes-
ticular function and deficit in serum hormone levels rela-
tive to animals dosed with AFB1 only.
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Serum FSH level
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-
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Gallic acid improved spermatogenesis and functional
parameters in AFB1-treated animals

The role of GA on the testicular sperm count, functional
parameters, and daily production in AFBl-exposed ani-
mals are presented in Figure 3. Exposure to AFB1 alone
evidently diminished spermatogenesis and testicular
sperm count in the experimental animals in contrast with
the control group. Besides, sperm functional parameters,
namely epididymal sperm motility, and count were
reduced (p<0.05), while morphological defects of the
sperm were markedly increased in animals dosed with
AFB1 only. GA co-treatment notably abrogated AFBI-
mediated decreases in sperm parameters, testicular sperm
production, and number compared with animals treated
with AFB1 only.

Gallic acid enhanced antioxidant status in the
epididymis, testes, and hypothalamus of
AFB1-treated animals

The effects of GA on RONS level and antioxidant enzyme
activities in AFB1-dosed rats are presented in Figures 4 to 6.
Exposure to AFB1 alone caused marked decreases in GPx,
GST, SOD, and CAT activities, and GSH level, but increased
(p < 0.05) RONS level in the epididymis, testes, and hypo-
thalamus of animals when relative to the control. However,
GA co-treatment enhanced (p < 0.05) antioxidant enzymes
activity and decreased RONS level in the epididymis,
testes, and hypothalamus of animals compared to AFB1
alone-treated animals.

Gallic acid suppressed inflammatory biomarkers in
AFB1-treated animals

The effects of GA on inflammatory biomarkers in animals
dosed with AFB1 are presented in Figures 7 to 9.
Administration of AFB1 alone significantly elevated
TNF-0, NO, and IL-1f levels among MPO activity in the
epididymis, testes, and hypothalamus of the treated

Serum prolactin level

Figure 2. Effect of gallic acid on serum hormonal levels and marker enzymes of testicular function in AFB1-exposed rats. The values are expressed as mean + SD for
10 rats per group. *Values differ significantly from control (p < 0.05). **Values differ significantly from AFB1 alone (p < 0.05). (A color version of this figure is available in

the online journal.)

AFB1: aflatoxin B1 at 75 ug/kg; GA1: gallic acid at 20 mg/kg; GA2: gallic acid at 40 mg/kg; FSH: follicle stimulating hormone; LH: luteinizing hormone; ACP: acid

phosphatase; ALP: alkaline phosphatase; LDH: lactate dehydrogenase.
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Daily sperm production

Figure 3. Effect of gallic acid on sperm parameters in AFB1-exposed rats. The values are expressed as mean + SD for 10 rats per group. *Values differ significantly
from control (p < 0.05). **Values differ significantly from AFB1 alone (p < 0.05). (A color version of this figure is available in the online journal.)
AFB1: aflatoxin B1 at 75 pug/kg; GA1: gallic acid at 20 mg/kg; GA2: gallic acid at 40 mg/kg.
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Figure 4. Effect of gallic acid on SOD and CAT activities in the testes, epididymis, and hypothalamus of rats. The values are expressed as mean + SD for 10 rats per
group. *Values differ significantly from control (p < 0.05). **Values differ significantly from AFB1 alone (p < 0.05). (A color version of this figure is available in the online

journal.)

AFB1: aflatoxin B1 at 75 pg/kg; GA1: gallic acid at 20 mg/kg; GA2: gallic acid at 40 mg/kg; CAT: catalase; SOD: superoxide dismutase.

animals in comparison with the control. Moreover, AFB1
alone-treated rats exhibited a marked decrease in anti-
inflammatory cytokine IL-10 in comparison with control.
GA (20 and 40 mg/kg) co-treatment diminished (p < 0.05)
NO, TNF-o, and IL-1B levels in addition to MPO activity
with concomitant increase in IL-10 level in treated animals
relative to AFB1-only group.

Gallic acid inhibited biomarkers of lipid peroxidation
and apoptosis in AFB1-treated rats

The effect of GA on apoptosis and lipid peroxidation bio-
markers in AFB1-exposed animals are shown in Figure 10.
Administration of AFB1 alone elevated (p <0.05) MDA, a
biomarker of LPO, and caspase-3 activity, a killer protease
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Figure 5. Effect of gallic acid on GPx and GST activities in the testes, epididymis, and hypothalamus of AFB1-exposed rats. The values are expressed as mean + SD
for 10 rats per group. *Values differ significantly from control (p < 0.05). **Values differ significantly from AFB1 alone (p < 0.05). (A color version of this figure is available

in the online journal.)

AFB1: aflatoxin B1 at 75 ug/kg; GA1: gallic acid at 20 mg/kg; GA2: gallic acid at 40 mg/kg; GPx: glutathione peroxidase; GST: glutathione-S-transferase.
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Figure 6. Effect of gallic acid on GSH and RONS levels in the testes, epididymis, and hypothalamus of AFB1-exposed rats. The values are expressed as mean + SD for
10 rats per group. *Values differ significantly from control (p < 0.05). **Values differ significantly from AFB1 alone (p < 0.05). (A color version of this figure is available in

the online journal.)

AFB1: aflatoxin B1 at 75 ug/kg; GA1: gallic acid at 20 mg/kg; GA2: gallic acid at 40 mg/kg; GSH: glutathione; RONS: reactive oxygen and nitrogen species.

in the apoptotic cascade, in the epididymis, testes, and
hypothalamus of the treated animals relative to control.
Moreover, co-administration of GA at 20 and 40mg/kg
diminished (p <0.05) LPO level and caspase-3 activity in
treated animals compared with the AFB1 alone group.

Gallic acid alleviated AFB1-induced histopathological
lesions in rats

Histological characteristics of the testes, epididymis, and
hypothalamus from the experimental animals using a

light microscope are presented in Figure 11. Control and
GA only treated groups exhibited typical histological struc-
ture of the epididymis, testes, and hypothalamus. Evident
vacuolation (red star) and an extended area of tubular
necrosis (black arrow) of the seminiferous tubules, degen-
eration of the epididymis depicted by focal area of necrotic
tubules (black arrows) with inadequate sperm in the
lumen. In contrast, mild neuronal degeneration (red
arrow) in the hypothalamus was detected in rats exposed
to AFB1 alone. However, animals co-treated with AFB1 and
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Figure 7. Effect of gallic acid on MPO activity and NO level in the testes, epididymis, and hypothalamus of AFB1-exposed rats. The values are expressed as mean +
SD for 10 rats per group. *Values differ significantly from control (p < 0.05). **Values differ significantly from AFB1 alone (p < 0.05). (A color version of this figure is

available in the online journal.)

AFB1: aflatoxin B1 at 75 pg/kg; GA1: gallic acid at 20 mg/kg; GA2: gallic acid at 40 mg/kg; NO: nitric oxide; MPO: myeloperoxidase.
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Figure 8. Effect of gallic acid on TNF-« level in the testes, epididymis, and hypothalamus of AFB1-exposed rats. The values are expressed as mean + SD for 10 rats
per group. *Values differ significantly from control (p < 0.05). **Values differ significantly from AFB1 alone (p < 0.05). (A color version of this figure is available in the

online journal.)

AFB1: aflatoxin B1 at 75 ug/kg; GA1: gallic acid at 20 mg/kg; GA2: gallic acid at 40 mg/kg.

GA (20 and 40 mg/kg) exhibited typical architecture of the
testes, epididymis, and hypothalamus similar to control.

Discussion

The occurrence of harmful food contaminants usually has a
widespread impact because of the extensive trading of agri-
cultural produce in the world.”® Exposure to AFB1 is a
global health concern due to its grave toxicity and carcino-
genicity in both humans and animals.”**® Reproductive
toxicity is a significant extra-hepatic effect of AFB1. The
male factor has been reported to account for 50% of infer-
tility cases in the world.! Data from previous investigations
have implicated AFBI as a critical risk factor for male infer-
tility.">'* The present study showed that GA effectively
mitigated reproductive dysfunction related to AFB1

exposure in male rats. The significant reductions in the
body weight gain and relative organ weight— testes, and
epididymis —in animals dosed with AFB1 as such connote
evident harmfulness, and interference with metabolic
functions in exposed animals. The reduction in testicular
and epididymal weights in rats dosed with AFB1 as such
implies organ atrophy. However, the restoration weight
and relative weights gain—body, testes, and epididymis —
in AFB1 and GA (20 and 40 mg/kg) animals bare the ben-
eficial role of GA in the metabolic activities and health
status of the reproductive organs in the experimental rats.

The maintenance of reproductive hormonal levels and
spermatogenesis in mammals is mainly regulated by the
hypothalamic-pituitary-testicular ~ axis.”® Dosing with
AFB1 in this study elicited significant reductions of pitui-
tary hormones levels in the serum, specifically LH, FSH,
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Figure 9. Effect of gallic acid on IL-1f and IL-10 levels in the testes, epididymis, and hypothalamus of AFB1-exposed rats. The values are expressed as mean + SD for
ten rats per group. *: Values differ significantly from control (p < 0.05). **: Values differ significantly from AFB1 alone (p < 0.05). (A color version of this figure is available

in the online journal.)

AFB1: aflatoxin B1 at 75 ug/kg; GA1: gallic acid at 20 mg/kg; GA2: gallic acid at 40 mg/kg.
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Figure 10. Effect of gallic acid on LPO level and caspase-3 activity in the testes, epididymis, and hypothalamus of AFB1-exposed rats. The values are expressed as
mean =+ SD for 10 rats per group. *Values differ significantly from control (p < 0.05). **Values differ significantly from AFB1 alone (p < 0.05). (A color version of this figure
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AFB1: aflatoxin B1 at 75 ng/kg; GA1: gallic acid at 20 mg/kg; GA2: gallic acid at 40 mg/kg; LPO: lipid peroxidation. (A color version of this figure is available in the

online journal.)

and prolactin as well as in the gonadal hormone (i.e. tes-
tosterone), thus indicating the harmful effect of this toxin
on the male reproductive axis. The reduction in serum tes-
tosterone level signifies the subduing effect of AFB1 on tes-
ticular steroidogenesis, previously associated with AFB1
toxic effect on the Leydig cells.’®® However, the restora-
tion of serum LH, FSH, prolactin, and testosterone levels in
animals co-treated with AFB1 and GA (20 and 40 mg/kg)

clearly showed the protecting effect of GA against AFB1-
mediated endocrine deficits in the experimental rats.
Moreover, the adverse consequence of AFB1 exposure
was evident from the activities of enzymes necessary for
spermatogenesis in the testicule. The reduction in testicular
LDH and G6PD activities in rats exposed to AFB1 alone
signifies impairment in the metabolic pathway of lactate
and biosynthesis of nicotinamide adenine dinucleotide



Owumi et al.

Gallic acid enhances reproductive function in aflatoxin-B1 exposed rats

Figure 11. Photomicrographs of hypothalamus, epididymis, and testes of rats. Histology of the control and GA alone-treated rats appears typical. AFB1 alone-

exposed rats showing mild neuronal degeneration in the hypothalamus (red arrow), the seminiferous tubules of the testes appeared necrotic (black arrow) with severe
atrophy (red star). In contrast, the epididymis showed a focal area of necrotic tubules (black arrows) with insufficient sperm in the lumen. The testes, epididymis, and
hypothalamus of rats co-exposed to AFB1 and gallic acid showed typical histology architecture comparable to control. Mag: x400. (A color version of this figure is

available in the online journal.)

phosphate (NADPH), respectively; both are necessary for
the spermatogenic cells in rats. Also, decreased activities of
ALP and ACP observed in AFB1 alone-treated rats signify
an inhibitory effect of AFB1 on the phosphorylative role of
ALP and ACP in the usage of glucose by germ cells during
spermatogenesis. The restoration of testicular activities of
G6PD, LDH, ALP, and ACP in rats dosed with both AFB1
and GA (20 and 40 mg/kg) indicates the protecting effect of
GA against AFBl-mediated testicular germ cells toxicity.

The present study evidenced that exposure to AFB1
alone elicited harmful effects on the epididymis —respon-
sible for the storage, transport, and maturity of sperm—
produced by the testes.’ Also, AFB1-induced impairment
in the testicular function of spermatogenesis is evident by
the marked reduction in the testicular daily sperm produc-
tion and sperm count. In contrast, its spermatotoxicity
effect associated with a decrease in epididymal sperm
count and motility. The marked elevation in the sperm
defects, precisely the sperm mid-piece which houses the
mitochondria necessary for adenosine triphosphate (ATP)
production and the sperm tail where structural mecha-
nisms directly involved in motility resides, may be associ-
ated with the observed decrease in sperm motility in rats
exposed to AFBI1 alone. The restoration in the spermato-
genesis and sperm characteristics following co-exposure
to AFB1 and GA (20 and 40 mg/kg) indicates the protective
effect of GA against AFB1-mediated epididymal toxicity in
the treated animals.

To further define the mechanisms associated with the
protective effects of GA on AFBl-mediated male reproduc-
tive toxicity, the assessment of biochemical indices, namely
inflammation, apoptosis, and oxidative stress, were
explored in the testes, epididymis, and hypothalamus of
experimental animals. The enzymatic and non-enzymatic

antioxidant defense systems are responsible for the main-
tenance of redox status and subdual of oxidative stress in
the cells. Hence, the marked elevation in the testicular, epi-
didymal, and hypothalamic LPO and RONS levels in AFB1
alone-dosed animals signifies that the AFBI1 increased
RONS generation which suppressed the antioxidant capac-
ity and consequently induced oxidative-RONS-mediated
injury in the rats. Reductions in SOD, CAT and GSH-
dependent enzymes (GST and GPx) activities and GSH
levels in AFB1 alone-treated animals signify the inhibition
of their antioxidant function which is related to the cellular
RONS buildup and oxidative damage in the epididymis,
testes, and hypothalamus of the rats. The current data sub-
stantiate earlier reports on AFBl-mediated stimulation of
oxidative stress testes of rats,'>'° although decreases in
MDA and RONS levels with a simultaneous increase in
the antioxidant enzymes activities in rats co-treated with
AFB1 and GA are associated with the antioxidant effect of
GA previously reported.®

The TNF-o regulation of cytokine production during
inflammatory response reportedly triggers the generation
of NO via nitric oxide synthase pathway in the cell.
Elevation in the cellular NO level is associated with nitro-
sative stress, which reportedly injures cellular proteins,
nucleic acids, and lipids following the diminution of anti-
oxidant defense systems.®® In the current study, exposure to
AFB1 alone evidently increased NO, TNF-o, and IL-1B
levels aside from MPO activity, whereas it decreased anti-
inflammatory cytokine, IL-10 level in the epididymis,
testes, and hypothalamus of the treated rats. This observa-
tion signifies the induction of inflammation. Uncontrolled
production of pro-inflammatory cytokines for example
IL-1B and TNF-o in the testes is harmful to spermatogenesis
and is well known to cause male infertility.64 Hence, the
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decrease in the TNF-a, NO, and IL-1f levels along with
MPO in epididymis, testes, and hypothalamus following
co-exposure to GA denotes that it occasioned anti-
inflammatory mechanism to abate AFB1-induced testicular
toxicity.

Caspase-3 activity evidently increases in testicular, epi-
didymal, and hypothalamus of rats dosed with AFB1 alone
indicates activation of this critical downstream executioner
protease in the programmed cell death pathway.®® Caspase-
3 activity was reduced in animals co-treated with AFB1 and
GA (20 and 40mg/kg) indicating inhibition of caspase-3
activity and, thus, the anti-apoptotic role of GA in the
experimental rats. The testicular, epididymal, and hypotha-
lamic lesions associated with AFB1 exposure are attribut-
able directly or indirectly to elevated levels of RONS
and induction of apoptosis and inflammation in the treated
animals. The protective effect of GA (20 and 40 mg/kg) on
the histology of investigated tissues is evidence in the
remarkable drop in lesions seen in rats co-treated with
AFB1 and GA. The preservation of these histological struc-
tures corroborates the biochemical findings of the beneficial
consequences of GA on AFBl-induced male reproductive
dysfunction in rats. The proposed mechanism by which GA
modulates reproductive toxicity induced by AFB1 in rats is
depicted in Figure 12.

Conclusively, the GA-mediated amelioration of AFB1-
induced deficits in the hypothalamic-pituitary-testicular

axis in experimental rats is associated with its inherent
anti-inflammatory, antioxidant, and anti-apoptotic proper-
ties. GA has broader protective role to safeguard against
AFBI toxicity,°® and causes damage to cellular macromole-
cules. Previous reports in the literature suggest that GA is a
direct inhibitor of several CYP450s that facilitate the intra-
hepatic activation of AFB1,%2° and there is evidence sug-
gesting that GA and its esters can induce Phase II drug
metabolizing enzymes.” Therefore, it is possible that GA
could mediate the detoxification of AFB; by inhibiting
AFB; activation” and scavenging AFB;-exo-8,9-epoxide
(AFB1-O), associated in AFB; carcinogenesis®”® as
depicted in Figure 12. Additional in-depth studies are
necessary to precisely elucidate the mechanism(s) of
GA-mediated detoxification of AFB1. Our current data
strongly suggest that GA represents a prospective benefi-
cial agent to mitigate reproductive toxicity related to afla-
toxicosis in man.
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