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Abstract Lead (Pb) intoxication is a worldwide health prob-
lem which frequently affects the liver. This study was carried
out to investigate the potential protective effect of
thymoquinone (TQ), the major active ingredient of volatile
oil of Nigella sativa seeds, against Pb-induced liver damage.
Adult male rats were randomized into four groups: Control
group received no treatment, Pb group was exposed to
2000 ppm Pb acetate in drinking water, Pb-TQ group was
cotreated with Pb plus TQ (5 mg/kg/day, per orally), and TQ
group receiving only TQ. All treatments were applied for
5 weeks. Results indicated that Pb exposure increased hepatic
Pb content, damaged hepatic histological structure (necrotic
foci, hepatic strands disorganization, hypertrophied hepato-
cytes, cytoplasmic vacuolization, cytoplasmic loss, chromatin
condensation, mononuclear cell infiltration, congestion,
centrilobular swelling), and changed liver function investigat-
ed by plasma biochemical parameters (AST, ALT, ALP, y-GT,
LDH). Pb treatment also decreased total antioxidant status
level and increased lipid peroxidation in the liver.
Supplementation with TQ remarkably improved the Pb-
induced adverse effects without significantly reducing the
metal accumulation in the liver. In conclusion, our results
indicate, for the first time, a protective effect of TQ against
Pb-induced hepatotoxicity and suggest that this component
might be clinically useful in Pb intoxication.
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Introduction

Lead (Pb) is one of the well-known ubiquitous nonessential
metal poisons that occur naturally in the environment. The
levels of Pb in the environment are constantly increasing
due to industrial activities. Pb is present in plastic, paints,
ceramics, glass, water pipes, insecticides, and leaded gasoline.
Pb poisoning has been reported since the discovery of Pb
thousands of years ago, and it remains a major health problem
issue worldwide (Karrari et al. 2012). The manifestations of
Pb poisoning in humans are nonspecific. They may include
neurotoxicity (Sharma et al. 2015), hepatotoxicity (Soliman et
al. 2015), and nephropathy (Ng et al. 2013). Air, water, soil,
food, and consumer products are the major routes of human
exposure to Pb. It is considered to be an abnormal trace ele-
ment in humans and animals and tends to accumulate in the
body with the passage of time (Schroeder and Balassa 1961).
A safe level of Pb exposure has not been defined, and today, it
is widely accepted that even small quantities are harmful to
humans and other organisms.

Absorbed Pb is conjugated in the liver and passed to the
kidney, where a small quantity is excreted in urine and the rest
accumulates in various body organs. Autopsy studies of Pb-
exposed humans indicated that liver tissue is the largest repos-
itory (33 %) of Pb among soft tissues followed by kidney
(Mudipalli 2007). The accumulated Pb affects many biologi-
cal activities at the molecular, cellular, and intercellular levels,
which may result in morphological alterations that can remain
even after Pb levels have fallen (Flora et al. 2006). Pb-induced
hepatotoxicity was reported to be associated with the impair-
ments of liver structure and function (Aziz 2012).
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Pb-induced oxidative stress or disruption of prooxidant/
antioxidant balance in blood and other soft tissues has been
postulated to be the major mechanism of Pb-associated tissue
injury (Flora et al. 2012). Bolin et al. (2006) reported that Pb-
exposed mammals showed not only generation of reactive
oxygen species (ROS), a highly reactive oxidizing agents such
as superoxide anion radical (O, "), hydroxyl radical (OH),
and hydrogen peroxide (H,0,), but also inhibition of antiox-
idant defense system and stimulation of lipid peroxida-
tion (LPO), a deleterious process only achieved by free
radicals. Accumulated Pb in liver not only inhibited the
activities of antioxidant enzymes, including superoxide
dismutase (SOD), glutathione peroxidase (GPX), cata-
lase (CAT), glutathione reductase (GR), and glutathione
S-transferase (GST) but also depleted the nonantioxidant
defense system, such as reduced glutathione (GSH),
which will increase the susceptibility of hepatic tissue
to free radical-induced oxidative damage (Adikwu et al.
2013).

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 complex
ions) that form an insoluble complex with the Pb and remove
it from tissue, but these chelating agents have no effect on low
levels of exposure and are incapable of removing metal from
intracellular sites, as well as they cause many side effects, such
as redistribution of the toxic metal, essential metal loss, and
liver or renal dysfunction (Flora and Pachauri 2010). The fact
that Pb exposure induces an excessive increase of ROS sug-
gests that antioxidants could be used as an alternative therapy
(Wang et al. 20006).

Medicinal plants nowadays are an important source of drug
synthesis, and at least a 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 pharma-
cological effects such as anti-diabetic (Abdelmeguid et al.
2010), anti-cancer (Woo et al. 2012), anti-inflammatory
(Taka et al. 2014), and analgesic properties (Celik et al.
2014). TQ is reported to possess strong antioxidant properties
(Rifaioglu et al. 2013). TQ supplementation considerably
protected several organs against oxidative damage induced
by a variety of free radical generating agents including etha-
nol-induced gastric mucosal injury (Kanter et al. 2006),
nephropathy produced by gentamicin (Yaman and Balikci
2010), aflatoxin B1 evoked hepatotoxicity (Nili-Ahmadabadi
etal. 2011), and testicular injury induced by arsenic (Fouad et
al. 2014). The high potency and low systemic toxicity of TQ
make it a promising alternative to conventional therapeutic
drugs (Lupidi et al. 2010).

The influence of TQ on Pb-induced liver injury has not
been studied until now. Therefore, the present study was de-
signed to investigate, for the first time, the possible beneficial

impact of oral supplementation with TQ on Pb-induced hep-
atotoxicity in rats.

Materials and methods
Chemicals

Pb acetate trihydrate ((C,H30,),Pb. 3H,0) and TQ (2-isopro-
pyl-5-methyl-1,4-benzoquinone) were purchased from
Sigma-Aldrich Chemical Co. (St. Louis, Missouri, USA).
All other chemicals used 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 Pharmaceutical
Industries, were used in this study. The animals were housed
in plastic cages (free from any source of chemical contamina-
tion) 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 allowed to
adapt to the laboratory conditions for a week. All experimental
procedures in this study were in full compliance with The
European Council Directive (86/609/EEC) and approved by
the institutional bioethics committee.

Experimental design

After an acclimation period, the rats were randomly divided
into four groups of eight animals each and were treated for
5 weeks as follows: Control group received tap water, Pb
group received an aqueous solution containing 2000 ppm of
Pb acetate (0.2 %, w/v) (Caylak and Halifeoglu 2007; Caylak
et al. 2007; Sivaprasad et al. 2004), Pb-TQ group was
cotreated with Pb (as in Pb group) plus TQ (5 mg/kg body
weight/day, gastric gavage) (Alenzi et al. 2010; Alsaif 2007;
El-Sayed 2011), and TQ group received tap water and was
given TQ (5 mg/kg body weight/day). TQ was administered
by gastric tube daily between 8:00 and 9:00 a.m. Throughout
the experiment, rats were weighed every five days. At the end
of the treatment period, the animals were weighed and then
euthanized by exsanguination through cardiac puncture under
diethyl ether anesthesia.

Preparation of plasma and tissue collection

The blood samples were collected in heparinized tubes.
Plasma was obtained by centrifugation (3000xg, for 15 min
and at 4 °C) and stored at —80 °C until analysis. The liver was
removed quickly from rats, cleared of the adhesive tissues,
washed in ice-cold 0.9 % (w/v) NaCl solution, blotted,
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weighed, and divided into three parts. One was immediately
fixed in 10 % neutral buffered formalin for a week (for the
histopathological study), and the two others were frozen at
—80 °C until metal estimation and oxidative stress evaluation.

Pb determination

A frozen piece of liver was digested with concentrated nitric
acid, and the digests were diluted to a constant volume with
ultrapure water. Pb concentrations were then determined from
the resulting solutions by atomic absorption spectrophotome-
try (AAS), and the values were expressed in parts per million
(micrograms per gram of wet hepatic tissue).

Histopathological analysis

After proper fixation, the tissue was rinsed with water and
dehydrated in ascending grades of alcohols, cleared in tolu-
ene, and embedded in paraffin. Tissue blocks were cut into
thin sections (5 pm) and stained with hematoxylin and eosin.
Then, the histological slides were examined by light
microscopy.

Biochemical analysis of liver integrity

Plasma aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), alkaline phosphatase (ALP), vy-
glutamyltransferase (y-GT), and lactate dehydrogenase
(LDH) activities were measured using the commercially avail-
able diagnostic kits supplied by Randox Laboratories
(Ardmore, Northern Ireland, UK).

Liver extracts preparation, measurement of total
antioxidant status level, and estimation of lipid
peroxidation

Liver was homogenized in 10 volumes of ice-cold phosphate-
buffered saline (PBS: 136.75 mM NaCl, 2.68 mM KCI,
10.14 mM Na,HPO,, 1.76 mM KH,PO,, pH="7.4), and the
homogenates were centrifuged at 3500xg for 15 min at 4 °C.
The supernatant fractions were collected and used for bio-
chemical analysis.

Total antioxidant status (TAS) level was measured by the
commercial kit TAS (Randox laboratories Ltd., Crumlin, UK)
based on the method of Miller et al. (1993). Manufacturer’s
instructions were followed to determine the level. In this
method, ABTS (2,2'-azino-di-[3-ethylbenzthiazoline sulfo-
nate]) was incubated with a peroxidase (metmyoglobin) and
H,0, to produce the radical cation ABTS ™. This product has a
relatively stable blue-green color which is measured at
600 nm. The antioxidants in the added liver sample cause
suppression of this color production to a degree which is
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proportional to their concentration. The results were expressed
as micromoles per gram of wet liver tissue.

LPO was estimated indirectly by measuring the
malondialdehyde (MDA), an end product of LPO. The
MDA level was determined spectrophotometrically by using
the method of thiobarbituric acid which measures MDA-
reactive products (Placer et al. 1966), as described by
Todorova et al. (2005). In brief, the liver samples were mixed
with 0.9 % (w/v) NaCl and 25 % (w/) trichloroacetic acid, and
centrifuged at 2000xg for 15 min. The supernatant was then
mixed with 0.5 % (w/v) thiobarbituric acid and heated in a
water bath at 95 °C for 1 h. After cooling, the absorbance of
the colored 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 % 10°/mol/cm). LPO was expressed as nanomoles MDA
per gram of wet liver tissue.

Statistical analysis

The results were expressed as mean+ SEM. Comparisons be-
tween the groups were performed by Student’s ¢ test.
Differences were considered statistically significant at
p<0.05.

Results
General rat health

During experiments, death was not observed during the ex-
perimental period. Rats treated with Pb and/or TQ exhibited a
normal behavior without obvious signs of toxicity, in compar-
ison to the control group.

Body weight gain and relative weight of the liver

No significant differences (p>0.05) have been observed for
the body weight gain among the four groups of animals, dur-
ing the experiment (Fig. 1). The absence of effect (p>0.05)
was also noted for the relative liver weight (Table 1).

Liver Pb

We remarked a similar Pb liver (p>0.05) level in the control
and TQ groups. After 5 weeks of heavy metal treatment, the
Pb liver content was significantly increased (p<0.05) by
1023.52 % compared with the value of control rats.
Supplementation with TQ had no important effect (p>0.05)
on liver Pb accumulation (Fig. 2).
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Fig. 1 Effects of lead (Pb), thymoquinone (TQ), and their coexposure on
body weight gain in rats during five weeks. Each point represents the
mean of eight measurements + SEM. No significant differences have
been observed between the four groups of animals

Biochemical indicator of liver integrity

Results presented in Table 2 indicated that the administration
of TQ alone had no significant effect (p>0.05) on plasma
ALT, AST, LDH, ALP, and y-GT activities compared to con-
trol rats. In contrast, Pb exposure induced a significant eleva-
tion (p <0.05) in these biochemical liver markers in relation to
control animals. Liver enzymes plasmatic levels of rats
cotreated with Pb and TQ were found to be significantly lower
(»<0.05) compared to those treated with Pb only.

TAS and MDA levels

As shown in Fig. 3, the liver TAS level was comparable
(»>0.05) in control and TQ groups, while following Pb treat-
ment, the overall antioxidative status was significantly de-
creased (p <0.05) by 26.51 %. Interestingly, cotreatment with
Pb and TQ increased significantly (p < 0.05) the level of this
antioxidant parameter by about 25.4 % in comparison with Pb
group.

Liver MDA concentration remained unchanged (p>0.05)
in TQ-treated rats, while it significantly increased (p<0.05)
by 119.41 % after metal treatment compared to control group.
TQ supplementation perfectly inhibited (p<0.05) (by
42.11 %) the liver LPO induced by Pb administration. In fact,
rats cotreated with Pb and TQ showed similar MDA level than
control animals (Fig. 4).

Histopathological changes

Light microscopic examination of the liver of control (Fig. 5a)
and TQ (Fig. 5b) groups showed normal hexagonadal or
pentagonadal lobules with central veins and peripheral hepatic
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Fig. 2 Effects of lead (Pb), thymoquinone (TQ), and their coexposure on
the liver Pb content in rats after five weeks. Values are expressed as mean
+SEM (n=38). *p<0.05 compared with control; #p <0.05 compared
with TQ (Student’s ¢ test)

triads or tetrads embedded in connective tissue. Hepatocytes
are arranged in strands running radially from the central vein
and are separated by sinusoids containing Kupffer cells. They
are regular and contain a large spheroidal nucleus. In contrast,
Pb exposure (Fig. 5d-i, and Table 3) induced marked liver
injury, among other, by hepatic strands disorganization, zonal
necrosis (N A), mononuclear cell infiltrations (L I),
centrilobular swelling (C S), and sinusoidal and centrilobular
congestions (Cg). The liver parenchyma also showed hepato-
cytes with cytoplasmic vacuolization (Vac), cytoplasm loss
(Ct L), and/or condensed nuclear chromatin (C Chr). In most
animals, the hypertrophy of hepatocytes remarkably reduced
the sinusoidal diameter. However, coadministration of TQ
prevented the degenerative changes induced by Pb in hepatic
structure. In fact, in Pb-TQ group (Fig. 5c and Table 3), we
noticed only the presence of mild hypertrophy and Ct L in the
hepatocytes of some animals.

Discussion

Exposure to Pb acetate for 5 weeks was not found to signifi-
cantly alter the body weight gain when compared with the
control group, indicating the absence of overt general toxicity
in rats. Similar results were also observed in rats by Anjum et
al. (2011) and Ng et al. (2013). In the present study, no signif-
icant change in the relative liver weight was observed in Pb-
treated animals. Similarly, Pb intoxication during pregnancy
and lactation did not show significant effect on absolute and
relative liver weights in rat’s pups (Mass6-Gonzalez and
Antonio-Garcia 2009). The same result was also found in
adult male rats receiving an aqueous solution containing
1500 ppm of Pb acetate for 70 days (Sainath et al. 2011).
Alabbassi et al. (2008) have detected a remarkable change in

Table 1 Effects of lead (Pb),
thymoquinone (TQ), and their

Control Pb Pb-TQ TQ

coexposure on relative liver
weight in rats after five weeks

Relative liver weight (g/100 g body weight)

4.08+0.13 3.97+0.07 4.09+0.1 4.13+0.11

Data represent mean + SEM (n=_8). No significant differences have been observed between the four groups of

animals
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Table 2 Effects of lead (Pb),

thymoquinne (TQ), and their Control TQ Pb Pb-TQ

coexposure on plasma

biochemical indicators of liver AST (U/L) 84.75+2.79 86+3.41 165.25+5.67*, ** 106.87£9.71%, ***

integrity in rats after five weeks ALT (U/L) 28.62+1.23 27.37+0.82 50.37 £2.69%, ** 34.12£2.01%, ** ok
ALP (U/L) 137.62+3.7 145.25+12.47 276.37+£9.09%, ** 163+ 10.12%, ***
v-GT (U/L) 7+0.46 6.37+£0.56 11.87£0.87*, ** 8.75£0.59%, ** ¥
LDH (U/L) 222.62+22.9 203+20.41 472.25+39.14%, ** 302.87 £28.46%, ** H**

Data represent mean + SEM (n=38)

AST aspartate aminotransferase, AL T alanine aminotransferase, ALP alkaline phosphatase, 7-G7 gamma-glutamyl
transferase, LDH lactate dehydrogenase

*p <0.05 compared with control; **p <0.05 compared with TQ; ***p <0.05 compared with Pb (Student’s ¢ test)

relative liver weight, but for a tissue Pb concentration much
higher than that found in our work.

Only one hour after intestinal absorption, Pb accumulates in
all the organs of the body with maximum concentration per gram
weight of tissue being recorded in liver and kidneys
(Gerhardsson et al. 1995; Roggeman et al. 2014), which could
be because these two organs are primarily responsible for its
excretion (Goyer and Cherian 1979). Another important factor
responsible for the privileged hepatic and renal Pb distribution is
the existence of high-affinity Pb-binding nonenzyme proteins
like calcium-sensing receptor, thymosin 34, acyl-CoA binding
protein, and metallothionein in the liver and the kidneys (ATSDR
Agency for Toxic Substances and Disease Registry
2005; Handlogten et al. 2000). In agreement with the
findings of Dewanjee et al. (2013) and Jovanovié¢ et al.
(2013), our investigation indicated a significant deposition of
Pb in liver of treated rats, which may target structure and
function of the organ.

Our results indicated that daily Pb treatment resulted in
evident liver structural changes. Previous investigators (Ait
Hamadouche et al. 2012; Aziz 2012) have noted similar or
more pronounced changes in rat liver tissue under Pb effect.

According to Adikwu et al. (2013) and Garcia-Nifio and
Pedraza-Chaverri (2014), Pb affects the liver primarily by ox-
idative damage especially LPO. Membrane LPO, via a free-
radical chain reaction, affects the membrane integrity,

il
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Fig.3 Effects of lead (Pb), thymoquinone (TQ), and their coexposure on
the liver total antioxidant status (TAS) in rats after five weeks. Values are
expressed as mean+ SEM (n=28). *p<0.05 compared with control;
#p<0.05 compared with TQ; p <0.05 compared with Pb (Student’s ¢
test)
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permeability, and function, finally leading to necrosis (Porter
et al. 1995). The rupture of lysosome membranes, following
an oxidative attack, leads to the release of hydrolysis enzymes
which will cause cell death (Fong et al. 1973). By modifying
the fatty acids composition of plasma and organelles mem-
branes, Pb increases the susceptibility of cells to LPO
(Donaldson and Knowles 1993). The reduction in the hepato-
cyte cytoplasmic content noted in treated rats is most probably
the consequence of membrane integrity loss.

Our results showed aggregation of mononuclear inflamma-
tory cells in the liver tissue after Pb treatment. It has been
shown that the Pb overproduction of ROS may induce an
inflammatory response characterized by the release of pro-
inflammatory cytokines (TNF-c, IL-1, IL-6) and the recruit-
ment of circulating immunocompetent cells in injured site
(Schreck and Bacuerle, 1991). In addition, tissue damage
and the LPO products induced an inflammatory response
(Attia et al. 2010).

It is known that Pb, through hydropic degeneration, can
lead to massive dilated mitochondria that appear as cytoplas-
mic vacuoles (Buchheim et al. 1998). Moreover, the hepato-
cyte vacuolation could be triglyceride inclusions, because Pb
was reported capable of disrupting lipid metabolism in rat
(Ademuyiwa et al. 2009). The hepatocyte hypertrophy noted
in our study could be explained by Pb-induced biochemical
changes (Columbano et al. 1983). Cells with condensed
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Fig. 4 Effects of lead (Pb), thymoquinone (TQ), and their coexposure on
the liver level of malondialdehyde (MDA) in rats after five weeks. Values
are expressed as mean+ SEM (n=28). *p <0.05 compared with control;
#p <0.05 compared with TQ; p <0.05 compared with Pb (Student’s ¢
test)
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Fig. 5 Impact of thymoquinone (TQ) supplementation on lead (Pb)-in-
duced changes in liver histology. Liver of a control (a, x400) and TQ (b,
x400)-treated rats, showing normal histological pattern, contained normal
hepatocyte architecture with distinct hepatic strands, sinusoids, and
centrilobular veins. Liver of Pb-treated rats (d—g, x400; h, i, x1000),
showing hepatic strands disorganization, sinusoidal and centrilobular
congestions, mononuclear cell infiltrations, necrotic foci, centrilobular
swelling, hypertrophied (marked by reduction of sinusoidal diameter)

chromatin could be at the beginning of apoptotic process
(Chattopadhyay and Wahi 2009).

In accordance with previous data (Azoz and Raafat 2012;
Ibrahim et al. 2012), our results indicated that Pb exposure
produced significant increase in the plasma activity of liver

and vacuolized hepatocytes, cytoplasm loss, and condensed nuclear chro-
matin. The liver of Pb and TQ-cotreated rats (¢, x400), showing almost
normal histological structure. Sections were stained with hematoxylin and
eosin. Ssinusoid, C V' centrilobular vein, K C Kupffer cell, Hp hepatocyte,
H Sr hepatic strands, C S centrilobular swelling, Cg congestion, N 4
necrotic area, L I leukocyte infiltrations, C Chr condensed chromatin,
Vac vacuolization, Ct L cytoplasm loss. The color image is available in
the online version of the article

enzymes ALT, AST, LDH, GGT, and PAL, indicating a dam-
aged structural and functional hepatic integrity.

The plasma elevation of liver enzymes level may be due to
Pb-induced hepatocellular damage which causes leakage of
these enzymes into blood circulation. Enzymatic leakage

Table 3  Effects of lead (Pb) and Pb plus thymoquinne (TQ) on incidence and severity of histopathological lesions in the rat’s liver after five weeks

Lesion Incidence and severity of histopathological lesions

Pb Pb-TQ

Normal (=) Mild (+) Moderate (++) Severe (+++) Normal (-) Mild (+) Moderate (++) Severe (+++)
Necrotic foci 2 3 3 0 8 0 0 0
Hepatic strands disorganization 1 2 5 0 8 0 0 0
Hypertrophied hepatocytes 1 2 3 2 6 2 0 0
Cytoplasmic vacuolization 1 1 4 2 8 0 0 0
Cytoplasmic loss 1 2 3 2 5 3 0 0
Chromatin condensation 2 4 2 0 8 0 0 0
Mononuclear cell infiltration 2 4 2 0 8 0 0 0
Congestions 4 2 2 0 8 0 0 0
Centrilobular swelling 4 2 2 0 8 0 0 0

Number of rats with lesions per total examined (eight rats per group)
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could be attributable to alteration of hepatocyte membrane
permeability after LPO mediated by Pb-overproduced free
radicals (Ashry etal. 2010; El-Sokkary et al. 2005). Cell mem-
brane LPO leads to various membrane damage (fluidity loss,
potential change, and permeability increase), which all lead to
a leakage of liver enzymes (Nehru and Anand 2005). The
competition of Pb with calcium (Kaminsky et al. 1993), a
mineral that is necessary for cell membrane integrity and sta-
bility, may also increase the hepatocyte membrane permeabil-
ity and thus resulting in release of hepatocyte enzymes into the
bloodstream. Necrosis and cytoplasmic loss observed
within the liver parenchyma of intoxicated rats, in the
present work, may explain at least in part the plasma
biochemical changes. Moreover, Pb-induced synthesis
increase or a catabolism decrease of liver enzymes can-
not be excluded (Nduka 1999).

TAS measurement has been used to evaluate the overall
performance of the antioxidant system. In the present work,
Pb treatment resulted in a decrease in the liver TAS level. Attri
et al. (2003) and Marchlewicz et al. (2007) have also reported
a decline in TAS after Pb exposure. It is known that Pb,
through inhibition of functional sulfhydryl groups (SH) by
irreversible binding, impairs both the enzymatic (mainly
SOD, GPX, and CAT) and nonenzymatic (primarily GSH)
antioxidant systems in the rat’s liver (Newairy and Abdou
2009; Sivaprasad et al. 2004), thus inducing tissue oxidative
stress.

LPO is oxidative degradation of lipid carried out solely by
free radicals. In the present investigation, LPO as measured by
the amount of MDA was significantly elevated in the liver of
Pb-treated rats. Jovanovi¢ et al. (2013) and Lakshmi et al.
(2013) reported the same finding in Pb-intoxicated rat’s liver.
An increased generation of highly ROS was observed in the
liver after Pb exposure (Liu et al. 2011, 2012). However, 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 indirectly through deple-
tion of cell’s antioxidant defense system (Gordon et al. 2002;
Patra et al. 2001) as evidenced, in the current study, by the
significant decline in the TAS level.

Our results show that Pb may destroy the antioxidant de-
fense system of the liver, which can cause an elevation of
oxidative status regarding the overproduction of ROS. 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 (Franco et al. 2009), which
resulted in liver injury. LPO occurs readily in the hepatocytes
due to the presence of membrane phospholipids rich in poly-
unsaturated highly oxidizable fatty acids. Peroxidative de-
composition of membrane lipids leads to structural and func-
tional liver damages.

Despite extensive research that is now focusing on herbal
products as an alternative medicine, no evidence has been
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reported in the literature regarding the role of TQ against Pb
liver toxicity. In the present study, cotreatment of Pb-exposed
rats with TQ on one side did not significantly affect the liver
Pb burden but, on the other side, improved the histopatholog-
ical changes, ameliorated the impaired hepatic function, en-
hanced the reduced TAS, and inhibited the elevated LPO level
in the liver.

Our results are consistent with literature data. Oral supple-
mentation of TQ (3% 15 mg/kg in an 18-h time interval)
lowers the liver injury scores, restores the elevated serum
ALT and AST activities, and corrects the stimulated hepatic
LPO in male rat treated with acetaminophen, one of the most
commonly used analgesic and antipyretic drugs (Aycan et al.
2014). Jaswal et al. (2013) assessed the therapeutic effect of
TQ (10, 20, and 40 mg/kg/day, 3 days/week, 8 weeks; per
orally) against anti-tuberculosis drug-induced liver damage.
The TQ supplementation ameliorated the structural damages,
normalized the high values of liver function serum biomarkers
(ALT, AST, ALP), inhibited the stimulated LPO, and en-
hanced the reduced antioxidant enzyme activities (SOD,
CAT). Also, Abdel-Wahab (2013) reported, under the TQ ef-
fect, a significant correction not only of hepatic LPO and
antioxidative status (SOD, GPX, CAT, GST, GSH) but also
of liver function serum parameters (AST, ALT, ALP, LDH) in
sodium fluoride-treated rats.

To our knowledge, TQ has not yet been investigated as a
metal chelator, because its chemical structure does not seem to
have this property. The beneficial effects of TQ, obtained in
the current work, are very likely due to its strong antioxidant
properties. The mechanisms of TQ antioxidant 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) reported that
TQ acts as strong ROS scavenger. Recent studies have dem-
onstrated that TQ supplementation increases the expression of
antioxidant genes of SOD, GPX, CAT, and GST in rat liver
(Ismail et al. 2010; Sayed-Ahmed et al. 2010). The direct
antioxidant effect of TQ may be related to its quinone struc-
ture. TQ, as a quinone, is known to undergo one or two elec-
tron reduction by cellular reductases (El-Najjar et al. 2010).
One electron reduction results in the formation of
semiquinones that are converted to ROS when reacting with
molecular oxygen (Monks and Jones 2002), while the two
electron reductions produce the antioxidant hydroquinones
by quinone reductase (Nagi and Almakki 2009). This obliga-
tory two electron reduction competes with the one electron
reduction of quinones and protects cells against oxidative
stress (Guo et al. 2008). Both TQ and dihydrothymoquinone
(DHTQ), a TQ metabolite, were found to be potent O, scav-
engers and as general free radical scavengers (Khalife and
Lupidi 2007). Interestingly, the in vitro antioxidant protection
by DHTQ may be greater than TQ at low concentrations less
than 1 uM (Nagi et al. 1999).
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Conclusions

Our study indicates that Pb, in its acetate form, damaged his-
tological structure, impaired function, inhibited endogenous
antioxidant defense system, and stimulated LPO in the rat
liver tissue. Besides, our results demonstrate, for the first time,
that TQ oral supplementation, at a safe dose, has remarkable
protective effect against Pb-induced hepatoxicity in rats. This
protection makes TQ as a promising agent in a variety of
conditions where cellular damage is a consequence of oxida-
tive stress. In the present work, TQ supplementation was
found to be ineffective in decreasing tissue Pb content; thus,
further studies exploring the combined effect of TQ with che-
lating agent on treating Pb poisoning are needed.
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