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Abstract The present study was performed to evaluate the
protective effect of selenium (Se) against penconazole
(PEN)-induced oxidative stress in the cardiac tissue of adult
rats. Male Wistar rats were divided into four groups of six
each. The first group represented the controls. For the second
group (PEN), no treatment was performed during the first
6 days, and then, the rats received intraperitoneally 67 mg/kg
body weight (bw) of PEN every 2 days from day 7 until day
15, the sacrifice day. For the third group (Se + PEN), Se was
administered daily through the diet at a dose of 0.5 mg/kg of
diet for 15 days. Rats of this group received also every 2 days
PEN (67 mg/kg bw) from day 7 until day 15. The fourth group
(Se) received daily, through the diet, Se (0.5 mg/Kg of diet)
during 15 days. Our results showed that Se reduced
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significantly the elevated cardiac levels of malondialdehyde
and protein carbonyl following PEN treatment, and attenuated
DNA fragmentation induced by this fungicide. In addition, Se
modulated the alterations of antioxidant status: enzymatic (su-
peroxide dismutase, glutathione peroxidase, and catalase) and
nonenzymatic (glutathione and vitamin C) antioxidants in the
heart of PEN-treated rats. This trace element was also able to
alleviate perturbations of lipid profile. The protective effect of
selenium was further evident through the histopathological
changes produced by PEN in the heart tissue. Taken together,
our results indicated that Se might be beneficial against PEN-
induced cardiac oxidative damage in rats.
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Abbreviations

AChE Acetylcholinesterase

Al Atherogenic index

Bw Body weight

CAT Catalase

DTNB 5,5'-dithiobis-2-nitrobenzoic acid
GPx Glutathione peroxidase

GSH Reduced glutathione

HDL-C  High-density lipoprotein cholesterol
LDL-C Low-density lipoprotein cholesterol
MDA Malondialdehyde

MRL Maximum residue limits

Na,SeO; Sodium selenite

PCO Protein carbonyl

PEN Penconazole

ROS Reactive oxygen species

Se Selenium

SOD Superoxide dismutase
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TBA Thiobarbituric acid
TC Total cholesterol
TG Triglyceride
Introduction

Selenium (Se), an essential biological trace element, has re-
ceived considerable attention as an important micronutrient
for human beings. It plays a key role in many biological pro-
cesses such as thyroid hormone production and immune re-
sponses [1]. Se is also known to have beneficial antioxidant
properties, protecting the organs and tissues from the harmful
effects of free radicals, like reactive oxygen species (ROS) [2],
thanks to its close localization in the active site of many anti-
oxidant enzymes like glutathione peroxidase (GPx). Foods are
the major natural source of this trace element. For example,
seafood, cereals, and meat products contain relatively high
levels of Se, while low levels are detected in milk, vegetables,
and fruits [3]. Nutritional deficiency of this component has
been linked with chronic degenerative diseases [4]. Due to
its antioxidant properties, Se has long been the focus of ob-
servational studies and interventional trials in many patho-
physiological conditions, including cardiovascular diseases
[5]. Zhong et al. [6] have suggested that Se levels may be
important in the heart function. In addition, previous studies
have confirmed the protective effect of Se against free-radical-
induced cardiac injury [7].

In this regard, the heart tissue is composed of postmitotic
cells using fatty acids as the preferred substrate for energy
production, which makes it more susceptible to oxidative
stress than other tissues [8]. The excessive production of
ROS in cardiac tissue may contribute to the development of
many cardiovascular diseases including atherosclerosis, hy-
pertension, heart failure, stroke, and diabetes [9]. An extensive
survey of available literature indicates that oxidative stress can
occur in the heart tissue following the exposure to many en-
vironmental pollutants and particularly pesticides [10].

Triazole fungicides represent one of the most important
classes of pesticides in agriculture. They have the excellent
protective and curative properties against a wide spectrum of
crop diseases [11]. These fungicides are designed to inhibit the
activity of lanosterol 14x-demethylase (CYP51), a key en-
zyme for ergosterol biosynthesis in fungi, causing membrane
dysfunction and disability to ensure substrate intake [12].
Triazoles are increasingly used in many countries, including
Tunisia. Penconazole (PEN) (1-(2,4-dichloro-f3-
propylphenethyl)-1 H-1,2,4-triazole) is considered as the ac-
tive substance of a systemic triazole fungicide commonly used
in horticultural, agricultural, and forestry industries for foliar
pathogen control [13]. Its fungitoxic effectiveness against ap-
ple scab and powdery mildew has been confirmed under lab-
oratory and field conditions [14]. PEN is normally sprayed
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directly onto plants and rapidly absorbed and distributed in-
side the leaves [15]. This fungicide has been shown as recal-
citrant to degradation and susceptible to accumulate in soils
[16]. Moreover, residual amounts above the maximum residue
limits (MRL) of PEN are detected in some crops [17]. Its
residues might affect the environmental safety and human
health. In a recent toxicological study, PEN has been found
to induce functional and structural testicular impairment in
male albino rats [18]. Additionally, this fungicide is associated
with endocrine disrupting mediated effects in T-47D cells,
suggesting a possible mode of action in thyroid carcinogenesis
[19].

To our knowledge, findings concerning the cardiotoxic ef-
fects of triazole fungicides remain scarce and appear to be
lacking for PEN-induced cardiotoxicity. Besides, the potential
ability of Se to attenuate toxicity of this fungicide in the heart
has not been previously investigated. Therefore, the present
study was carried out to determine the effects of PEN expo-
sure on the oxidant status in the cardiac tissue of adult rats and
to assess whether these effects could be ameliorated by Se
supplementation.

Materials and Methods
Chemicals

A commercial formulation of PEN, with trade name Topas®
(containing 100 g/L of the active ingredient PEN) and pro-
duced by Syngenta Company (Basel, Switzerland), was used
in the present study. Sodium selenite (Na,SeOs), reduced glu-
tathione (GSH), 5,5'-dithiobis-2-nitrobenzoic acid (DTNB),
and thiobarbituric acid (TBA) were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). All other chemicals
were of analytical grade and were purchased from standard
commercial suppliers.

Animals and Treatments

Adult male rats of Wistar strain weighing 250-270 g and
purchased from the Central Pharmacy (SIPHAT, Tunisia)
were used in the present study. They were housed in plastic
cages lined with husk and maintained under standard labora-
tory conditions (temperature 22 + 2 °C, relative humidity
40 %, and 12-h light/dark cycle). The animals were provided
ad libitum with a commercial standard pellet diet (SNA, Sfax,
Tunisia) and drinking water. All the experimental procedures
were performed according to the National Guidelines for An-
imal Care [20] and approved by the ethical Committee of Sfax
Faculty of Sciences.

The animals were randomly divided into four groups of six
rats each and treated as follows:
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Group | (control)—considered as negative controls

Group 2 (PEN)—no treatment was performed during the
first 6 days, then rats received intraperitoneally
67 mg/kg body weight (bw) of PEN every 2 days
from day 7 until day 15, the sacrifice day

Group 3 (Se + PEN)—rats received daily via diet Se (0.5 mg
Na,SeO3/kg of diet) for 15 days and received every
2 days intraperitoneally PEN (67 mg/kg bw) from
day 7 until day 15

Group 4 (Se)—considered as positive controls where rats
received daily via diet Se (0.5 mg Na,SeOs/kg of
diet) for 15 days

The PEN dose used in the present study (67 mg/kg bw,
equivalent to 1/30 LDs,) was selected on the basis of the
previous study of El-Sharkawy and El-Nisr [18]. These au-
thors have demonstrated that PEN doses of 50 and 100 mg/kg
bw induce structural and functional testicular impairment in
adult rats. Therefore, we have chosen an intermediate dose of
PEN which caused toxicity without lethality. A dose higher
than 67 mg/kg bw provoked hemorrhage and diarrhea.
Concerning Se, we have used in our experiment the dose
0.5 mg/kg of diet which was found to give high protection
against stress conditions in several tissues [21]. As reported by
Hotz et al. [22], lower doses of Se gave less protection while
higher doses were not much effective.

At the end of the treatment period (15 days), animals of the
different groups were sacrificed by cervical dislocation to
avoid stress provoked by anesthesia. Trunk blood samples
were collected into heparinized tubes. Plasma samples were
separated after centrifugation at 2200xg for 10 min, and they
were kept at —80 °C until biochemical analysis. The heart
tissues were dissected out and cleaned. Some portions were
rinsed and homogenized in an appropriate buffer (pH = 7.4).
The homogenates were centrifuged, and the resulting super-
natants were used for biochemical assays. Other heart tissue
portions were immediately removed, cleaned, fixed in 10 %
buffered formalin solution, and embedded in paraffin for his-
tological studies.

Biochemical Analysis

Protein Estimation

Total protein content in heart homogenates was determined
according to the Lowry et al. method [23], using bovine serum
albumin as standard.

Determination of Lipid Peroxidation

Lipid peroxidation in the heart tissue was estimated spectro-

photometrically by measuring malondialdehyde (MDA) ac-
cording to the method described by Draper and Hadley

(1990) [24]. The malonaldehyde values were expressed as
nanomoles of malondialdehyde/milligram protein.

Determination of Protein Carbonyl Content

Protein carbonyl (PCO) content in the heart tissue was mea-
sured by the method of Reznick and Packer [25]. Results were
expressed as nanomoles/milligram protein.

Estimation of Antioxidant Enzyme Activities

Catalase (CAT) activity was measured by using to the method
of Aebi [26] and was calculated in terms of micromole H,O,
consumed/minute/milligram of protein.

Superoxide dismutase (SOD) activity was determined as
described by Beauchamp and Fridovich [27]. SOD activity
was the amount of enzyme required to inhibit the reduction
of Nitroblue tetrazolium by 50 % and was expressed as
enzyme units/milligram protein.

GPx activity was estimated according to Flohe and Gunzler
[28]. The enzyme activity was expressed as nanomoles of
GSH oxidized/minute/milligram protein.

Determination of Nonenzymatic Antioxidant Levels

GSH Level The GSH content in the heart tissue was assayed
according to the method of Ellman [29] modified by Jollow
et al. (1974). Results were expressed as micromoles/gram
tissue.

Vitamin C Level The determination of vitamin C content in
the heart tissue was performed as described by Jacques-Silva
et al. [30], and results were expressed as micromoles/gram
tissue.

Plasma Lipid Profile Levels of plasma lipid parameters such
as total cholesterol (TC), triglyceride (TG), and high-density
lipoprotein cholesterol (HDL-C) were determined spectropho-
tometrically using commercially available diagnostic kits ac-
cording to the standard procedures (Biomaghreb, Tunisia, ref.
20111, 20131, 20113, respectively). The low-density lipopro-
tein cholesterol (LDL-C) level and the atherogenic index (Al)
were determined using the Friedewald equation [31]:

LDL-C = TC—(HDL-C + TG/5)
Al = (TC-HDL-C) /HDL-C

Determination of Heart Acetylcholinesterase Activity

Heart acetylcholinesterase (AChE) activity was determined
according to the method of Ellman et al. [32] using
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acetylcholine iodide as a substrate. Results were expressed as
micromoles/minute/milligram protein.

Qualitative DNA Fragmentation Assay by Agarose Gel
Electrophoresis

Genomic DNA was isolated from the heart tissue using
a commercial kit and electrophoresed on a 1 % agarose gel
stained with ethidium bromide (Pure Link Genomic DNA
Invitrogen ref. K 182001). The gel was then observed under
ultraviolet lamp and photographed.

Histological Studies

Some heart tissues were fixed in 10 % of buffered for-
malin solution and then processed using graded ethanol
series and embedded in paraffin. Sections of 3 pum
thickness were stained with hematoxylin-eosin for light
microscopic observation. Six slides were prepared from
each heart tissue. All sections were evaluated for the
degree of heart injury.

Statistical Analysis

The data were analyzed using the statistical package program
Stat view 5 Software for Windows (SAS Institute, Berkley,
CA). Statistical analysis was performed using one-way anal-
ysis of variance (ANOVA) followed by Fisher’s protected
least significant difference (PLSD) test as a post hoc test for
comparison between groups. Student unpaired # test was also
used when comparison between two groups was required. All
values were expressed as means = S.D. Differences were con-
sidered significant if p < 0.05.

Results
Estimation of Lipid Peroxidation

Our results revealed an increase of lipid peroxidation in
the heart of PEN-treated rats, as evidenced by the en-
hanced malondialdeyhde level in PEN group (+76 %)
when compared to controls. Se supplementation alleviated
lipid peroxidation without reaching normal values. In Se
group (positive controls), heart MDA content was not sig-
nificantly changed as compared to negative controls
(Table 1).

PCO Content

PCO levels in the heart were significantly elevated by 42 % in
PEN-treated rats, compared to those of controls. Treatment of
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PEN-exposed rats with Se restored the cardiac values of PCO
to near normal values when compared to PEN-treated rats
(Table 1).

Heart Antioxidant Status
Antioxidant Enzyme Activities

The activities of the cardiac antioxidant enzymes CAT, SOD,
and GPx in control and treated rats were illustrated in Fig. 1.
PEN treatment led to a significant increase in CAT, SOD, and
GPx activities by 62, 16, and 40 %, respectively, as compared
to controls. Supplementation of Se reduced significantly anti-
oxidant enzyme activities in the heart of Se + PEN group as
compared with PEN group.

Nonenzymatic Antioxidant Levels

Heart GSH and vitamin C levels decreased significantly (—10
and —67 %, respectively) following PEN treatment when com-
pared to controls. Supplementation of Se in the diet of PEN-
exposed rats increased significantly the cardiac levels of GSH
and vitamin C, as compared to those of PEN-treated group
(Table 1).

Lipid Profile in Plasma

The changes in the levels of plasma lipids in control
and experimental rats were shown in Table 2. No sig-
nificant variations in TC and HDL-C levels were ob-
served between control and PEN-treated rats. Neverthe-
less, compared to the control group, TG level decreased
by 58 % while LDL-C level increased by 12 % in PEN
group. Additionally, following PEN treatment, the Al as
well as the atherosclerotic indexes (TC/HDL-C and
LDL-C/HDL-C ratios) were enhanced significantly by
9, 7, and 11 %, respectively. These variations were
markedly improved following the supplementation of
Se via the diet of PEN-treated rats.

Heart AChE Activity

As shown in Fig. 2, rats treated with PEN provoked a
significant inhibition of heart AChE activity (—29 %),
when compared to controls. Supplementation of Se in
the diet of PEN-treated rats did not alleviate AChE
activity.

DNA Fragmentation
As shown in Fig. 3, a smear without ladder formation

was observed in the heart of PEN-treated rats, indicating
random DNA degradation. However, rats treated with Se
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Table 1 Malondialdehyde

(MDA), protein carbonyl (PCO), Parameters and treatments Control PEN Se + PEN Se

glutathione (GSH), and vitamin C

contents in the heart of control MDA (nmol/mg protein) 2.45+0.23 430 + 0.29%** 3.19 £ 0.26%*% 2.54 £0.25

and treated rats with PEN, Se, PCO (nmol/mg protein) 1.67 +0.07 237 + 0.16%** 1.73 £0.147 1.73 £ 0.04

?;jf‘;é’;r;“b‘“a“"“ GSH (umol/g tissue) 1.63+0.04 146+ 0.09%* 1.65 + 0.04™ 1.68 + 0.01%
Vitamin C (pmol/g tissue) 65.66 + 3.69 21.91 + 2.56%** 57.40 £ 6.61% 61.73 +£4.09

Values are means = SD for six rats in each group

*p <0.05, **p <0.01, ***p <0.001 (PEN, Se + PEN and Se groups vs. control group);

group vs PEN group)

and PEN showed a decreased DNA smearing as com-
pared to rats treated with PEN alone. No DNA damage
was observed in control or Se-treated groups.
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Fig. 1 Antioxidant enzyme activities CAT (a), SOD (b), and GPx (¢) in
the heart tissue of control and treated rats with PEN, Se, or their
combination (Se + PEN). Values are means = SD for six rats in each
group. PEN and Se + PEN versus control: "p < 0.05; “p < 0.01;

"p < 0.001. Se + PEN versus PEN: “p < 0.05; *p < 0.001

5 <0.001 (Se + PEN

Histopathological Findings

Histological assessment showed a normal structure of the
heart in controls (Fig. 4a). Exposure to PEN induced structural
changes in this tissue, characterized by cytoplasmic
vacuolization of cardiac muscle cells (Fig. 4b). The latter
was significantly decreased when Se was supplemented to
the diet of PEN-treated rats when compared with those treated
with PEN (Fig. 4c). In rats treated with Se alone, heart
histoarchitecture was normal (Fig. 4d).

Discussion

Nowadays, the extensive use of triazole pesticide derivatives
in agriculture emphasizes the need to investigate their poten-
tial hazardous effects on human health. Exposure to these
fungicides was associated with a variety of toxicological out-
comes in mammals, including thyroid tumors [33], mutage-
nicity [34], neurotoxicity [35], carcinogenicity, reproductive
toxicity, and hepatotoxicity [36, 37]. Unfortunately, very little
is known about the effects of these fungicides on the cardio-
vascular system. Research in this field has been limited to
in vitro studies where, for example, the triazole fungicides
prochloraz and miconazole have been reported to exert
cardiotoxic effects [38, 39]. In this context, PEN is a typical
triazole fungicide commonly used in Tunisia, whose
cardiotoxicity has not been investigated yet. On the other
hand, the trace element Se has been recognized for its
cardioprotective effect. In the present study, we demonstrated
for the first time that treatment with PEN induced in vivo
oxidative stress in the heart of adult rats. Moreover, we
showed that Se could play a positive role in mitigating PEN-
induced cardiotoxicity and cell damage.

Recently, data indicate that toxic action of pesticides may
include the induction of oxidative stress and the accumulation
of oxygen free radicals, more generally known as ROS, in the
cell. In this regard, it is worth mentioning that oxidative stress
may be a major cause of myocardial cell injury. One of the
main manifestations of cellular oxidative damage is lipid
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Table 2 Lipid profile (total

cholesterol (TC), triglyceride Parameters and treatments Controls PEN Se + PEN Se

(TG), high-density lipoprotein

cholesterol (HDL_C), low-density TC (mmol/L) 1.59 £ 0.10 1.57+0.13 1.56 £ 0.07 1.67 = 0.04
lipoprotein cholesterol (LDL-C)), TG (mmol/L) 0.99 + 0.08 0.40 + 0.06%** 0.63 =+ 0.09%** 1.27 + 0.04%*%*
atherosclerotic indexes HDL-C (mmol/L) 0234002 02400l 027 + 0.01%*+ ™ 028 + 0.03%*
(TC/HDL-C and LDL-C/HDL-C) . .

and atherogenic index (AI) in LDL-C (mmol/L) 1.16 £0.10 130 £0.10 1.16 £ 0.08 1.12 £ 0.06
plasma of control and treated TC/HDL-C 6.44+023  6.87+033* 5.74 £ 0.42%% 7 5.76 + 0.44%*
rats with penconazole (PEN), LDL-C/HDL-C 499 +£0.60  553+£036%%*  428+044"" 4.06 + 0.65*
selenium (Se), or Al 5424022 593 +0.31%* 474 + 04255 4776 + 0.44%*

their combination

(Se + PEN)

Values are means + SD for six rats in each group

*p<0.05, ¥*p <0.01, ***p <0.001 (PEN, Se + PEN and Se groups vs. control group); ™ p <0.05, ™ p <0.001

(Se + PEN group vs PEN group)

peroxidation. This process is initiated by the hydroxyl free
radical through the extraction of hydrogen atom from polyun-
saturated fatty acids of membrane phospholipids [40]. In the
heart tissue, it plays an important role in myocardial mem-
brane damage and accumulation of lipid hydroperoxides
[41]. The results of the present study showed that the level
of lipid peroxidation end product, MDA, was significantly
increased in the heart of PEN-treated rats. This suggested the
participation of free-radical-induced oxidative cell injury in
mitigating PEN toxicity. Moreover, PEN is the most lipophilic
triazole fungicide. So, it is supposed that this fungicide may
bind extensively to myocardial membrane and cause damage
by inducing lipid peroxidation. Similarly, other pesticides like
diazinon are found to enhance lipid peroxidation in the heart
of adult rats leading to an increase of free radical formation
[42]. Meanwhile, Se supplementation to the diet of PEN-
treated rats showed a protective role by reducing MDA levels,
reflecting its anti-lipid peroxidative effect. Indeed, Se has been
reported to be a protector against lipid peroxidation and useful
in the management of myocardial injury [43]. Hence, this
trace element prevents oxidative damage of heart membrane
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Fig. 2 AChE activity in the heart of control and treated rats with PEN,
Se, or their combination (Se + PEN). Values are means = SD for six rats in
each group. PEN and Se + PEN versus control: **p < 0.001

@ Springer

through a free-radical-scavenging mechanism, leading to the
protection of tissues integrity and function.

Cellular proteins are also believed to be the target of ROS,
giving rise to carbonyl group formation into side chains and/or
to sulfhydryl groups’ reduction in susceptible amino acids
[44]. Moreover, the formation of PCO derivatives was found
to be associated with pathological conditions, including car-
diovascular diseases [45]. In our study, ROS, probably gener-
ated as a result of PEN treatment, induced a rise in the cardiac
level of PCO products, biomarkers of protein oxidative dam-
age. The accumulation of oxidized proteins might impair
myocardial cell function. The occurrence of protein oxidative
damage in the heart tissue of experimental rats has been re-
ported following exposure to the insecticide dimethoate, an
organophosphorus compound [46]. Interestingly, when the
diet of PEN-treated rats was supplemented by Se, the cardiac
levels of PCO were restored to near-normal values. This find-
ing could be explained by the ability of Se to counteract free
radicals and protect the structure and function of proteins
against oxidative injury as reported by Yuan and Tang [47]
in chicken treated by lead.

In addition to cellular lipid and protein oxidation, it is well
established that DNA may also be affected by free radical

Fig. 3 Agarose gel electrophoresis of DNA in the heart of adult rats. M
marker, lane 1 controls, lane 2 PEN, lane 3 Se + PEN, lane 4 Se
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Fig. 4 Heart histological sections
of control (a) and treated rats with
PEN (b), Se + PEN (c), and Se
(d). Optic microscopy: HE
(x400). The arrows indicate
cytoplasmic vacuolization of
cardiac muscle cells (b, ¢)

accumulation, giving rise to mutations and/or cell death [48].
In the literature reports, there is no evidence that PEN could
exert genotoxic effects [49]. Yet, in the present study, PEN
exposure induced DNA fragmentation in the heart of adult
rats which was evidenced by the appearance on agarose gel
of a DNA smear, a necrosis hallmark. It is well established that
the biotransformation of many xenobiotics, including pesti-
cides, often results in the production of reactive intermediates
such as ROS, which are highly toxic causing DNA oxidative
damage [50]. Moreover, several reactive mutagenic and
genotoxic products of lipid peroxidation, such as MDA, have
been identified to bind to DNA leading to its damage [51].
Thus, it is possible that the observed DNA fragmentation in
the heart of PEN-treated rats could be due to ROS generated
by fungicide metabolites, which could interact with DNA. Our
findings were in accordance with those reported by other au-
thors who have demonstrated that fungicide exposure induces
genotoxicity [52]. Nevertheless, supplementation with Se was
found to be effective in reducing DNA smearing effects in-
duced by PEN. The beneficial effect of Se in terms of its DNA
damage-reducing capacity is well known in mammalian stud-
ies [53]. According to Kara et al. [54], the mechanism of Se
chemoprotection may be related to its antioxidant properties.

The myocardium has a set of antioxidant defense to prevent
free radical formation and to limit their damaging effects. An-
tioxidant enzymes are considered to be the first line of cell
defense that prevents cellular ingredients from oxidative dam-
age. Among them, SOD catalyzes the conversion of superox-
ide radicals to hydrogen peroxide, which is subsequently con-
verted to water by CAT and GPx. Toxic oxygen species are,
thereby, converted into less harmful products. In the present
study, the myocardial SOD, CAT, and GPx activities increased
significantly in PEN-treated rats, which might reflect an adap-
tive mechanism of the antioxidative defense system. Similar

results have been reported in the cardiac tissue of rats exposed
to other pesticides like lindane, an organochloride compound
[55]. Yet, supplementation of Se to the diet of PEN-treated rats
caused a significant decrease in SOD, CAT, and GPx activi-
ties, thus emphasizing its action as an antioxidant. Likewise,
Ben Amara et al. [46] have demonstrated Se efficiency in
reducing the cardiac activities increase of these antioxidant
enzymes produced after dimethoate treatment.

In addition, nonenzymatic antioxidants such as GSH and
vitamin C constitute a second line of cellular defense against
free radicals. GSH is the most abundant non protein thiol in
the cell which is considered to be the major cellular redox
buffer. This tripeptide is involved in the removal of ROS
and the maintenance of membrane protein thiols, and it serves
as a substrate for GPx and glutathione S-transferase [56]. Ad-
ditionally, its positive role in counteracting cardiotoxicity has
been reported [57]. Regarding vitamin C, it is the most impor-
tant antioxidant present in the hydrophilic compartment. It
acts by direct scavenging of singlet oxygen, superoxide, and
hydroxyl radicals. Moreover, it reduces the risk of cardiovas-
cular diseases [58]. Under our experimental conditions, the
depleted level of cardiac GSH following PEN treatment
depicted probably the increased utilization of this biomolecule
for the detoxification process. According to Hill and Singal
[59] and Li et al. [60], cardiac GSH depletion occurs during
oxidative stress and leads to cell function impairment due to
the disturbed redox status in the heart. Another pesticide, the
lindane, has been reported to decrease the level of GSH in
cardiac tissues of rats [55]. Our results showed also a signifi-
cant decrease in the cardiac level of vitamin C as a result of
PEN exposure. Such finding could be due to the depletion of
GSH since it is directly involved in recycling vitamin C [61].
With Se supply, the cardiac levels of GSH and vitamin C were
significantly enhanced. This finding could be explained by the
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important role of Se in the metabolism of GSH, as reported
earlier [62]. So, in the heart of PEN-treated rats, GSH concen-
tration increased and antioxidant/prooxidant balance was
improved.

To get a better evaluation of PEN effects on the cardiac
function, it was necessary to examine plasma lipid profile.
Results from the present study showed that PEN treatment
did not affect plasma levels of TC and HDL-C. However,
the plasma level of TG decreased significantly while that of
LDL-C increased in PEN-treated rats, when compared to con-
trol rats. Moreover, our data demonstrated that PEN exposure
increased the Al as well as the atherosclerotic indexes (LDL-
C/HDL-C and TC/HDL-C ratios) which are the pertinent in-
dices of the incidence of cardiovascular diseases. These
changes in lipid concentrations indicated that PEN might alter
lipid metabolism and contribute to the development of
cardiac-related disorders. Our results showed that administra-
tion of Se through the diet of PEN-treated rats was able to act
against the perturbation in plasma lipid profile induced by
PEN. This indicated the important role of this trace element
in maintaining tissue and cell integrity and function. The pro-
tective effect of Se could be attributed to its own antioxidant
activity and cellular antioxidant enzyme improvement [63].

Another biochemical marker used in the present study to
assess heart function is AChE. This enzyme is an important
component of the heart’s cholinergic system known to regu-
late the cardiac parasympathetic responses via controlling ace-
tylcholine levels [64]. Indeed, AChE rapidly catalyzes acetyl-
choline hydrolysis, thereby terminating its signaling action at
the cholinergic neuroeffector junctions of the heart [65]. Pre-
vious studies suggest that free radical formation could be in-
volved in AChE inhibition [66]. The results of the present
study showed that PEN was able to reduce significantly AChE
activity in rat heart tissue. The present inhibition of AChE
activity may be related to the state of oxidative stress induced
by PEN in the heart of adult rats. In line with this, the inhibi-
tion of blood AChE activity from cattle by tebuconazole-
based fungicides has been described previously by
Kolesarova et al. [67]. Even though Se has a well-
established antioxidant role in living organisms [68], it failed
to mitigate PEN-induced AChE inhibition, under our experi-
mental conditions.

These biochemical perturbations were associated with his-
tological alterations. In fact, examination of the heart
histoarchitecture revealed that PEN treatment caused structur-
al damage characterized by cytoplasmic vacuolization in car-
diac muscle cells, a stage known to precede necrosis. This
might result from an increased ROS generation in the heart
tissue. Similar results have been observed in the heart of rats
exposed to the organophosphorus insecticide, the chlorpyrifos
[69]. Milder histopathological changes were shown when Se
was supplemented to the diet of PEN-treated rats. So, it might
be suggested that this trace element alleviated PEN-induced
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cardiac damage. In fact, Se is involved in function of GPx
which protects membrane lipids against the oxidative damage
generated by peroxides [70].

Conclusion

Taken together, our results revealed that PEN induced a state
of oxidative stress in the heart of adult rats as evidenced by the
increased lipid peroxidation, PCO formation, and the altered
enzymatic and nonenzymatic antioxidant status. PEN expo-
sure was found also to inhibit the cardiac AChE activity and to
alter the metabolism of lipid. The toxic effects of PEN oc-
curred probably through free radical generation, causing dam-
age to various cardiomyocyte components. Diet supplementa-
tion with Se was quite effective in reducing PEN-induced
cardiac disturbances due to its antioxidant properties. Our re-
sults reflected that Se could be used as an effective supplement
in the appropriate management of PEN toxicity.
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