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Thymoquinone supplementation reverses lead-induced oxidative stress

in adult rat testes

Aymen Mabrouk and Hassen Ben Cheikh

Laboratory of Histology and Cytogenetic (Research unit of Genetic, Genotoxicity and Child Disease URI2ES10), Faculty

of Medicine, 5019 Monastir, Tunisia

Abstract. The purpose of the present study was to investigate the potential protective effect of thymo-
quinone (TQ), the major active ingredient of volatile oil of Nigella sativa seeds, against Pb-induced
testicular oxidative stress. Adult male rats were randomized into four groups: control group which
received no treatment, Pb group was exposed to 2000 ppm Pb acetate in drinking water, Pb-TQ group
was co-treated with Pb plus TQ (5 mg/kg b.w./day, p.o.) and TQ group receiving only TQ (5 mg/kg
b.w./day, p.o.). All treatments were applied for 5 weeks. Pb treatment induced oxidative stress status
in testes as evidenced by a significant decrease in the antioxidant enzymes activities such as super-
oxide dismutase, glutathione peroxidase and catalase, and in the reduced glutathione content and in
a significant increase in the level of malondialdehyde. Interestingly, TQ supplementation completely
reversed these biochemical changes caused by Pb to the control values. In conclusion, our results
suggest, for the first time, that TQ is very efficient in preventing Pb-induced testicular oxidative stress.
This study will open new perspectives for the clinical use of TQ in Pb intoxication.
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Abbreviations: CAT, catalase; GPX, glutathione peroxidase; GSH, reduced glutathione; LPO, lipid
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Introduction

Lead (Pb) is a non-essential metal that occurs naturally in
the environment. The levels of Pb in the environment are
constantly increasing due to industrial activities (Wasowicz
etal. 2001). Pb is present in plastic, paints, ceramics, glass,
water pipes, insecticides and leaded gasoline (Henretig
2002). Pb poisoning has been reported since the discovery
of Pb thousands of years ago and it remains a major health
issue worldwide (Karrari et al. 2012). The manifestations of
Pb poisoning in humans are nonspecific. They may include
anemia (Khalil-Manesh et al. 1994), nephropathy (Ng et al.
2013) and infertility (Patocka and Cerny 2003). Air, water,
soil, food and consumer products are the major routes of
human exposure to Pb (Hammond 1977).
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Bolin et al. (2006) reported that Pb-exposed mammals
showed the generation of reactive oxygen species (ROS),
stimulation of lipid peroxidation (LPO) and inhibited anti-
oxidant defense system suggesting that oxidative stress is one
possible mechanisms of action of Pb toxicity. Oxidative stress
represents an imbalance between the production of ROS and
a biological system’s antioxidant defense mechanism (Singh
et al. 2004). Pb-induced oxidative stress results in tissue
injury via oxidative damage to macromolecules like lipids,
proteins and DNAs (Kruk 1998).

Pb is able to cross blood-testis barrier, and thus the
testis is vulnerable to Pb toxicity (Fair and Ricklefs 2002;
Snoeijs et al. 2004). The toxic effect of Pb on reproduction
is pervasive affecting basically all aspects of the reproductive
system (Abdel-Moniem et al. 2010). Testicular effects of Pb
are suggested to be related to generation of ROS, resulting in
oxidative cellular damage (Marchlewicz et al. 2004).

It is essential to find an appropriate approach to prevent
Pb toxicity. The current approved treatment for Pb poisoning
is to administer chelating agents (thiol chelators and other
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complex ions) that form an insoluble complex with the metal
and remove it from tissue, but most of these chelating agents
cause many side effects and have no effect on low levels of ex-
posure (Flora et al. 1995). The fact that Pb exposure induces
an excessive increase of ROS suggests that antioxidants could
be used as an alternative therapy (Wang et al. 2006).

Medicinal plants nowadays are an important source of
drug synthesis and at least third of current drugs are derived
from plants (Bent 2008). Thymoquinone (TQ) (2-isopropyl-
5-methyl-1,4-benzoquinone), the main active component
of the essential oil of Nigella sativa seeds, has various phar-
macological effects such as analgesic (Celik et al. 2014),
anti-diabetic (Abdelmeguid et al. 2010), anti-inflammatory
(Ammar et al. 2011) and anti-cancer properties (Woo et al.
2011). TQ s reported to possess strong antioxidant proper-
ties (Rifaioglu et al. 2013). TQ supplementation considerably
protected several organs against oxidative damage induced
by a variety of free radical generating agents including
aflatoxin B1 evoked hepatotoxicity (Nili-Ahmadabadi et al.
2011), nephropathy produced by gentamicin (Yaman and
Balikei 2010) and ethanol-induced gastric mucosal injury
(Kanter et al. 2006). The high potency and low systemic tox-
icity of TQ make it a promising alternative to conventional
therapeutic drugs (Lupidi et al. 2010).

The influence of TQ on heavy metals-induced testicular
toxicity has not been studied till now. Therefore, the aim
of the present study was to investigate whether oral sup-
plementation of TQ protects against Pb-induced testicular
oxidative stress.

Materials and Methods

Materials

Lead acetate trihydrate [(C,H30,),Pb x 3H,0], thymoqui-
none (2-isopropyl-5-methyl-1,4-benzoquinone), trichlo-
roacetic acid (TCA), thiobarbituric acid (TBA) and 5,5'-
dithio-bis-(2-nitrobenzoic acid) (DTNB) were purchased
from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
All other chemicals were of the best analytical grade.

Animals

Healthy adult (4-months-old) male Wistar rats, weighing
200-230 g, obtained from the Tunisian Society of Pharma-
ceutical Industries, were used in this study. The animals were
housed in plastic cages (free from any source of chemical
contamination) with free access to tap water (free from Pb)
and standard diet. The rats were kept at 22 + 3°C, in natural
light/dark cycle, with 55% humidity and under ventilation
system. Experiments were started after the animals were al-
lowed to adapt to the laboratory conditions for a week. This

study was approved by the local Ethical Committee, Faculty
of Medicine, University of Monastir, Tunisia, and run in
accordance to the statements of European Union regarding
handling of experimental animals (86/609/EEC).

Experimental design

After an acclimation period, the rats were randomly divided
into 4 groups of 8 animals each. Rats were treated for 5 weeks
as follows: control group received tap water, Pb group re-
ceived an aqueous solution containing 2000 ppm Pb acetate
(0.2%, w/v) (Caylak et al. 2007, 2008), Pb-TQ group was co-
treated with Pb (as in Pb group) plus TQ (5 mg/kg b.w./day,
gastric gavage) (Alenzi et al. 2010; El-Sayed 2011) and TQ
group received tap water and were given TQ (5 mg/kg b.w.)
by gastric tube daily (between 8:00 and 9:00 a.m.).

At the end of the treatment period, the animals were
euthanized by exsanguination through cardiac puncture
under diethyl ether anesthesia.

Tissue collection and testicular extracts preparation

The testes were removed quickly from rats, cleared of
the adhesive tissues and washed in ice-cold 0.9% (w/v)
NaCl solution. Fragments of organs were homogenized
in 10 volumes of ice-cold phosphate-buffered saline (PBS:
136.75 mmol/l NaCl, 2.68 mmol/l KCI, 10.14 mmol/l
Na,HPO,, 1.76 mmol/l KH,POy4, pH 7.4) and the homoge-
nates were centrifuged at 3500 x g for 15 min at 4°C. The
supernatant fractions were collected and stored at -80°C
until biochemical analysis.

Determination of antioxidant enzyme activities

Superoxide dismutase (SOD) activity was determined in the
testicular samples as previously described by Arthur and
Boyne (1985) by using Ransod Kit (Randox laboratories Ltd.,
Crumlin, UK). Xanthine and xanthine oxidase were used to
generate superoxide anion radicals (O,°"), which react with
2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium
chloride (INT) to form a red formazan dye. The SOD activity
is then measured by the degree of inhibition of this reaction.
Changes in the absorbance were measured spectrophotometri-
cally at 505 nm during the first 3 min of the reaction. Enzyme
activity in the sample was calculated from a standard curve and
was expressed as units/g of wet testicular tissue. One unit of
SOD is defined as the amount of enzyme required to inhibit the
reduction of INT by 50% under the conditions of the assay.
Glutathione peroxidase (GPX) activity was measured in
the testicular samples according to the method of Paglia and
Valentine (1967) by using Ransel Kit (Ramdox laboratories
Ltd., Crumlin, UK). In this method, GPX catalyses the oxi-
dation of reduced glutathione (GSH) by cumene hydroper-
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oxide. In the presence of glutathione reductase (GR) and
NADPH, the oxidized glutathione (GSSG) is immediately
converted to the reduced form with a concomitant oxidation
of NADPH to NADP™*. The decrease in absorbance at 340 nm
was measured spectrophotometrically for 2 min, and the
results were expressed as units/g of wet testicular tissue. One
unit of GPX is defined as the amount of enzyme necessary to
covert 1 pmol of NADPH to NADP" in 1 min at 37°C.
Catalase (CAT) activity was determined according to
the ferrithiocyanate method of Cohen et al. (1996) by the
disappearance of hydrogen peroxide (H,0O,) that was meas-
ured calorimetrically with ferrous ions and thiocyanate on
a microplate reader. CAT activity was determined by the
difference in the absorbance at 492 nm per unit of time and
was expressed in terms of the first order reaction rate con-
stant (k) and weight of wet testicular tissue sample as follows:
U/gtissue = K/gtissue = [In (A1/A2)/(tz — t1)]/8tissue: Where In
is the natural log, Aj and A; are the observed mean absorb-
ance at 492 nm at two time points, t; = 15 s and t, = 1 min.
One unit of CAT is defined as the quantity of enzyme that
decomposes 1 pmol of H,O,/min (pH 7.0) at 25°C.

Determination of GSH

GSH was determined spectrophotometrically by the method
previously described by Ellman (1959). In brief, 1 ml of su-
pernatant was taken after precipitating 0.5 ml of testes sample
with 2 ml of 5% (w/v) TCA. To this, 0.5 ml of Ellman’s rea-
gent (0.019% (w/v) DTNB in 1% (w/v) sodium citrate) and
3 ml of phosphate buffer (1 mol/l, pH 8.0) were added. The
absorbance of TNB (5-thio-2-nitrobenzoic acid), product
formed when sulphydryl (SH) groups react with DTNB, was
measured at 412 nm against an appropriate blank without
sample. The concentration of GSH was obtained by standard
curve and expressed as mg/g of wet testicular tissue.

Estimation of LPO

LPO was estimated indirectly by measuring the malondial-
dehyde (MDA), an end product of LPO. The MDA level was
determined spectrophotometrically by using the method of
TBA which measures MDA-reactive products (Placer et al.
1966), as described by Todorova et al. (2005). In brief, the
testicular samples were mixed with 0.9% (w/v) NaCl and
25% (w/v) TCA, and centrifuged at 2000 x g for 15 min. The
supernatant was then mixed with 0.5% (w/v) TBA and heated
in a water bath at 95°C for 1 h. After cooling, the absorbance
of the coloured complex formed (MDA-TBA) was measured
at 532 nm against an appropriate blank without sample. The
concentration of MDA was calculated by using the molar ex-
tinction coefficient of thiobarbituric acid reactants (TBARS;
1.56 x 10° mol 1.cm™1). LPO was expressed as nmol MDA/g
of wet testicular tissue.

Statistical analysis
Data were expressed as mean + SEM. Comparisons between

the groups were performed by the Student’s ¢-test. Differences
were considered statistically significant at p value < 0.05.

Results

Antioxidant enzymes

As shown in Fig. 1A-C, the testicular activities of SOD, GPX
and CAT in rats receiving TQ alone were not significantly
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Figure 1. Effects of lead (Pb), thymoquinone (TQ) and their co-
exposure on the testicular activities of superoxide dismutase (SOD,
A), glutathione peroxidase (GPX, B) and catalase (CAT, C) in rats
after 5 weeks. Values are expressed as mean + SEM of 8 animals.
# p < 0.05 vs. the control group; * p < 0.05 vs. the Pb group.
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different (p > 0.05) from those of control group, while fol-
lowing Pb-treatment, the activities of these enzymes were
significantly decreased (p < 0.05) by 36.23%, 36.72% and
40.02%, respectively. Interestingly, TQ co-administration
completely prevented the deleterious effect of Pb on the
activities of these antioxidant enzymes. In fact, in rats co-
treated with Pb and TQ, the activities of SOD, GPX and
CAT significantly increased (p < 0.05) by 36.76%, 62.4%
and 54.15%, respectively in relation to Pb-intoxicated rats to
reach similar values (p > 0.05) than control group.

GSH and MDA levels

Results presented in Fig. 2 indicated that the administration
of TQ alone had no significant effect (p > 0.05) on testicular
GSH level compared to that of the control rats. In contrast,
Pb-exposure caused a significant decrease (p < 0.05) of about
45.62% in the concentration of this non-enzymatic antioxi-
dant in relation to control rats. This effect was totally reversed
when Pb-treated animals received simultaneously TQ.

Testicular MDA level remained unchanged (p > 0.05) in
TQ-treated rats, while it increased significantly (p < 0.05)
by 51.65% after Pb-treatment compared to control group.
TQ supplementation also perfectly inhibited the testicular
LPO induced by Pb administration. In fact, rats co-treated
with Pb and TQ showed similar MDA level (p > 0.05) than
control animals (Fig. 3).

Discussion

In spite of the strict regulatory measures that are taken by
most countries to decrease environmental Pb burden, hu-
man Pb exposure continues to remain an important public
health issue particularly in developing countries with a lack
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Figure 2. Effects of lead (Pb), thymoquinone (TQ) and their co-
exposure on the testicular level of reduced glutathione (GSH) in
rats after 5 weeks. Values are expressed as mean + SEM of 8 animals.
# p < 0.05 vs. the control group; * p < 0.05 vs. the Pb group.

of public control. In the present study, we adopted an in vivo
experimental animal model to investigate the protective
role of TQ against Pb-induced testicular toxicity in terms
of oxidative stress.

The metalloproteins SOD, GPX and CAT are the major
antioxidant enzymes (Boots et al. 2008). Their activities
were used to assess oxidative stress in cells. SOD catalyzes
the dismutation of O,*” to H,O, and O,. Because H,0,
is still harmful to cells, CAT and GPX further catalyze the
decomposition of HyO, to water. In the reaction catalyzed by
GPX, GSH is oxidized to GSSG, which can then be reduced
back to GSH by GR (Droge 2002; Lee and Choi 2003). In
the present study, we found that treatment by Pb for 5 weeks
significantly decreased the activities of SOD, GPX and CAT
in the rat testis. Other investigators reported similar observa-
tions (Abdel-Moniem et al. 2010; Dorostghoal et al. 2013).
Like other metals, Pb has a high affinity for SH groups, mer-
captides are formed with the SH group of cysteine, and less
stable complexes with other amino acid side chains (Vallee
and Ulmer 1972). Pb is shown to alter antioxidant activities
by inhibiting functional SH groups in several enzymes such
as SOD, GPX and CAT (McGowan and Donaldson 1986;
Chiba et al. 1996; Hsu and Guo 2002). Since Pb competes
with trace elements for binding to proteins, SOD, GPX and
CAT are potential targets for Pb toxicity because these anti-
oxidant enzymes depend on various essential trace elements
for proper molecular structure and enzymatic activity. SOD
requires copper and zinc for its activity. Copper ions appear
to have a functional role in the reaction by undergoing alter-
nate oxidation and reduction, where zinc ions seem to stabi-
lize the enzyme instead of having a role in the catalytic cycle
(Halliwell and Gutteridge 1989). On the contrary, Pb has
been reported to induce copper and zinc deficiency in tissue
(Baran 1994). Schrauzer (1987) indicated antagonistic effects
between Pb and selenium, resulting in reduced selenium
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Figure 3. Effects of lead (Pb), thymoquinone (TQ) and their co-
exposure on the testicular level of malondialdehyde (MDA) in rats
after 5 weeks. Values are expressed as mean + SEM of 8 animals.
# p < 0.05 vs. the control group; * p < 0.05 vs. the Pb group.
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uptake that may affect GPX activity that requires selenium as
a cofactor. CAT is an important antioxidant enzyme having
heme as the prosthetic group, but Pb is known to reduce the
absorption of iron in the gastrointestinal tract and to inhibit
the heme biosynthesis (Dresel and Falk 1954). Therefore, the
inhibition of functional SH groups by irreversible binding of
Pb and the competition of Pb with essential trace elements
can explain in part the decrease in the antioxidant enzyme
activities found in the present work.

GSH is a tripeptide containing cysteine that has a reactive
SH group with reductive potency. Accordingly, GSH plays
a vital role in the protection of cells against oxidative stress.
It can act as a nonenzymatic antioxidant by direct interac-
tion of the SH group with ROS, or it can be involved in the
enzymatic detoxification reactions for ROS, as a cofactor or
a coenzyme (Sivaprasad et al. 2002, 2004). GSH possesses
carboxylic acid groups, amino group, SH group, and two
peptide linkages as sites for reactions of metals (Christie
and Costa 1984). In agreement with previous investigations
studying the effect of Pb on adult rats testes (Abdel-Moniem
et al. 2010; Ayinde et al. 2012), our data show that Pb-
treatment significantly lowered the gonad GSH level. The
reduction in concentration of GSH may be due to the high
affinity of Pb to the SH groups of this tripeptide (Christie
and Costa 1984; Korsrud and Meldrum 1988), thereby in-
terfering with its antioxidant activity. Pb can also decrease
the concentration of GSH by inhibiting the activities of
enzymes involved in GSH metabolism, such as GR, glu-
cose-6-phosphate dehydrogenase (G6PD) and glutathione
S-transferase (GST), via blocking their SH groups (Neal et
al. 1999; Sivaprasad et al. 2004).

It has been suggested that the main mechanism involved
in Pb toxicity is oxidative stress caused by inducing the
generation of ROS (Pande et al. 2001), which in turn cause
LPO (Ahamed and Siddiqui 2007). LPO inactivates cell
constituents by oxidation or causes oxidative stress by un-
dergoing radical chain reaction, ultimately leading to loss of
membrane integrity (Abdel-Wahhab and Aly 2005). In the
present investigation, LPO as measured by the amount of
MDA was significantly elevated in the testes of Pb-treated rats.
Salawu et al. (2009) and Dorostghoal et al. (2013) reported
the same outcome in Pb intoxication. An increased genera-
tion of highly ROS was also observed in the testes after Pb
exposure (Acharya et al. 2003; Marchlewicz et al. 2007). It
seems that Pb does not readily undergo the redox reaction
characteristic of transition metals and directly is not able to
enhance the ROS formation, but it stimulates the LPO indi-
rectly through depletion of cell’s antioxidant defense system
(Patra et al. 2001; Gordon et al. 2002) as evidenced, in the
current study, by the significant decline in the activities of the
key antioxidant enzymes and the GSH level. The impaired
antioxidant ability of the cell resulted in decreased scavenging
of ROS, a highly reactive oxidizing agents such as H,O,, 0,"",

hydroxyl radical (OH") and singlet oxygen ('O,). At high
levels, the ROS might be responsible for cellular injuries and
oxidative damages to critical biomolecules, such as membrane
lipids, proteins and nucleic acids (Zhang et al. 2009). Because
of its high content of polyunsaturated membrane lipids that
are sensitive to oxidative attack, testicular tissue becomes an
important target of LPO (Mishra and Acharya 2004).

However, extensive research is now focusing on herbal
products as an alternative medicine, no evidence has been
reported in the literature regarding the role of TQ against
Pb testicular toxicity. In the present study, TQ supplementa-
tion suppresses completely Pb-induced testicular oxidative
stress as evidenced by the normalization of LPO level, GSH
concentration, and SOD, GPX and CAT activities in the
group co-treated with Pb plus TQ. This potent antioxidant
activity of TQ has been found in other experimental models.
For instance, Sayed-Ahmed and Nagi (2007), Sayed-Ahmed
etal. (2010) and Nagi et al. (2011) reported that oral admin-
istration of TQ totally abolished renal, hepatic and cardiac
oxidative stress induced respectively by gentamicin, diethyl-
nitrosamine and cyclophosphamide in rats as demonstrated
by complete reversal of LPO degree, GSH level, and SOD,
GPX and CAT activities. The mechanisms of TQ action are
not yet clear. Nevertheless, TQ is known to reduce oxidative
stress not only through direct antioxidant effect, but also
indirectly. Mansour et al. (2002) and Badary et al. (2003) re-
ported that TQ acts as strong ROS scavenger. Recent studies
have demonstrated that TQ supplementation increases the
expression of antioxidant genes of SOD, GPX and CAT in rat
liver (Ismail et al. 2010; Sayed-Ahmed et al. 2010).

In conclusion, our study indicates that subchronic expo-
sure to Pb causes oxidative stress in adult rat testes. These
data, therefore, provide insight into the mode of action of
testicular toxicity of Pb. Additionally, our results suggest,
for the first time, that TQ oral supplementation, at a safe
dose, is very effective in protecting rats against Pb-induced
testicular oxidative stress. This spectacular protection makes
TQ as a promising agent in a variety of conditions where
cellular damage is a consequence of oxidative stress. This
work will open new perspectives for the clinical use of TQ
in Pb intoxication.
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