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Abstract Simazine was investigated for gene expression
concurrent with simazine-induced phenotype changes
during development of male Xenopus laevis. X. laevis
tadpoles (Nieuwkoop-Faber stage 46) were exposed to 0.1,
1.2, 11.0 and 100.9 pg/LL simazine for 100 days. The
results showed that an increased mortality of X. laevis,
decreased gonad weight and altered gonadosomatic index
of males significantly (p < 0.05) when exposed to simazine
at 11.0 and 100.9 pg/L. Significant degeneration in testic-
ular tissues was observed when tadpoles were exposed to
simazine at 100.9 pg/L. To investigate the molecular
mechanisms behind the testicular degeneration by sima-
zine, we evaluated gene expression in animals treated with
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100.9 pg/L simazine and found that 1,315 genes were
significantly altered (454 upregulated, 861 downregulated).
Genes involved in the cell cycle control, and amino acid
metabolism pathways were significantly downregulated.
These results indicate that simazine affects the related gene
expressions which may be helpful for the understanding of
the reason for the reproductive toxicity of simazine on male
X. laevis.

Keywords Herbicide - Reproductive system - Endocrine
system - Microarray - X. laevis

Simazine is a widely used chlorotriazine herbicide in
agriculture and in recreational park and garden areas when
it has been commercially available since 1955. The
breakdown of simazine can be through chemical, photo-
chemical or biological processes. Degradation studies have
shown DTS50 values (Time required for concentration to
decline by 50 %) of simazine in both soil and water, vary
between a few days and 150 days. Temperature and
humidity can affect the half-life of simazine. Low tem-
peratures and drought may prolong the dissipation time by
a factor of two or more (Strandberg and Scott-Fordsmand
2002). In 2009, simazine was tested in an endocrine dis-
ruptor screening program (EDSP) by the US EPA due to its
multiple exposure pathways and high production volume
(US EPA 2009). In China, simazine is one of the most
commonly detected pesticides in underground and surface
waters (Ma et al. 20006).

Simazine belongs to the group of environmental EDCs
which are defined as “exogenous agents that interferes with
the synthesis, secretion, transport, binding, action, or
elimination of natural hormones that are responsible for the
maintenance of homeostasis, reproduction, development,
and behavior” (US EPA 2009; Brevini et al. 2005). To
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date, studies have shown that in vitro simazine has a
stimulatory effect on the antiandrogen screen (Orton et al.
2009) and in vivo simazine produces adverse effects on the
growth, development, immune and endocrine systems in a
wide range of species (Kim et al. 2003; Ren et al. 2009;
Turner 2003). Simazine was also found to affect the
reproductive system in mammals and amphibians species
(Zorrilla et al. 2010; Li et al. 2008).

Amphibians have a complex life cycle and permeable
skin and can be exposed to environmental contaminants
through multiple routes on land and in the water, which
make them to be ideal model organisms for testing EDC
exposure and resultant effects (Storrs and Kiesecker 2004).
Recently, few studies employed amphibians for investi-
gating the toxicity of simazine but none of them elucidated
their effects at the molecular level which is important for
understanding the underlying mechanisms of simazine-
induced toxicity. Therefore, we treated Xenopus laevis at
various concentrations for a range of biological responses
measurements (such as body and organ weights) and
studied the gene expression changes in developing male X.
laevis chronically treated with 100.9 ng/LL simazine for
100 days using the Affymetrix microarray and Q-RT-PCR.

Materials and Methods

Simazine (purity of 97 %) and dimethyl sulfoxide (DMSO)
were obtained from Sigma (Chemical Co., USA). Trizol
was supplied by Invitrogen (Carlsbad, USA). Agilent®
Xenopus 4 x 44 K Gene Expression Microarrays and
Agilent® p/n 5190-0442 One-Color Quick Amp Labeling
Kit were obtained from Agilent (Technologies Inc., USA).

Three pairs of adult male and female X. laevis were
purchased from the Chinese Academy of Sciences (Beijing,
China). The offsprings were produced by the natural mat-
ing activities of the paired adult X. laevis. UV-treated and
carbon-filtered laboratory freshwater was used for the
acclimatization of frogs in the laboratory and for all sub-
sequent exposures. The animals were kept at an average
water temperature of 22 + 2°C at pH 7.5, under 12 h light
and 12 h dark cycle. Tadpoles were fed fairy shrimp
(Artemia nauplii) eggs in a young age daily and pork liver
(Qin et al. 2010) three times per week ad libitum when the
tadpoles completed metamorphosis.

At Nieuwkoop-Faber (NF) stage 46, tadpoles (n = 600)
from the same pair of brood stock were randomly divided
into five groups (Nieuwkoop and Faber 1994). Each group
(n = 120) was divided into eight replicate tanks
(25 x 20 x 20 cm?®), each containing 10 L water. The
tadpoles were exposed to simazine dissolved in solvent
vehicle DMSO (0.01 %) at designed dosages of 0.1, 1, 10
and 100 pg/L (measured as 0.1, 1.2, 11.0 and 100.9 ng/L
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respectively) for 100 days. The control tadpoles were
treated with 0.01 % DMSO only.

Test materials were applied in a static-renewal exposure
regime. Test solutions were renewed by 50 % replacement
every 48 h. During the first 9 days of exposure, 20 mL
water samples were taken immediately from each tank
before and after exchange of the test solutions. Levels of
simazine were measured using liquid chromatography-
tandem mass spectrometry (LC-MS/MS) (Agilent 6410) as
described by Hua et al. (2006). The detection limit was
1.07 ng/L and the quantification limit was 3.57 ng/L. All
concentrations are displayed as mean =+ standard deviation
(SD).

Larvae were observed daily for monitoring their mor-
phological changes and health status. Dead or moribund
animals were removed and recorded.

After treatment, the frogs were euthanized for whole-
body, liver and gonad weight, body length morphological
assessment and tissue collection. The gonadosomatic index
(GSI) (Brewer et al. 2008) and the hepatosomatic index
(HSI) (Van der Oost et al. 2003) were calculated as
GSI = gonad weight/body weight x 10* and HSI = liver
weight/body weight x 107 respectively.

The testicular tissues of ten males from each group were
isolated and fixed in Bouin’s solution (71 % saturated
picric acid, 24 % formaldehyde, 5 % glacial acetic acid)
and paraffin-embedded. The sections were cut at 5 pm
serially and stained with hematoxylin and eosin (HE). The
specimens were examined microscopically to assess the
gonad development.

Tissues from the remaining males were flash-frozen in
liquid nitrogen, and stored at —80°C for microarray
expression analysis. On the basis of the results of the toxic
endpoints six male control frogs, six male 100.9 nug/L
simazine-treated frogs were selected for gene expression
analysis. Total RNAs from individual testis was isolated
using Trizol according to manufacturer’s instruction and
the concentration and purity was measured using a Nano-
Drop® ND-100 spectrophotometer (NanoDrop Technolo-
gies Inc., USA). The integrity of RNA was determined by
denaturing gel electrophoresis. RNA samples were further
purified, converted to double-stranded cDNA and labeled
using Agilent® p/n 5190-0442 One-Color Quick Amp
Labeling Kit for microarray analysis which was conducted
according to Agilent® Xenopus 4 x 44 K Gene Expression
Microarrays protocols. After hybridization and washing,
the chips were scanned with the Axon GenePix 4000B
microarray Scanner (Molecular Devices, LLC, USA).
Original fluorescent data were read by GenePix pro V6.0
software (Molecular Devices, LLC, USA) and standardized
by the Agilent GeneSpring GX v11.5.1 Software (Agilent,
USA) for further analysis. Differentially expressed genes
were identified by the value of fold-change (FC) (>2) and
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t test was used in comparison with those in the control
group.

To determine whether specific biological pathways were
differentially affected by simazine, we analyzed our
microarray dataset using the Kyoto encyclopedia of genes
and genomes (KEGG) pathway database (http://www.gen
ome.jp/kegg/pathway.html).

We further validated the data from microarray analysis
using Q-RT-PCR for which we selected six genes including
arginine decarboxylase (adc), glutathione transferase zetal
(gstzl), acid phosphatase 6 (acp6), glutamate-ammonia
ligase (glul-b), argininosuccinate lyase (asl), WEEI
homolog 2 (wee2) with the primers listed in Table 1. The
genes were chosen based on their function roles and
respective fold change values. For Q-RT-PCR analysis,
total RNA was converted into cDNA using the Super-
Script® cDNA Synthesis kit (Invitrogen, USA). Reactions
were performed according to the manufacturer’s instruc-
tions. Relative mRNA expression was calculated according
to the 2—AA Ct method. The samples of control group
were set as calibrator. The upregulated genes were identi-
fied at 2—AA Ct> 1, the downregulated genes were
identified at 2—AA Ct < 1.

One-way ANOVA was used to analyze the mortality of
tadpoles, the body, organ weights and the body length. All
date are presented as mean £ SD. Sex ratios were analyzed
using a 2-by-2 Contingency test. All statistical analyses
were performed on the STATA 10.0 (http://www.stata.
com/) software package. Group differences were evaluated
by Fisher’s least significant difference (LSD) test. Statis-
tical probability of p < 0.05 was considered significant.

Results and Discussion
The exposure was performed according to our designed

concentrations which are 0.1, 1, 10, 100 pg/L. After
treatment, we measured simazine concentrations at 0 and

Simazine is the second most commonly detected pesti-
cide in surface and ground waters in the US, Europe, and
Australia, presumably due to relatively high persistence in
soil and water. Concentrations in both surface and ground
water are variable, since they are influenced by season and
the extent of simazine-based herbicide use in the location
investigated (Velisek et al. 2012). In US simazine levels
can reach values up to 1,300 pg/L in surface water, and
800 pg/L in ground water (US EPA 1988). According to
the water purity standards of the World Health Organiza-
tion, tap water that is contaminated with 2 pg/L. of sima-
zine is considered harmful (Velisek et al. 2012). This study
aims to address whether some environmentally-relevant
concentrations of simazine might affect the physiological
parameters of X. laevis and how simazine induce the tox-
icity effect. So we designed the concentrations of simazine
as 0.1, 1, 10 and 100 pg/L which can include many kinds
of environmentally-relevant concentrations of simazine
and ensure that produce positive results for the further
study on the mechanisms of simazine effects.

As shown in Table 2, the mortality increased signifi-
cantly in the 11.0 and 100.9 pg/LL simazine treatment
groups (p < 0.05). The results indicated simazine at high
concentrations may increase the pressure to the survival of
X. laevis.

In this study, we did not observe the effects of simazine
on sex ratio of X. laevis (52/54, 50/51, 51/52, 49/48, 47/50;
p > 0.05). Gonadal morphology abnormality was not
found in any of the simazine-treated animals. This result
was consistent with another study using X. laevis as a
testing model (Li et al. 2008). We propose that simazine is
a weak EDC which may be the reason that we did not find
female-biased sex ratio and intersex gonads in X. laevis
treaded with simazine (Hecker et al. 2006).

Physiological parameters such as the changes in body
and organ weights are useful and important indicators of
toxicity in animal studies (Andersen et al. 1999; Bailey
et al. 2004). In this study, we examined a total of 504 frogs

48 h. The average measured concentrations were which were treated with simazine at 0, 0.1, 1.2, 11.0 and
0.1 £0.03,1.2 £ 0.3, 11.0 + 1.5, 1009 £ 6.1 pg/L. 100.9 pg/L (n = 106, 101, 103, 97 and 97, respectively),
Table 1 Sequences of primers used for Q-RT-PCR

Gene name Forward sequence Reverse sequence Product length
adc 5'GTAACAGCAGCAAAGGAGTGGT3' 5'ATGGGTTGGCATAGATGATACG3’ 132

gstzl 5'TCGCCCTAACCCACCTCTT3” 5'GTCACCTCATCTCCCACACAAT3” 231

acp6 5'CCCAAACCTCCGTCTCCAT3' 5’GAAGAGTCCAGCCAGCAAACA3’ 246

glul-b 5TGGAGCAGGAGTTGTGGTGA3’ 5STGTGGGTTCAGGCTCAAAGAC3 306

asl 5 AGCATCAGCCCTCTGTTCAGT?’ 5TGTGGGTCTTCATCCAAGTTCT3’ 145

wee?2 5TGGACATCAAGCCAAGCAAC3 5CAAGGCAATAGTGAGACCAAGC3 254
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Table 2 Mortality, gonad weight and GSI of X. laevis treated with simazine for 100 days

Simazine concentration (pg/L) Mortality (%) Female Male

n Gonad weight (g) GSI (%) n Gonad weight (g) GSI (%)
Control 11.67 £ 3.08 52 0.0660 + 0.010 1.35 + 0.24 54 0.0355 £+ 0.003 0.63 £ 0.05
0.1 +£0.03 15.83 £+ 4.96 50 0.0699 + 0.079 1.37 £ 1.42 51 0.0354 4+ 0.003 0.63 £ 0.04
1.24+03 14.17 £ 4.27 51 0.0608 + 0.014 1.30 + 1.28 52 0.0356 + 0.002 0.64 £ 0.04
110+ 1.5 19.17 £ 4.27* 49 0.0633 £ 0.009 1.20 £ 0.30 48 0.0153 £ 0.002* 0.27 £ 0.04*
100.9 £ 6.1 19.17 £ 6.61* 47 0.0444 £+ 0.017 1.27 £ 0.24 50 0.0150 £+ 0.001* 0.27 £ 0.03*

* Indicate a significant difference p < 0.05 versus the control group

but we did not observed significant changes in the body
weight and length of frogs after exposure to simazine
(p > 0.05). This indicated that simazine does not produce
obviously phenotype effects on X. laevis.

HSI have been used as physiological biomarkers to
reflect responses to toxicant exposure and provide infor-
mation on energy reserves and the general health of the
organism (Van der Oost et al. 2003). In the present study,
liver weight and HSI did not show significant changes after
treatments (p > 0.05), which suggested that no obvious
dysfunctions in the liver of X. laevis occurred following
exposure to simazine at a dosing concentration of up to
100.9 pg/L.

Interestingly, we found that the gonad weight and GSI
were significantly reduced in male frogs exposed to sima-
zine at 11.0 and 100.9 pg/L compared to the controls, but
the gonad weight and GSI in females were not affected
(Table 2). Meanwhile, histologic structure of ovaries was
not changed, but the histologic structure of the testes was
significantly changed in X. laevis treated with simazine
over the entire dose range. Testes of frogs from the control
group showed regular seminiferous lobules and spermato-
genesis at all stages containing a few spermatogonias and
spermatozoa as shown in Fig. 1a. However, irregular shape
of seminiferous lobules, hypertrophic spermatogonias and
large empty spaces (Fig. 1b, c¢) were observed in the frogs
from the simazine treatment groups. Particularly, in testes
of frogs from the 100.9 pg/L simazine treatment group,
spermatogonias were hypertrophied and parts of the sem-
iniferous lobules appeared pycnotic, a process involving
necrosis in which the cell nuclei were characterized by
condensation with hyperchromatic staining or pycnosis and
sheet structure (Fig. 1d). This result is consistent with a
previous study (Li et al. 2008). The results indicated that
simazine has potential impairment on male reproduction of
X. laevis since testis is the primary source of germ cells for
the life of the organism (Saunders 1971).

We selected the 100.9 pg/L which was the typically
effective concentration of male reproductive toxicity to the

@ Springer

further study on the mechanisms of simazine effects. We
have submitted the raw dataset of microarray into the
NCBI Gene Expression Omnibus database (#17214940).
We then analyzed gene expressions using microarray
technology and found that the 1,315 genes were signifi-
cantly altered (454 upregulated, 861 downregulated) in
frogs exposed to 100.9 ng/L simazine. The results of genes
expression were validated by Q-RT-PCR analysis which
showed upregulation in gene expression for gstzl, glul-b,
asl 2—AA Ct > 1) and downregulation in expression of
adc, acp6, wee2 (2—AA Ct < 1). These results of Q-RT-
PCR were consistent with the microarray data.

Many genes related to the reproductive system were
found significantly downregulated at different levels which
included acp2 (FC = —2.79), acp6 (FC = —13.45), mcm3
(FC = —8.14), weel (FC = —30.20), wee2 (FC = —
45.22) and cdc20 (FC = —2.35). Studies have shown that
acps are involved in immune, reproductive, digestive sys-
tems and apoptotic process (Bozzo et al. 2002; Yoneyama
et al. 2004). Downregulated acps may play an important
role in the simazine-induced adverse effects on the repro-
ductive system observed in our study and other studies
(Zorrilla et al. 2010) as well as other genes such as Rxfpl
(Park and Bae 2012). We also found genes involved in
endocrine functions including prgs2, stcl and th were
downregulated. PTGS2 is the key factor mediating the
formation of prostaglandins which can also directly stim-
ulate testicular Leydig cells to secrete testosterone (Thorn
et al. 2011). Simazine (62.5 M) was previously shown to
elevate testosterone concentrations in vitro (Orton et al.
2009), however, we speculate that downregulation of prgs2
may indirectly reduce the secretion of testosterone which
has a negative impact on the reproductive system (Welsh
et al. 2008). Stcl is involved in steroidogenesis, and ste-
roids have important physiological functions in the body
(Luo et al. 2004). It may be speculated that simazine may
disturb steroidogenesis by reducing the expression of
related genes leading to further damage to a variety of body
functions. Altered expression of these endocrine-related
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Fig. 1 Histological examinations in gonad of X. laevis from sima-
zine-treated and control groups. a Regular seminiferous lobules and
all stages of spermatogenesis are present in testis from a control frog,
HE x400; b The irregular shape of seminiferous lobules filled with
hypertrophic spermatogonias (small arrow) and large empty spaces
(arrow) are present in testis from a 0.1 pg/L simazine treated frog,

genes suggests simazine suppresses the endocrine system
and related functions in endocrine. In a previous study
(Rochira et al. 2001), estrogens have been found to inhibit
the release of gonadotropin releasing hormone from
hypothalamus resulting in reduced secretion of luteinizing
hormone and follicle stimulating hormone from the pitui-
tary in humans. However, we did not find significant
changes of these genes (gnrh, lh, fsh) in X. laevis exposed
to 100.9 pg/L. simazine. It may be speculated that this
mechanism works differently among species. Thus, this
finding indicated that other potential mechanism(s) may
exist in X. laevis to impair male reproductive system.
Based on KEGG analysis, we found five signaling
pathways were obviously interrupted by simazine as shown
in Table 3. These pathways include arginine/proline, ala-
nine/aspartate/glutamate, riboflavin, tyrosine metabolism
pathway and cell cycle pathway. The genes (oat, glul, adc)
involved in arginine/proline metabolism were significantly
downregulated by simazine. Mitochondrial enzyme orni-
thine aminotransferase participates in the synthesis of
arginine (Kobayashi et al. 1995). Therefore, downregula-
tion of oat may seriously interfere with the metabolism of
arginine. Arginine decarboxylase can catalyze arginine into
agmatine which is distributed in various organs and tissues
and has important physiological functions including a role

HE x200; ¢ The irregular shape of seminiferous lobules filled with
all stages of spermatogenesis and large empty spaces (arrow) are
present in testis from a 1.2 pg/L simazine treated frog, HE x100;
d Parts of the seminiferous lobules involving necrosis (circle) are
present in testis from a 100.9 pg/L simazine treated frog, HE x100

as a neurotransmitter, and as a regulator of cellular pro-
liferation and inflammation (Zhu et al. 2004). Hence,
downregulation of adc may block synthesis of agmatine
leading to disrupted physiological functions. These results
indicated that the inhibition of the arginine/proline pathway
may interfere with the immune and endocrine function, etc.
Genes (ccnbl, cdc20, mem3, tfdpl-a, weel-a, wee2, cdc6d
and ywhaz-b) involving in cell cycle pathway was signifi-
cantly affected by simazine. These genes are related with
DNA replication and DNA damage control (lizuka et al.
2006; Tominaga et al. 2006; Guida et al. 2005; Oehlmann
et al. 2004). Therefore, downregulation of these cell cycle-
related genes by simazine suggest it may affect cell repli-
cation and possible DNA damage repair which may con-
tribute to the effects of simazine on the growth of X. laevis
cells. In addition, alanine/aspartate/glutamate metabolism,
riboflavin metabolism and tyrosine metabolism pathways
were also found to be inhibited by simazine at 100.9 pg/L.
We speculated that these pathways of metabolic regulation
work together and plays an important role in the effect of
simazine on male X. laevis.

In conclusion, our results demonstrated that simazine
has potential impairment on male reproduction of X. laevis
and caused irregular shape of seminiferous lobules,
hypertrophic spermatogonias and large empty spaces in
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Table 3 The enrichment

Pathway name Gene name FC absolute Regulation
pathways by KEGG

Arginine and proline metabolism adc 29.4 Down
aldhi8al 11.7 Down
aldh7al 6.8 Down
asl 7.7 Up
assl 3.0 Down
glul-a 33 Down
glul-b 5.1 Up
oat 2.1 Down

Alanine, aspartate and glutamate metabolism Abat 234 Down
Asl 7.7 Up
assl 3.0 Down
glul-a 33 Down
glul-b 5.1 Up
gpt2 7.2 Down
MGC82469 6.4 Down

Cell cycle-X. laevis anapc5 4.0 Up
ccnbl 12.5 Down
cdc20 24 Down
cdk7 16.0 Up
mcm3 8.1 Down
mem5-b 17.3 Up
tfdpl-a 3.8 Down
weel-a 30.2 Down
wee2 45.2 Down
cdcb 2.5 Down
ywhaz-b 3.7 Down

Riboflavin metabolism acp2 2.8 Down
acpb 13.5 Down
fadl 2.7 Down

Tyrosine metabolism gstzl 5.7 Up
phgdh 2.4 Down
cythl 7.0 Down
tyrpl 4.6 Down

testes. By microarray analysis, expression of 1,315 genes
(454 upregulated, 861 downregulated) was altered by at
least twofold in the testes of X. laevis after simazine
exposure. KEGG pathway analysis showed that these genes
were enriched in the pathways of arginine/proline, alanine/
aspartate/glutamate, riboflavin, tyrosine metabolism, cell
cycle, etc. Among the altered genes, many related to the
reproductive system and endocrine system, such as acp2,
acp6, mem3, wee2, ptgs2, stcl and th were found signifi-
cantly downregulated at different levels which may be
helpful for the understanding of the reason for the repro-
ductive toxicity of simazine on male X. laevis.
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