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Abstract: The environmental persistence and bioaccumulation of herbicide atrazine may pose a significant threat
to human health. In this experiment, Wistar rats were treated by 5, 25 and 125 mgkg? atrazine respectively for
28 days, and the oxidative stress responses as well as the activations of Nrf2 signaling pathway in ovarian tissues
induced by atrazine were observed. The results showed that after be treated by atrazine, the proportion of atretic
follicles in the rat ovary were increased, the contents of NO and MDA in the tissue homogenates were increased,
the over-expressed Nrf2 transferred into the nuclei and played an antioxidant role by up-regulated the expression
of Il phase detoxifying enzymes such as HO1 and NQO1 and the expression of antioxidant enzymes such as CAT,

SOD and GSH-PX.
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Introduction

Atrazine (2-chloro-4-(ethylamine)-6-(isopropyla-
mine)-s-triazine, ATR) is an s-triazine herbicide
inhibiting photosystem |l that has been used
extensively worldwide to control pre- and post-
emergence broadleaved and grassy weeds in
major crops such as maize (Zea mays), sor-
ghum (Sorghum spp.), and sugarcane (Sac-
charum officinarum) [1]. It is persistent in
groundwater and both the herbicide and its
main metabolites (deethylatrazine and deiso-
propylatrazine) are often detected in water
resources at concentrations exceeding the EU
regulation limit (0.1 pgl?). In addition, several
studies revealed that atrazine had toxicological
impact on non-target species, such as amphib-
ians and could act as an endocrine disruptor.
As a result, use of atrazine has recently been
banned in the European Union.

Several studies reported that ATR decreases
tissue DA levels by interfering with the vesicular
storage and/or cellular uptake of DA [2, 3].
Perinatal exposure to atrazine could produce
subtle functional alterations, which mainly

related with neurodevelopmental disorder
affecting the social domain and the emotional/
affective repertoire [4]. ATR and two of its
metabolites, DIP and DE, but not its major mam-
malian metabolite, DACT, can decrease striatal
DA levels by increasing cytosolic DA, which is
prone to oxidative breakdown [5]. ATR is capa-
ble of inducing splenocytic apoptosis mediated
by the Fas/FasL pathway in mice [6]. Findings
from in vitro assays indicate that atrazine expo-
sure interfered with the phenotypic and func-
tional maturation of DC at non-cytotoxic con-
centrations [7]. Besides, ATR exposure appears
to be detrimental to the immune system of juve-
nile mice by decreasing cellularity and affecting
lymphocyte distribution [8]. Atrazine significant-
ly decreases the clonogenicity of myeloid cells.
In females, the percentage of (colony-forming
unit-granulocyte/macrophage, CFU-GM) CFU-
GM significantly decreased after atrazine expo-
sure [9]. In vitro indicated that atrazine acted as
a competitive inhibitor of cyclic nucleotide
phosphodiesterases (PDEs) derived from bo-
vine hearts, leading to diminished conversion of
CcAMP to 5’-AMP, resulting in the inhibition of
Prolactin and thyroid hormones and promotion
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of endogenous ovarian hormones [10-12]. It
has been reported that atrazine exerts an estro-
gen-like activity in ovarian cancer cells through
G protein-coupled receptor 30, and this pro-
cess requires transactivation of the epidermal
growth factor receptor transduction pathway
and the involvement of estrogen receptor alpha
[13-15]. It has also been suggested that atra-
zine elicits estrogen action by up-regulating aro-
matase activity in human adrenocortical carci-
noma H295R cells [16]. Atrazine could induce
the overproduction of active oxygen. Bhatti
reported that oral administration of atrazine
and melatonin was given daily for 21 days. A
significant increase in the MDA levels and
decrease in the GSH was observed in the atra-
zine treated animals. Also, significant increase
in the activities of SOD, CAT, GPx, and GST were
observed in atrazine treated group compared
to controls [17]. Adesiyan reported that atra-
zine could induce toxicity in the liver and repro-
ductive system of rats, with the increase of
MDA anabolism and the decrease of SOD
catabolism in liver and Testis [18].

Nuclear factor-erythroid 2-related factors 2
(Nrf2) plays a vital role in maintaining cellular
homeostasis, especially upon the exposure of
cells to chemical or oxidative stress, through its
ability to regulate the basal and inducible
expression of a multitude of antioxidant pro-
teins, detoxification enzymes and xenobiotic
transporters [19]. Nrf2 activity may contribute
to the maintenance of cellular homeostasis
[20]. However, there is no report about Nrf2
regulation in the oxidation of atrazine. Here, to
explore the effects and mechanism of Nrf2 in
the oxidation of ovary cause by atrazine, we
observed the oxidative effect of atrazine to rat’s
ovary after 28 days treatment of atrazine in dif-
ferent dosage. Furthermore, we highlight key
knowledge gaps in this important field of biolo-
gy, and suggest how these may be addressed
experimentally.

Materials and methods
Chemicals and reagents

Atrazine (2-chloro-4-ethylamino-6-isopropylami-
no-s-triazine, ATR, 99% purity) and SDS, TEMED,
Acrylamide, N,N-Dimethyl-bis-acrylamide, DTT
and PMSF were obtained from Sigma Chemical
Company (USA). ATR solutions (0.5 mg/ml, 2.5
mg/ml and 12.5 mg/ml) were prepared by dis-
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solving ATR in corn oil. All the solutions were
kept at 4°C for a maximum of 1 week. NO,
MDA, SOD, CAT and GSH-PX detection kits were
purchased from Nanjing Jiancheng Co. RabMab,
Nrf2, Keapl, HO1 and NOQ1 Monoclonal anti-
body were acquired from Proteintech Group
USA. Horseradish peroxidase labeled goat anti-
rabbit IgG and ECL luminescent kit were pro-
duction of Promega. RPMI 1640 and fetal calf
serum were purchased from Gibco laboratorie
(USA).

Animals and treatment

Four-week-old pathogen-free female Wistar
rats were purchased from the Experimental
Animal Center of Norman Bethune Medical
College, Jilin University (Changchun, China),
and the animal study was conducted following
internationally recognized guidelines and was
approved by the Animal Research Committee of
Norman Bethune College of Medicine, lJilin
University. The animals were housed in a tem-
perature and humidity controlled environment,
and were provided with standard laboratory
diet and drinking water. Thirty-two animals
were randomly divided into four groups by body
weight (8/group), and were treated by a daily
gavage of 0, 5, 25 and 125 mgkg* atrazine for
28 consecutive days. Animal weights were
measured at 4-day intervals. The ovaries were
removed from each rat after the last exposure
to atrazine.

Pathological examination

Sections of the ovary of sacrificed rat treated
with different doses atrazine were fixed in 10%
buffered formaldehyde, embedded in paraffin,
and then sectioned in 4-uym-thick. The sections
were then stained routinely with hematoxylin-
eosin for histological assessment.

Detection of contents of NO, MDA and the
activity of SOD, CAT, GSH-PX

A 10% homogenate of the ovarian tissue was
prepared in 1 ml PBS buffer containing 100 mg
tissue, and kept in -20°C. Protein content was
estimated by the method of Bradford [21]. The
contents of NO, MDA and the activities of SOD,
CAT, GSH-PX were determined as described in
the detection kits instruction.

Immunohistochemistry

After deparaffinization (target retrieval by auto-
claving in citrate buffer) and incubation in 0.3%
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Figure 1. The body weight of rats treated by atrazine.
Significant difference in body weight of the rats in the
125 mgkg! ATR group was detected from the 8" day
until the end of the experiment. *, p<0.05 vs. control
group.

H,0, for 30 min and normal serum, ovary sec-
tions were incubated at room temperature with
primary antibody at a dilution of 1:50 at 4 °C for
1 hour, followed by incubation with biotinylated
secondary antibody for 20 min and the stre-
ptavidin-biotin peroxidase complex (sABC) for
20 min. Subsequently, 3,3’-diaminobenzidine
(DAB) was applied as a chromogen. The sec-
tions were finally counterstained with hematox-
ylin and following rinsing in deionized water,
and were immersed in ammonia blue for 2 min.
The slides were dehydrated and mounted with
Permount. In the pictures, the brown particles
are Nrf2 protein, and the blue-stained particles
are nucleus.

Western blot

Ovaries from the rats were homogenized in ice-
cold SET buffer (0.25 M sucrose, 5 mM EDTA,
20 mM Tris base, pH 7.4). Tissue samples were
separated by SDS-PAGE (12% polyacrylamide
resolving gel) and transferred to a PVDF mem-
brane. Membranes were blocked with 3% BSA,
and then were incubated with primary antibody
and secondary antibody. All membranes were
visualized using ECL and exposure to ECL
Hyperfilm. Densitometric analysis of the film
was performed using a Model GS-710 imaging
densitometer in transmittance mode and ana-
lyzed using Bio-Rad Discovery software.

Statistical analysis
Data were analyzed using the Statistical
Package for the Social Sciences (SPSS) V-10

statistical software. The means and standard
deviations (SD) were calculated for each mark-
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er. Multiple comparisons between groups were
done by means of Two-way ANOVA. P<0.05 was
considered statistically.

Results
General state and body weight

All animals survived until the end of the study.
There were no overt changes in appearance,
diet and behavior. The body weights were mea-
sured over 4-day intervals to draw a body weight
curve. Significant difference in body weight
(Figure 1) of the rats in the 125 mgkg?! ATR
group was detected from the 8" day until the
end of the experiment.

Proportion of ovarian atretic follicles

To evaluate whether exposure to atrazine would
elicit changes in the ovarian tissue, the sec-
tions of ovarian tissue were stained with hema-
toxylin-eosin for histological assessment. Pro-
portion of Ovarian atresia was significantly
increased in a dose-dependent manner in the
atrazine treated animals (Figure 2).

Contents of NO and MDA

Data from NO and MDA detection in ovarian tis-
sue homogenate are presented in Figure 3. The
contents of NO and MDA were significantly
increased in ovary homogenate in 25 and 125
mgkg?! atrazine treated rats, which indicated
that oxidative stress was occurred in the ovari-
an tissues (p<0.05) (Figure 3).

Expression of Nrf2 and Keapl

To further explore the effects of oxidant stress
on Nrf2 pathway in atrazine treated rats, we
estimated the contents of Nrf2 and Keapl in
ovarian tissue by western blot. Our findings
showed that the expression of Nrf2 was signifi-
cantly increased in a dose-dependent manner
in all atrazine treated groups (p<0.05, p<0.01).
The expression of Keapl was increased in 5
mgkg?! atrazine treated rats, while a dose-relat-
ed decrease of Keapl content was presented
with the increase of atrazine dose. The con-
tents of Keapl in 125 mgkg? atrazine treated
rats were significantly decreased compared
with those of the control group (p<0.05) (Figure
4).
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Figure 2. The HE staining of ovarian tissues. Proportion of Ovarian atresia was significantly increased in a dose-
dependent manner in the atrazine treated animals.

MDA NO

200+ h . *
« 1501 T
=4 B 41
& s
E 1001 %
©° £ 2-
E 501

0- -
0 5 25 125 mg/kg 0 5 25 125 mg/kg
Atrazine Atrazine

Figure 3. The levels of MDA and NO in ovarian tissues. The contents of NO and MDA were significantly increased in
ovary homogenate in 25 and 125 mgkg? atrazine treated rats, which indicated that oxidative stress was occurred
in the ovarian tissues (p<0.05). *, p<0.05 vs. control group; **, p<0.01 vs. control group.

Translocation of Nrf2 to the nucleus its biological function, we used Immunohis-

tochemistry to determine the effect of atrazine
on the intercellular localization of Nrf2 in rat. As
was shown in Figure 5, there was a significant

To investigate whether the up-regulated Nrf2
can translocate to the nucleus and thus exerts
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Figure 4. The expressions of Nrf2 and Keapl in ovarian tissues. The
expression of Nrf2 was significantly increased in a dose-dependent
manner in all atrazine treated groups (p<0.05, p<0.01). The contents
of Keapl in 5 mgkg?* atrazine treated rats were significantly increased,
while which in 125 mgkg?! atrazine treated rats were significantly de-
creased compared with those of the control group (p<0.05). *, p<0.05

Discussion

Atrazine is one of the most widely
used and commonly detected her-
bicides in the world, its biological
toxicity has received a great deal
of concern by academic investiga-
tors. In this study, 4-week Wistar
rats were given atrazine by gavage
for 28 days, at daily dosages of O
(control), 5, 25 and 125 mgkg™.
The body weights were significant-
ly slow down at 125 mgkg?! from
the 8" day to the end compared
with the control. Ovaries were
fixed and stained with hematoxylin
and eosin for histological exami-
nation on the 29" day. The results
showed that the proportion of pri-
mary follicles was significantly
reduced, while the proportion of
ovarian atresia was significantly
increased in a dose-dependent
manner in the atrazine treated

vs. control group; **, p<0.01 vs. control group.

increase of positive expression of Nrf2 in atra-
zine treated ovary cell nucleus, which indicated
that Nrf2 was activated and transferred into
nucleus.

Expression of phase Il detoxification enzymes

Western blot assays were performed to deter-
mine the effect of Nrf2 activation on the expres-
sion of Phase Il Detoxification enzyme, which
include HO1 and NQO1. The expression of HO1
and NQO1 were significantly up-regulated in 5
mgkg?! atrazine treated group compared with
those of the control. The contents then
decreased with the increase of atrazine dose.
The expression of HO1 was significantly
decreased in 125 mgkg?! atrazine treated rats
compared with that of the control (Figure 6).

Activities of SOD, CAT and GSH-PX

To further explore the effect of Nrf2 activation
on Antioxidant enzymes, the activities of SOD,
CAT and GSH-PX was determined. As is shown
in Figure 7, the activities of SOD and GSH-PX of
125 mgkg? group were increased and the
activities of CAT was decreased significantly
compared with those of control group (p<0.05).
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animals.

Oxidative tissue damage was reported as one
of the early mechanism of adverse effects of
exogenous compounds. The accumulation of
reactive oxygen species (ROS), including O,
H202, OH, NO and ONOO-, are the evidence that
body is in oxidative stress status [22].
Malondialdehyde (MDA) is considered a pre-
sumptive biomarker of the involvement of free
radical damage in living organisms.
Determination of MDA levels is still the most
commonly applied assay for lipid peroxidation
in biomedical sciences [23]. To further investi-
gate the effect of atrazine on ovary, our study
detected the NO and MDA in ovary homogenous
and found that level of MDA and NO were
upregulated in ovarian tissue, which indicated
that atrazine could induce the overproduction
of active oxygen in ovarian tissue.

Oxidative stress depicts the existence of free
radicals and reactive oxygen species, which are
formed in normal physiology but become dele-
terious when not being quenched by a cascade
of antioxidants systems. This can result in an
imbalance between the generation of ROS and
the antioxidant defense capacity of the body.
ROS oxidize various types of biomolecules,
finally leading to cellular lesions by damaging

Int J Clin Exp Pathol 2014:7(6):2780-2789
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Figure 5. The intracellular location of Nrf2 in ovarian tissues. There was a significant increase of positive expression

of Nrf2 in atrazine treated ovary cell nucleus.
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Figure 6. The expres-
sion of HO1 and NQO1
in ovarian tissues. The
expression of HO1
and NQO1 were sig-
nificantly up-regulated
in 5mgkg! atrazine
treated group com-
pared with those of
the control. The con-
tents then decreased
with the increase of
atrazine dose. The ex-
pression of HO1 was
significantly decreased
in 125 mgkg?! atrazine
treated rats compared
with that of the control.
*, p<0.05 vs. control
group; **, p<0.01 vs.
control group.

DNA or stimulating
apoptosis for cell de-
ath. Oxidative stress
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Figure 7. The activity of CAT, SOD and GSH-PX in ovarian tissues. The activities of SOD and GSH-PX of 125 mgkg*
group were increased and the activities of CAT was decreased significantly compared with those of control group

(p<0.05).

as intracellular signaling molecules also acti-
vate several signaling pathways to regulate cell
responses.

Nrf2 is a redox-sensitive transcription factor
that regulates the expression of phase Il anti
oxidant genes and confers cytoprotection
against oxidative stress [19]. In unstressed
cells Nrf2 is sequestered by its inhibitor, Keap1,
that promotes rapid proteasome-mediated deg-
radation via a Cul3 based E3 ubiquitin ligase
complex [24-27]. The half-period is about
10~40 min [28, 29]. However, in response to
oxidative stress, Nrf2 is stabilized by dissociat-
ing from Keapl, and binds to cis-elements
called antioxidant response elements (ARE) as
a heterodimer with other members of the basic
leucine zipper protein family, such as Maf or
Jun [30]. Our study estimated the contents of
Nrf2 and Keapl in ovarian tissue by western
blot, and found that the expression of Nrf2 was
significantly increased in a dose-dependent
manner in all atrazine treated groups (p<0.05,
p<0.01). The expression of Keapl was
increased in 5 mgkg?! atrazine treated rats,
while a dose-related decrease of Keapl con-
tent was presented with the increase of atra-
zine dose. The contents of Keapl in 125
mgkg?! atrazine treated rats were significantly
decreased compared with those of the control
group. The data suggested that low dose atra-
zine could induce excessive pro-oxidant sub-
stances in ovarian tissue. The expression of
Nrf2 was upregulated to exert the cytoprotec-
tive effect against oxidative stress. The expres-
sion of Keapl was also increased to combine
with increased Nrf2 in the tissue. However, with
the increase of pro-oxidant substances in the
tissue, the expression of Nrf2 was further
upregulated whereas the expression of Keapl
was down-regulated, thus the Nrf2 could trans-
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located into nucleus to exert its transcription
function. To further verify this hypothesis, we
detected the location of Nrf2 in ovarian tissue
by immunohistochemistry, and found that 25
mgkgt and 125 mgkg* atrazine could promote
the translocation of Nrf2 into nucleus. These
results indicated that Nrf2 might play an impor-
tant role in the cytoprotective mechanism
against oxidative damage induced by atrazine.

As with other members of the cap ‘n’ collar
(CNC) family of transcription factors, Nrf2 con-
tains a C-terminal basic leucine zipper (bZip)
structure that facilitates dimerization and DNA
binding [31]. During oxidative stress, Keapl is
inactivated by modification of its highly reactive
cyestein residues and disassociated with Nrf2,
which then undergoes nuclear translocation,
binds in heterodimeric combinations with mem-
bers of the small Maf family of nuclear factors,
to the 5’-upstream AREs [32, 33], and detoxify
genes, such as Glutathione S-transferase
(GST), NAD(P)H: quinone oxidoreductase |
(NQOI), hemeoxygenase 1 (HO1), Catalase
(CAT), Superoxide Dismutase (SOD), Sulfiredoxin
(SRX), Glutathione peroxidase (GSH-PX) and
y-glutamylcysteine synthetase (y-GCS), and
thus modulates their expressions [34, 35].

HO1, formerly known as phase Il detoxifying
antioxidant enzyme, is the rate-limiting enzyme
that catalyzes the degradation of heme to pro-
duce biliverdin, iron, and carbon monoxide
[36]. NQO1, prevalent in most eukaryotic cells,
is a flavin protease which catalyzes quinone
two-electron reduction reaction, thereby pre-
venting the oxidation-reduction reaction and
the generation of ROS. It also catalyzes
a-tocopher olquinone to generate efficient
antioxidants «-tocopher-olhydroquinone [37,
38]. In this study, the upregulation of HO1 and

Int J Clin Exp Pathol 2014;7(6):2780-2789
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NQO1 in 5 mgkg? atrazine treated rats indicat-
ed that Nrf2 combined with ARE and bZIP pro-
tein after translocation to the nucleus, and trig-
gered the expression of phase Il detoxifying
enzymes. While with the increase of atrazine
administration, the accumulation of Pro-oxidant
substances consumed more phase Il detoxify-
ing enzymes simultaneously, thus the detect-
able contents of HO1 and NQO1 decreased on
the contrary. Especially the HO1 in 125 mgkg?
atrazine treated group was significantly lower
than that of control group.

Intracellular antioxidant enzyme system plays a
key role in fighting against oxidative stress. SOD
is the first defense which catalyzes the dismu-
tation of superoxide anion into O, and hydrogen
peroxide (H,0,). H,0, is then reduced to H,0 by
glutathione peroxidase (GSH-Px) in the cytosol,
or by catalase (CAT) in the peroxisomes. In our
study, compared with those of the control
group, the activities of SOD and GSH-PX
increased significantly in 125 mgkg?! atrazine
group compared with those of the control group,
while the activity of CAT decreased. These
changes could be due to the activation of Nrf2,
which promote the expression of antioxidant
enzymes. Meanwhile, the pro-oxidant substanc-
es can consume antioxidant enzymes. The
excessive intracellular H,0, induced by atrazine
consumed much CAT, and finally lead to the
decrease of CAT activity.

In summary, atrazine could induce oxidative
stress response in rats ovary. Nrf2 has an
important role in the defence against oxidative
stress by regulating the expression of phase Il
detoxifying and antioxidative enzymes. Con-
tinued advances on the effect of atrazine expo-
sure to Nrf2 signaling pathway will contribute to
understanding the mechanism of atrazine-
induced ovary damage, and increase the likeli-
hood of the transcription factor being targeted
for therapeutic benefit in the near future.

In conclusion, the present study shows that
atrazine could induce oxidative stress response
in rats’ ovary after 28 days administration. Nrf2
protects cells from oxidative stress by a mecha-
nism that regulates ARE related genes includ-
ing phase Il detoxifying and antioxidant
enzymes.
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