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Background: Simazine is a triazine herbicide used worldwide in both agricultural and non-agricultural fields that is frequent-
ly detected in surface water and groundwater. Due to its widespread use, an increasing amount of research
has focused on the potentially serious environmental and health risks.

Material/Methods: We used Western blotting and real-time quantitative PCR to analyze the effects of simazine on dopamine neu-
ronal development-related factors in MN9D dopaminergic cells.
Results: The expression of tyrosine hydroxylase (TH) mRNA was significantly increased after treatment with 300 and
600 pmol L™ simazine after 24 and 48 h. Levels of nuclear-related receptor 1 (Nurrl) mRNA after 24- and 48-h
exposure were decreased with 50 pmol L™ simazine, but increased with 600 pmol L™ simazine. Significant in-
creases in TH and Nurrl protein were observed in all simazine-treated groups at 24 and 48 h. The expression
of neurogenin 2 and LIM homeobox transcription factor 1 beta (Lmx1b) mRNA were significantly increased af-
ter exposure to 600 pmol L™ simazine for 48 h, while the expression of wingless-type MMTV integration site
family member 1 (Wnt1) mRNA was increased by all doses of simazine.

Conclusions: Simazine may have an impact on TH in MN9D cells through 2 mechanisms; one mechanism is through the
Lmx1a/Ngn2 pathway, and the other mechanism is through the Lmx1b-pitx3/Wnt1-Nurrl pathway. These 2 path-
ways likely do not operate in isolation, but rather together, during the cellular response to simazine exposure.
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Background

Simazine (6-chloro-N, N’ -diethyl-1, 3, 5-triazine-2, 4-diamine)
is a member of the triazine family, which also includes oth-
er herbicides such as atrazine and propazine. Simazine has
been used worldwide in both agricultural and non-agricultural
fields to inhibit photosynthesis in broadleaf weeds, grasses,
and algae in farm ponds. Simazine has become a mainstream
herbicide because it is highly efficient, has broad-spectrum
activity, and is economical. Due to its widespread use, an in-
creasing amount of research has focused on the potential-
ly serious environmental and health risks as a result of si-
mazine toxicity.

Exposure routes for simazine include: ingestion through pol-
luted drinking water, absorption through skin contact, and
inhalation from during occupational exposure [1]. Due to its
slight solubility in water, and relative non-volatility, simazine
can partition into the organic phase where it is easily degrad-
ed through photolysis. Simazine is also one of the most fre-
quently detected pesticides in surface water and groundwater
as a result of herbicide runoff [2]. Available data have dem-
onstrated that atrazine, a close homologue of simazine, re-
sults in toxicological responses that include effects on anti-
oxidant mechanisms, behavior, mammary gland development,
and neuroendocrine systems [3-8]. In addition, simazine has
demonstrated toxicity in reproductive and immune systems
and has also been reported to have ecological impacts on the
environment [9-13]. However, data on the neurotoxicity of si-
mazine are sparse. In a previous study, simazine suppressed
PC12 cell growth via regulation of the tyrosine hydroxylase
(TH)-mediated synthesis of dopamine (DA) and the release of
noradrenaline (NE) [14].

In the present study, the effects of 24- or 48-h simazine expo-
sure on the changes in developmental and differentiation tran-
scription factors were evaluated in MN9D cells at the mRNA
and protein level as markers of potential neurotoxicity.

Material and Methods

Chemicals and cells culture

Simazine (98% pure) was a gift from ZhongShan Chemical Co.,
Ltd. (Zhejiang, China). Other chemicals were purchased from
Amersco (USA) unless otherwise indicated.

Simazine was finely ground to smaller particles in an agate
mortar and then dissolved in DMSO (0.5%) as the stock so-
lution. The stock solution was diluted with culture medium
to the required concentration according to the experiments.
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The MNO9D cell line (number: 0514A077) was purchased from
ShangHai FoleiFort Biological Technology Development Co.,
Ltd. The cells were cultured in Dulbecco’s modified Eagle me-
dium (DMEM, Gibco BRL), supplemented with 10% (v/v) heat-
inactivated fetal calf serum (Hyclone), 100 units mL™ penicil-
lin, and 100 units mL™ streptomycin, in an incubator with 5%
CO, at 37°C. Cells were cultured in 10-cm dishes, harvested
at 90-95% confluence, and RNA or protein was isolated for
further analysis.

Simazine treatment

The MN9D cells were collected in the logarithmic phase, cell
concentration was adjusted to approximately 1x10* cells mL™,
and cells were plated in 96-well plates with 90 pl of DMEM
per well. The experimental groups included 0.5% DMSO (sol-
vent control group) and simazine at concentrations of 0 (neg-
ative control group), 50, 300, and 600 pmol L%, During sima-
zine treatment, cell viability was determined every 12 h for 72
h using a colorimetric MTT reduction assay [15,16]. The op-
tical density of the dissolved grains was assessed at 490 nm
(TECAN-sunrise). Cell survival in each group is expressed as a
percentage rate. The changes in cell morphology were observed
under an inverted microscope every 24 h for 72 h.

Total RNA extraction and real-time quantitative PCR

Total RNA from MN9D cells was isolated using Trizol reagent
following the manufacturer’s instructions. The concentration
of RNA was determined with an ND-2000C spectrophotom-
eter (NanoDrop, Thermo Scientific, USA). Synthesis of cDNA
was performed with 1 ug of total RNA using a PrimeScript®
RT with gDNA eraser reagent kit (TakaRa Biotechnology Co.,
Ltd., Dalian, China) following the manufacturer’s instructions.
The PCR primers were designed and synthesized by Generay
Biotechnology Co., Ltd. (Shanghai, China) (Table 1).

The cDNA was amplified using an ABI 7500 Real-Time PCR sys-
tem (Applied Biosystems, Foster City, CA, USA). A relative quan-
titative real-time PCR was chosen using the SYBR Green meth-
od (SYBR® Premix Ex TaqTM II, TaKaRa Biotechnology Co., Ltd.,
Dalian, China). The cycling conditions included denaturation at
95°C for 5 s, 40 cycles of annealing at 58°C for 34 s, and 30s
of extension at 72°C for 30 s. The cycle at which sample fluo-
rescence reached threshold was defined as the threshold cy-
cle (Ct). The results were are expressed as the relative expres-
sion ratio calculated based upon the real-time PCR efficiency
(E) and ACt. The ACt for each gene (target or reference) was
calculated by subtracting the Ct number of the target sam-
ple from that of the control sample. As shown in Equation 1,
the ratio of target gene expression in treatment versus con-
trol can be derived from the ratio between target gene effi-
ciency (E target) to the power of target ACt (ACt target) and
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Table 1. Sequences of primers used for PCR amplification.

Accession number

Target Primer Primer sequence Size (bp)

(Genbank)
ﬁﬁﬁﬁﬁﬁﬁﬁ
romard 5 goc sgp g ga cc can tag 5
ﬁﬁﬁﬁﬁﬁﬁﬁ
s forward 5 cog 6 gt e aa gag ¥
romard 7 6c g g g o a2 g3
ﬁﬁﬁﬁﬁﬁﬁﬁ
romard i ggag gy
pacn Forvad 7 g2 g0 o o g g2 3

TH — tyrosine hydroxylase; Nurrl — nuclear receptor related-1 protein; Lmx1a/Lmx1b — LIM homeobox transcription factor 1 alpha/1
beta; Wntl — Wingless type MMTV integration site family member 1; Ngn2 — neurogenin 2; Pitx3 — paired-like homeodomain
transcription factor 3.

reference gene efficiency (E reference) to the power of refer-

ence ACt (ACt reference) (Equation 1) [17].
Ct
E target 1
Ratio=—( talget)AACt -
(Ereferencg reference o%
Western blot analysis 2 404 — Solvent contor
S -4 50 pmol L'
—& 300 pmol L™
Protein was extracted from MN9D cells using RIPA lysis buf- 209 - 600 pmol L'
fer (Beyotime Institute of Biotechnology, Shanghai, China).
Cells were lysed on ice for 2 h in lysis buffer and then centri- 0 1 1 1 1 T T
0 12 24 36 48 60 72

fuged at 12, 000 rpm for 10 min at 4°C. The supernatant was
collected and a BCA protein assay kit (Beyotime Institute of
Biotechnology) was used to determine the protein concen-

Exposure time (h)

tration. Equal amounts of total protein (80 pg) were subject-
ed to sodium dodecyl! sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred to polyvinylidene difluoride
(PVDF) membranes. The membranes were blocked with 1%
bovine serum albumin (BSA) for 1 h at room temperature.
Membranes were stripped and incubated overnight with rabbit
polyclonal antibodies against TH (Abcam, ab41528) and nucle-
ar-related receptor 1 (Nurrl; Abcam, ab93332) at a 1:500 dilu-
tion in blocking buffer (ZSGB Biotechnology, Peking, China) at
4°C. After washing 3 times with Tris-buffered saline contain-
ing 0.1% Tween-20 (TBS-T) at room temperature, the mem-
branes were incubated at room temperature for 1 h with al-
kaline phosphatase goat anti-rabbit I1gG secondary antibody at

Figurel. Effects of simazine on the viability in MN9D cells. Cell
viability was significantly reduced; * P<0.01, compared
to the solvent control group.

a 1:1000 dilution in blocking buffer. Membranes were washed
with TBS 3 times at room temperature and then incubated
with Western blue stabilized substrate for alkaline phospha-
tase (Promega, USA) for 5 min. Relative expression (%) was cal-
culated based upon protein density using the Chemi Analysis
System (Bioshine, Shanghai, China). Sample blot density was
normalized to B-actin (Immunoway Biotechnology, USA) at
1:500 dilution in blocking buffer.
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Figure 2. Effects of simazine on the mRNA levels
for TH, Nurrl, and Lmx1a in MN9D
cells after exposure for 24 or 48 h
(mean expression relative to control
+SE; * P<0.01, compared to the solvent
control group).

Statistical analysis

Data analysis was performed using SAS version 9.1.3 (Cary, NC,
USA). Factorial design analysis of variance was performed for all
data using SAS software. The SNK-q test was used to compare
between the control and test groups. Differences were consid-
ered significant when P values less than 0.01 were obtained.

This work is licensed under Creative Common Attribution-
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Results

Effects of simazine on the viability of MN9D cells

The viability of MN9D cells after simazine treatment for 60 and
72 h was significantly decreased when compared to the neg-
ative control group (P<0.01). When compared to the solvent
(0.5% DMSO) control group, cell viability was also significant-
ly decreased in a dose-dependent manner (P<0.01) (Figure 1).
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Figure 3. Effects of simazine on the mRNA levels
for Wnt1, Pitx3, Ngn2, and Lmx1b in
MNO9D cells after exposure for 48 h
(mean expression relative to control
+SE; * P<0.01, compared to the solvent
control group).

Expression of TH, Nurrl, Ngn2, Lmx1a, Lmx1b, Wnt-1, and Pitx3
genes in MN9D cells treated with simazine

There were no significant differences between the solvent con-
trol group and the negative control group in TH, Nurrl, Ngn2,
Lmx1a, or Lmx1b mRNA expression after 24 or 48 h. Simazine
treatment significantly increased the expression of TH, Nurrl,
Ngn2, Lmx1b, and Wnt1 genes in MN9D cells in a dose-depen-
dent manner (P<0.01) (Figures 2, 3).

Expression of TH and Nurrl protein in MN9D cells treated
with simazine

After 24 and 48 h of exposure, simazine significantly increased

the expression of TH and Nurr1 protein in MN9D cells in com-
parison with the control groups (P<0.01) (Figures 4-6).

Discussion

The MNOID cell is a murine mesencephalon-derived dopami-
nergic neuronal cell line, derived from a fusion of embryon-
ic mesencephalic neurons of mouse origin and N18TG cells,
that can synthesize, release, and take up dopamine [18]. The

MN9D cell is commonly used as an experimental model of DA
neurons because there are a number of important similarities
between these two 2 cell types [19-21]. The MN9D cell has
also been used to study the mechanisms and potential thera-
peutics relevant to the loss of DA neurons in Parkinson’s dis-
ease [22,23]. After exposure to simazine, MN9D cells displayed
irregular cell morphology and an increased number of dead
cells. Our findings demonstrate that simazine has effects on
MNID cell growth and proliferation, indicating dopaminergic
neurotoxicity or induced dopaminergic neuronal injury.

In the mammalian central nervous system, the dopamine sys-
tem has 3 main projection pathways: the nigrostriatal path-
way, which plays a key role in the control of voluntary move-
ment; the mesolimbic dopamine pathway, which is associated
with schizophrenia and drug addiction; and the mesocortical
dopamine pathway, which is associated with emotion and mo-
tivation [24,25]. Due to the involvement of the dopaminergic
neurons of the midbrain in the various advanced features of
the brain, such as motor control, emotion, motivation, learn-
ing, and memory, an in-depth understanding of the roles of
dopaminergic neurons in developmental processes is helpful
for the study of the mechanisms of contaminant exposure.
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Figure 4. The expression of TH and Nurrl protein (relative to
B-actin) in MN9D cells after exposure for 24 or 48 h.

TH is the rate-limiting enzyme in DA synthesis and is a spe-
cific marker for DA neurons. Nurrl protein is a transcription
factor, mainly found in the substantia nigra and ventral teg-
mental area [26], that is also essential for the occurrence, mi-
gration, and survival of DA neurons. Deletions of the Nurrl
gene affect the normal development of DA neurons in the
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developing brain, leading to TH and DA neurotransmitter defi-
ciency. The expression of the TH gene can also be promoted by
Nurrl [27,28]. In our study, a low dose of simazine (50 pmol L™)
inhibited TH expression in MNID cells after 24- and 48- h ex-
posure. However, in MN9D cells exposed to high doses of si-
mazine (300 or 600 pmol L), levels of TH were significantly
increased when compared to the control groups. The expres-
sion of Nurrl, which is in the same genetic pathway as TH,
was significantly reduced in the low-dose simazine exposure,
and then significantly increased in the high-dose simazine ex-
posure. The expression of TH and Nurrl protein was also sig-
nificantly increased when MN9D cells were treated with all
doses of simazine. These findings suggest that the increasing
expression of TH in the MN9D cells was due to enhanced ex-
pression of Nurrl.

The development of DA neurons is a very complex process, re-
quiring coordination and interaction between external and in-
ternal factors. It includes early neural induction, precursor cell
fate decisions, differentiated cell migration, and building neu-
ral projections [29,30]. During early embryonic development,
some neuroepithelial cells in the ventral midbrain are grad-
ually transformed into dopamine progenitor cells under the

Il Negative control
[l Solvent control
1M 50 pmol/L
1M 300 pmol/L
[ 600 pmol/L

Relative expression of TH

Figure 5. Effect of simazine on the expression
of TH protein (relative to B-actin) in
MNO9D cells after exposure for 24 or
48 h (mean relative expression +SE;
* P<0.01, compared to the solvent
control group).

2h 48h
0.8
Il Negative control
[l Solvent control
1M 50 pmol/L
06  I300pmol/L *
[ 600 pmol/L

Relative expression of Nurr1

Figure 6. Effects of simazine on the expression
of Nurrl protein (relative to B-actin)
in MN9D cells after exposure for 24 or
48 h (mean relative expression +SE;

* P<0.01, compared to the solvent
control group).
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influence of a number of signaling molecules and transcrip-
tion factors. Some studies have confirmed that a number of
transcription factors play key roles in the decision of the fate
of dopamine neurons [31]. Later in development, dopamine
progenitor cells differentiate into mature cells with some cells
gradually exiting the cell cycle and migrating to their desti-
nation. During the process of migration, TH and neurotrans-
mitter expression and synthesis begin. Many transcription
factors and cell cycle regulatory proteins are involved in this
process [32,33]. These proteins include LIM homeobox tran-
scription factor 1 alpha (Lmx1a), LIM homeobox transcription
factor 1 beta (Lmx1b), wingless-type MMTV integration site
family memberl (Wnt1), neurogenin2 (Ngn2), and paired-like
homeodomain transcription factor3 (Pitx3).

As an important determinant of dopamine neurons, Lmx1a can
regulate the expression of Ngn2 to produce mature midbrain
dopamine neurons [34,35]. The transcription factor, Ngn2, has
important functions in cell fate determination, differentiation,
and developmental processes of the nervous system [36]. This
transcription factor is necessary for the differentiation and de-
velopment of dopamine neurons in mice and can promote the
formation of immature Nurrl* dopamine neurons, while also
playing a role in their late maturation. In the current study, the
levels of Lmx1a were decreased after simazine exposure for 24
h and increased after 48 h, but these changes were not sta-
tistically significant when compared with the solvent control
group. After a 48-h exposure to a high dose of simazine, the
expression of Ngn2 was significantly increased to a level that
was 35 times higher than in the solvent control group. The for-
mation of Nurrl* in immature dopamine neurons is promoted
by Ngn2, so we speculate that the expression of Ngn2 may be
one of the mechanisms by which levels of TH and Nurrl were
increased following treatment with simazine.

The glycoprotein, Wnt1, can regulate cell proliferation, differ-
entiation, and determine cell fate [37]. The proliferation and
differentiation of Nurrl-positive precursor cells in the ventral
midbrain from cultured dopamine neural precursor cells is pro-
moted by Wnt1 [38]. Lmx1b is aA homeobox transcription factor
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playing important roles in the development of limbs, kidneys,
and the central nervous system, andLmx1b, is also constitu-
tively expressed in dopamine early progenitor cells and mature
dopaminergic neurons. The effects of Lmx1b on dopamine neu-
rons are primarily observed in relatively mature dopaminergic
neurons, where it promotes and maintains the survival and
proliferation of dopaminergic neurons by regulating the ex-
pression of Wnt1 [39,40]. In the current study, the expression
of Lmx1b in the high-dose simazine exposure group and the
expression of Wnt1 in all of the treatment groups were signif-
icantly increased after 48 h. This demonstrates that a certain
dose of simazine can upregulate the expression of Nurrl and
further promote the expression of TH through the regulation of
Lmx1a, Lmx1b, and Wnt1. However, further study is needed to
investigate the neurotoxic effects of simazine on MN9D cells.

Conclusions

This study demonstrates that simazine induces neurotoxici-
ty resulting in dopaminergic damage in MN9D cells. Exposure
to 300 and 600 pmol L™ simazine for 24 and 48 h resulted in
the upregulation of the expression of TH in MN9D cells. The
effects of simazine on several other factors involved in the
process of dopamine precursor cell differentiation into ma-
ture dopaminergic neurons were also determined. Simazine
may have an impact on TH in MN9D cells through 2 mecha-
nisms: one mechanism is through the Lmx1a/Ngn2 pathway,
and the other mechanism is through the Lmx1b-pitx3/Wnt1-
Nurrl pathway. These 2 pathways likely do not operate in iso-
lation, but rather together, during the cellular response to si-
mazine exposure.
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