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• Blood exchange causes the accumula-
tion of TMX and CLO in gonads.

• CLO aggravated the endocrine disrup-
tion effects of TMX.

• TMXandCLO cause androgendeficiency
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• TMX and CLO have different mecha-
nisms of action on male and female
lizards.
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The endocrine disrupting effect of pesticides is considered to be an important factor in the decline of reptile pop-
ulations. The large-scale application of neonicotinoids in the environment poses a potential threat to small farm-
land lizards Eremias argus. In this study, we evaluated the disruption effects of thiamethoxam and its metabolite
clothianidin on the endocrine disruption of Eremias argus during 28 d exposure. Thiamethoxam and clothianidin
could accumulate in the testis and ovary. Adequate blood exchange was the main cause of thiamethoxam and
clothianidin accumulation in the gonads. The production of clothianidin aggravated the effect of endocrine dis-
ruption to lizards. Thiamethoxam/clothianidin exhibited two distinct ways of interfering with the endocrine dis-
ruption of the male and female lizards. Thiamethoxam/clothianidin significantly up-regulated the expression of
cyp17 and cyp19 genes in the testis, which ultimately led to a significant decrease in testosterone levels and a sig-
nificant increase in the 17-estradiol concentrations in plasma. The expression of the estrogen receptor gene in the
liverwas also significantly increased inmale lizards. The significant declines in testosterone andprostaglandinD2
levels in the plasma indicated that thiamethoxam and clothianidin could cause androgen deficiency in male liz-
ards. Meanwhile, in female lizards, thiamethoxam/clothianidin increased the expression of hsd17β gene in the
ovary, causing an increase in testosterone levels in the plasma and anup-regulation of androgen receptor expres-
sion in the liver. The effects of thiamethoxam and clothianidin onmale lizardsweremore pronounced. This study
verified the possible endocrine disrupting effects of neonicotinoids and provided a new perspective for the study
of global recession of reptiles.
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1. Introduction

Reptiles account for 28% of known vertebrate species and are essen-
tial for maintaining ecological balance (Gervais, 2011). The aggrandize-
ment and expansion of agriculture has increased the risk of exposure to
wildlife (Wagner et al., 2015). The use of pesticides is considered to be
an important factor in the global attenuation of reptile populations
(Gibbons, 2000; Randhawa et al., 2014). However, reptiles are still the
least studied species in vertebrate ecotoxicology (Hopkins, 2000). Liz-
ards are natural enemies of crop pests and their role in agricultural sys-
tems is often overlooked (Shen et al., 2017). Lizards could be directly
exposed to pesticides by skin penetration, regular swallowing soil,
food intake, and inhalation (Amaral et al., 2012b; Rich and Talent,
2009). In recent years, lizards have become important model animals
for reptilian toxicology research (Amaral et al., 2012a). Mongolian
racerunners (Eremias argus) were widely distributed in major agricul-
tural areas in the northern part of Yangtze River in China. The spawning
period of E. argus is from June to July, and the number of eggs per nest
ranged from 2 to 5 (Chen et al., 2015). The extensive use of pesticides
in these areas has become a huge threat to the survival of E. argus.

Many pesticides have been proved to have endocrine disrupting ef-
fects that may interfere with one or more functions of the endocrine
system, leading to adverse effects in organisms and/or in offspring
(Costa et al., 2015; Mckinlay et al., 2008). Therefore, the endocrine
disrupting effect of pesticides is of great significance in the study of
the decline of reptiles. Thiamethoxam (TMX) is a neonicotinoid insecti-
cide with high insecticidal contact, stomach and systemic activity
(Domingues et al., 2017; Karmakar and Kulshrestha, 2009). TMX is
widely used to control commercial pests such as thrips, whiteflies,
golden needles, aphids, leaf miners and Coleoptera species (De Morais
et al., 2016; Fan and Shi, 2017). Neonicotinoids are considered to be
low toxic to vertebrates because of its low selectivity for vertebrate nic-
otinic acetylcholine receptors (nACRs) (Zhang et al., 2018). However,
the effects of neonicotinoids on endocrine disruption in vertebrates
have been concerned (Bal et al., 2012; Hoshi et al., 2014; Kapoor et al.,
2011). It had been reported that TMX caused strong expression of
CYP19 in the fetoplacental co-culture model and affected the synthesis
of estrogen (Caron-Beaudoin et al., 2017; Caronbeaudoin et al., 2015).
Clothianidin (CLO), the metabolite of TMX, could cause DNA breaks in
male quail germ cells (Hoshi et al., 2014). Therefore, TMX and itsmetab-
olite CLO are potential endocrine disrupting substances. TMX could be
retained in soils with a half-life of N350 days (Goulson, 2013). The effect
of TMX residue in soil on endocrine disruption of lizards is worthy of
attention.

It is known that exogenous substances directly affect the produc-
tion of endogenous hormones through the feedback mechanism of
the hypothalamic-pituitary-gonadal (HPG) axis (Mahabadi et al.,
2009). In lizards, testosterone (T) and 17-estradiol (E2) are primary
sex steroid hormones mainly secreted in the gonads (Li et al., 2017)
and act to promote gonadal maturation, develop secondary sexual
characteristics, and maintain sexual function (Li et al., 2016; Miura
et al., 1991). It is well known that a variety of enzymes are involved
in the synthesis of cholesterol to steroid hormones, such as cyto-
chrome P450 enzymes (CYP11A, CYP17 and CYP19) and hydroxyste-
roid dehydrogenase (3β-hydroxysteroids, 11β-hydroxysteroids, and
17β-hydroxysteroids). T and E2 usually act by binding to androgen
receptor (Ar) and estrogen receptor (Er) to activate target genes (Li
et al., 2017). Ers are abundant in the gonads and liver and have im-
portant regulatory implications for the reproductive system
(Somponpun and Sladek, 2003). Prostaglandin D2 (PGD2) exists in
many tissues, such as the spleen, brain, bone marrow, ovary, testis,
epididymis and prostate, and performsmany physiological functions
(Saito et al., 2015). Studies have shown that PGD2 is closely related
to testicular development during embryonic stage and spermatogen-
esis and maturation after adulthood (Adams and Mclaren, 2002;
Baker and O'Shaughnessy, 2001).
To illustrate the effect of TMX and itsmetabolite CLO on theHPG axis
of lizards, we investigated the accumulation of TMX and CLO in the
blood and gonads and the histopathological changes of the gonads dur-
ing 28 d exposure. The HPG axis-related hormone levels in the blood
and the expression of HPG axis-related genes in tissueswere used to an-
alyze the interference of TMX and CLO on the HPG axis of lizards. Mean-
while, the differences in the effects of TMX exposure and CLO exposure
on the HPG axis were compared, and the effects of metabolism on TMX
endocrine disruption were summarized. This study reported the effects
of neonicotinoids on the HPG axis in lizards for the first time, and pro-
vided basic data for endocrine disruption of neonicotinoids to reptiles.

2. Materials and methods

2.1. Reagents

Thiamethoxam (TMX, 98.2% purity) and clothianidin (CLO, 99.0%
purity) were supplied by the Institute for the Control of Agrochemicals,
Ministry of Agriculture, Beijing, China. Solvents including acetone, ace-
tonitrile, ethanol, methanol, n-hexane, and isopropanol were HPLC
grade and purchased from Dikma (Beijing, China).

2.2. Animals husbandry

Mongolian racerunners (Eremias argus) were collected from Abag
Banner, Inner Mongolia, China and kept in our laboratory since 2009.
A micro-ecological system for lizards was built according to natural en-
vironment in Changping District, Beijing. Mongolian racerunners were
placed and reproduced naturally in pesticide-free soil. The rearing of liz-
ards was carried out in 5 × 1.2 × 0.4 m solid bottom indoor aquarium.
About 10–15 cm of mollisol and fallen leaves mixture was spread on
the bottom of the aquarium for lizard habitat. Air conditioner, humidi-
fier and ultraviolet light lamps were used to maintain proper tempera-
ture, humidity and lighting conditions. The relevant parameters of the
feeding areawere controlled as follows. Temperature: 25–30 °C, humid-
ity: 30–60%, daylight lamps: 100 W, light:dark photoperiod: 14:10-h.
The pesticide-free mealworms (Tenebrio molitor) and water were used
for lizards feeding.

The sexually mature E. argus (3–3.5 g) were collected from our
breeding colony for experiment. The dosing lizards were housed in 30
× 30 × 20 cm glass cage with a water dish. The experimental conditions
were the same as the rearing conditions. Animal welfare and care were
carried out according to the Guidelines for the Care and Use of Labora-
tory Animals (Ministry of Science and Technology of China, 2006). The
design of animal experiments had been approved by Research Center
for Eco-Environmental Sciences, Chinese Academy of Sciences.

2.3. Exposure experiment and sampling

The method of administration was based on our previous study
(Wang et al., 2018a). In general, 1% of acute oral LD50 is considered to
be a relatively safe exposure concentration (Chen et al., 2016a). Consid-
ering the low acute oral toxicity of TMX and CLO to mammals and birds
(using The e-Pesticide Manual, version 5.0.1, designed by British Crop
Production Council), 20mg/kgbw was selected as a reasonable exposure
dose in this study.

2.3.1. Accumulation experiment
The accumulation experiment used 60 lizards, half male and half fe-

male. Lizards were oral administered with TMX twice per week for
28 days. Lizards were euthanized at 0.5, 1, 2, 3, 5, 7, 10, 14, 21 and
28 d. Three male lizards and three female lizards were selected at each
sampling point. The blood and gonad (testis for male and ovary for fe-
male) were collected for concentration analysis of TMX and its metabo-
lite CLO. At the end of exposure, the testis and ovary were collected for
histopathological analysis.
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2.3.2. Effect of metabolite CLO on TMX toxicity
Lizards were oral administered with TMX or CLO twice per week for

28 days, respectively. E. argus is a kind of small lizard with small total
blood volume (30–70 μL per lizard). The determination of hormones
in the blood would consume many lizards. To use the smallest possible
number of lizards, they were euthanized only at the endpoint of expo-
sure to analyze toxicological effects. Control group, TMX exposure
group andCLO exposure groupwere used in this part of the experiment.
To ensure the integrity of the experimental results, each group used 20
lizards (half male and half female). The plasma ofmale and femalewere
collected separately. The plasmas of males/females in each group were
collected together for the concentration analysis of gonadotropin-
releasing hormone (GnRH), prostaglandin D2 (PGD2), testosterone
(T) and estradiol (E2) at the end of exposure. The liver and gonad in
each group were weighed, and frozen at −80 °C with RNA store
(Tiangen Biotech, Beijing, China).
2.4. Chromatographic separation and concentration analysis

Acetonitrile was used for the extraction of TMX and CLO fromwhole
blood and gonadal tissues. The whole bloods and gonad homogeniza-
tion matrices were transferred to a 2-mL polypropylene centrifuge
tube and 2 mL acetonitrile added. The mixture was mixed, vortexed
for 3 min, ultrasonically shaken for 20 min, centrifuged at
10,000 r/min for 5 min, and the supernatant was collected. The samples
were re-extracted in the samemanner and the supernatants were com-
bined. The supernatant was evaporated to near dryness at 30 °C using a
vacuum rotary evaporator and dried under a gentle stream of nitrogen.
Finally, the extract was dissolved in 1 mL of acetonitrile and passed
through a 0.22 μm filter (Nylon 66) into a vial for HPLC-Q Exactive
Focus (QE) analysis.

TMX and CLO were detected by HPLC/QE. HPLC-QE analyses were
performed on a Q Exactive Focus (Thermo Scientific, USA) equipped
with HPLC (Ultimate 3000, Thermo Scientific, USA). An Acquity HSS
T3 column (Waters, 2.1 mm id ×10 cm long) was used and the mobile
phase was a mixture of 80% acetonitrile and 20% water at a flow rate
of 0.25 mL/min. Chromatographic analysis was conducted at 35 °C.
The injection volume was 10 μL and the scanning mode was positive-
ionization mode. The QE with a quaternary pump, a heat electrospray
ionization, an online vacuum degasser, an autosampler, and a
thermostatted column compartment was employed for analysis. The
optimized parameters of MS were set according to previous reports
(Wang et al., 2018b). The details of quantitative and quantitative ioniza-
tion of TMX and CLO were shown in Table S1.

System contamination was verified by adding a blank sample to
every 5 samples. No target compoundwas found in the blank, and no re-
sidual effect was observed in continuous operation. The linear calibra-
tion curves for both TMX and CLO were obtained over a concentration
range of 0.004–1 mg/L. Six replicate recovery evaluations were per-
formed at three fortified concentration levels 0.01, 0.1, and 1 mg/kg
(mg/L for blood). Recoveries of TMX and CLO ranged from 83 to 97%.
The precision of the assay for each chemical ranged from 2 to 6%
(RSD). LODs were 0.003 mg/kg (mg/L) in lizard tissues (blood) for
TMX and CLO. The LOQs were determined to be 0.01 mg/kg (mg/L)
based on the minimum fortified concentration level in lizard tissue
and blood.
2.5. Histopathology

The testis and ovary tissues were sampled at 28 days after dosing
and stored in 4% paraformaldehyde for histopathological analysis. The
gonadal tissues were embedded with paraffin, sectioned, and then
stained with hematoxylin and eosin, and examined by light microscopy
(Mcfarland et al., 2008).
2.6. Hormone concentration analysis

Plasma samples were collected after 28 days of exposure. The GnRH,
PGD2, T and E2 levels in the plasma were determined by an enzyme-
linked immunosorbent assay (ELISA) kit specified for lizards
(Elabscience Biotechnology Co., LTD) according to the manufacturer's
instructions. Duplicate aliquots (50 μL) of the diluted plasma were
used in the GnRH, PGD2, T and E2 assay.

2.7. Isolation of RNA, cDNA synthesis and real-time PCR

Total RNA was extracted from liver and gonad homogenate using
TRIzol reagent (Life Science, Beijing, China). The synthetic cDNA was
reverse transcribed according to the manufacturer's instructions
(QuantScript RT Kit, Tiangen Biotech, Beijing, China). The selected
HPG axis related genes and respective primers (designed using
NCBI Primer-Blast) were listed in Table S2. The Real-time PCR was
performed in a MX3005P real-time quantitative polymerase chain
reaction system (Stratagene, USA) using the SYBR GREEN PCR kit
(Tiangen Biotech, Beijing, China). The thermal cycle settings were:
5 min at 95 °C, 40 cycles of 30s at 95 °C, 40s at 54 °C and 40s 72 °C.
The MxPro software was used in sample analysis. The cytochrome
450 (cyp11a, cyp17and cyp19), hydroxysteroid dehydrogenase
(hsd3β, hsd11β and hsd17β), sex hormone receptor (Erα and Ar)
and aryl hydrocarbon receptor (Ahr) mRNA expressionwere normal-
ized by β-actin mRNA expression. Real-time PCR products were se-
quenced and aligned to verify product specificity. Gene expression
data showed changes over the same treatment period relative to
the control group.

2.8. Data analysis

SPSS 16.0 was used for statistics analysis. An independent-
samples t-test was used to show the difference between TMX or
CLO concentrations in blood and that in gonad. Two samples t-test
was used to determine the difference of the means of sex hormone
levels and gene expressions between treated group and control
group or between two treated groups. Bivariate correlations were
used to analyze the correlation between TMX or CLO concentration
in the gonads and that in blood. A probability of p b 0.05 was consid-
ered statistically significant.

3. Results

3.1. Accumulation of TMX and CLO in blood, testis and ovary

The time-concentration curves of TMX and its metabolite CLO in
blood, testis and ovary during 28 d exposure were shown in Fig. 1.
TMX was quickly absorbed by lizards after oral exposure and reached
its first peak around 6 h, and then the concentration dropped rapidly.
TMX concentration changed very sharply in the early stage of exposure.
After 10 days, the TMX concentration changed relatively slowly and
showed significant accumulation at the end of the exposure. The time-
concentration curve of the metabolite CLO displayed the same trend
as the parent TMX, and the final residual concentration was higher
than TMX. In male lizards, the concentrations of TMX and CLO in the
blood were higher than that in the testis after 7 days (p b 0.05). Con-
versely, the concentrations of TMX and CLO in the ovary were higher
than that in the blood after 7 days in female lizards (p b 0.05). In the tes-
tis, the final residual concentrations of TMX and CLO were 0.454 and
0.644 mg/kg. In the ovary, the final residual concentrations of TMX
and CLO were 0.812 and 1.203 mg/kg. TMX and CLO are more likely to
accumulate in the ovary. The concentrations of TMX and CLO in the
testis showed a significant positive correlation with the concentrations
of TMX and CLO in the blood, respectively (r = 0.974, p b 0.01 for



Fig. 1. The time-concentration curves of TMXand itsmetabolite CLO in blood and gonad in
male and female lizards during 28 d exposure. Red arrowsmean oral administration days.
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TMX, r= 0.928, p b 0.01 for CLO). This phenomenon also existed in the
ovary (r = 0.991, p b 0.01 for TMX, r = 0.924, p b 0.01 for CLO).

3.2. Gonad histopathology

Histopathological damage of the gonads was analyzed at the end of
28 d exposure (Fig. 2). In the TMX treatment group, vacuolization was
observed in the diffusely arranged germ cells and seminiferous epithe-
lia. Meanwhile, the arrangement of seminiferous epithelia also showed
obvious abnormalities. In female lizard, the pyknotic nucleus and inter-
cellular spaces of granulosa cells around theoocytes in the TMXexposed
groupweremore common than in the control group. These results indi-
cated that TMX exposure could cause pathological damage to lizard tes-
tis and ovary.

3.3. Hormone concentration analysis

At the end of the 28 d exposure, the concentrations of T, E2, PGD2
and GnRH in the control, TMX-treated and CLO-treated groups were
shown in Fig. 3. In female lizards, both T and E2 concentrations in the
TMX and CLO treated groups increased significantly compared to the
control group (p b 0.05). The concentrations of PGD2 and GnRH in the
treated groups did not show significant changes compared with the
control group. In the male lizards, the concentrations of T and PDG2 in
the treated groups were significantly reduced compared with the con-
trol group (p b 0.05), and the reduction in the CLO-treat group was
more pronounced than that in the TMX-treat group (p b 0.05). Com-
pared with the control group, the concentration of E2 in the treated
group did not show significant difference (p N 0.05). The concentrations
of GnRH in the treated groups did not show significant changes com-
pared with the control group.
3.4. The gene expression in the gonad, liver and brain

The expression of cyp19, cyp17, cyp11a, hsd3β, hsd11β, hsd17β, Erα,
Ar and Ahr genes in the gonad, liver and brain at the end of 28 d expo-
sure were shown in Fig. 4. In testis, the expressions of cyp19 and Erα
in the TMX and CLO-treated groups were significantly up-regulated.
The cyp17 gene exhibited obvious expression in CLO-treated group.
The expression of the Erα gene in the treated groups showed a signifi-
cant increase in the liver of the male lizard. And the increase in the
CLO-treated group wasmore pronounced. In the ovary, the expressions
of each catalytic enzyme gene in the treated groups were not signifi-
cantly changed. Only the expression of hsd17β gene in the CLO-treated
group showed a significant increase. In the TMX and CLO-treated
groups, the expressions of the Ar gene were up-regulated in female
liver. Meanwhile, the expression of cyp19 gene increased significantly
in both treated groups. The expression of cyp19 and hsd11β genes in
the CLO-treated group was significantly higher than that in the TMX-
treated group.
4. Discussions

In our previous report (Wang et al., 2018b), the half-life of TMX in
lizard blood was 2.7 h and TMX residues were not detected after 24 h
of acute oral exposure. Due to their high water solubility, TMX and its
metabolite CLO were easily excluded from lizards. However, TMX and
CLO were still enriched in lizard blood and gonads during continuous
exposure. Concentration curve of thiamethoxam in blood during contin-
uous oral exposure were consistent with the pharmacokinetic curves of
multiple oral administrations. The final steady-state concentration was
related to frequency of exposure, the administration concentration,
and the half-life of thiamethoxam. From this result, it could be seen
that thiamethoxam was likely to be enriched during continuous expo-
sure, resulting in toxicity risks. The concentrations of TMX and CLO in
the gonad showed a significant positive correlation with the concentra-
tions of TMX and CLO in the blood, respectively. The two-compartment
model could use to explain the transfer of TMX and CLO from blood to
gonads (Tipirneni-Sajja et al., 2016). Our results indicated that ample
blood exchange was the main cause of the enrichment of TMX and
CLO in gonads.

At the end of the 28 d exposure, there were almost no significant
changes in the concentration of GnRH in the blood of female and male
lizards compared to the control group. GnRH is secreted by the hypo-
thalamus, which in turn affects the secretion of gonadotropins from
the pituitary gland (Herbison, 2016). In our previous study, TMX and
CLO were difficult to enter the brain through the blood-brain barrier
(Wang et al., 2018b). The low residual of TMX and CLO in the brain
might be the main cause of no influence on the secretion of the hypo-
thalamus. It was worth noting that GnRH secretion was also regulated
by feedback from sex hormones (Herbison, 2016). From the results of
this study, TMX and CLO could affect the synthesis of E2 and T in lizards.
However, changes in sex hormone concentrations did not affect the se-
cretion of GnRH.Hormone feedback regulation of theGnRHmight be af-
fected by TMX/CLO. Meanwhile, we observed a significant decrease in
the levels of T and PGD2 in the blood of male lizards in TMX and CLO-
treated groups. Suppression of PGD2 is thought to be associatedwith in-
hibition of cyclooxygenase (Subramaniam et al., 2016). It has been re-
ported that inhibition of PGD2 and cyclooxygenase could lead to
unilateral cryptorchidism in rats (Philibert et al., 2013) and affect
androgen-dependent anal genital index in male offspring (biomarkers
for male androgen deficiency) (Kristensen et al., 2011). T is one of the
main hormones produced by the testes and may affect the emergence
of spermatogenesis, sexual maturity, reproductive success and second-
ary sexual characteristics (Guan et al., 2012; Tokarz et al., 2015). There-
fore, the results of this study indicate that exposure to TMX and CLO
could seriously affect the production of T and PGD2 and cause male



Fig. 2.RepresentativeHistology of theTestis (A: Control) (B: TMX) and theOvary (C: Control) (D: TMX). Bar: 50 μm.Black arrow: vacuolization; red arrow: intercellular spaces of granulosa
cells around the oocytes.
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hormone deficiency in male lizards, resulting in endocrine disrupting
effects.

The results of observation of gonadal tissue sections with higher mi-
croscopic magnification were shown in Fig. S1. Irregular changes in
Fig. 3. The concentrations of T, E2, PGD2 and GnRH in the control, TMX-treated and CLO-tre
significant difference compared with the control group (p b 0.05, one-way ANOVA); + means
morphology of vas deferens were observed in the TMX-exposed
group. The number of primary spermatocytes, spermatogonia, and
sperm in the TMX-exposed group decreased compared with the control
group. TMX could causemorphological damage to the testes and causes
ated groups at the end of the 28 d exposure. F means female, M means female; * means
significant differences between treatment groups (p b 0.05, one-way ANOVA).



Fig. 4. Relative gene levels of cyp19, cyp17, cyp11a, hsd3β, hsd11β, hsd17β, Erα, Ar and Ahr in gonad and liver at the end of the 28 d exposure. The result was evaluated as the relative ratio of
the expression level of eachmRNA to that of β-actin. * indicates a significant difference on gene expression between the control group and treatment groups at a significant level of p b 0.05
(one-way ANOVA); + indicates a significant difference on gene expression between treatment groups at a significant level of p b 0.05 (one-way ANOVA).

591Y. Wang et al. / Science of the Total Environment 667 (2019) 586–593
less sperm inmale lizards. The effect of TMX on testis was related to the
reduction of T and PGD2 secretion in male lizards induced by TMX. In-
tercellular spaces of granulosa cells around the oocytes are more pro-
nounced under high magnification. However, no more obvious
morphological damage was observed in the ovary.

The expression of HPG axis related genes in the gonads and liver fur-
ther validated our hypothesis. The significant increase in cyp17 and
cyp19 gene expressions was observed in the TMX and CLO-treated
groups in the testis. As a key enzyme in androgen synthesis, CYP17
could catalyze the 17α-hydroxylation of pregnenolone and progester-
one, and then cleave C20, 21-acetyl group to produce dehydroepian-
drosterone and androstenedione (Haidar et al., 2003; Wang and Ge,
2004). Thesemetabolites are important precursors of vertebrate gonads
androgens or estrogen production (Nakamura et al., 2010). CYP19 is a
terminal enzyme in the process of estrogen biosynthesis, involved in
the conversion of testosterone to estrogen (He et al., 2012; Simpson
et al., 1994). The up-regulation of cyp17 and cyp19 in the TMX and
CLO-treated groups was conducive to the production of T and E2 in tes-
tes ofmale lizards. However, in the blood ofmale lizards under TMXand
CLO exposure, the content of T decreased significantly, while the con-
tent of E2 increased significantly. These results showed that in male liz-
ards, themain effect of TMX or CLO exposure was the conversion of T to
E2, resulting in the decrease in T content in the blood. The effect of
CYP19 overexpression was stronger than that of CYP17. It had been re-
ported that TMX could induce CYP19 expression and aromatase activity
in H295R cells at environmentally relevant concentrations and affect
the synthesis of estrogen (Caron-Beaudoin et al., 2017; Caronbeaudoin
et al., 2015). Meanwhile, we observed overexpression of Erα gene in
male lizard liver in TMX and CLO treatment groups. Era and Ar are a
class of major steroid hormone receptors that regulate the transcription
of target genes by binding to related hormones (Li et al., 2016). Overex-
pression of Erα in the liver was associated with the increase in E2 con-
centration in the blood.

In the ovary, only the expression of hsd17β gene in the CLO-treated
group increased significantly, and other related synthetase genes did
not show significant changes. HSD17β is an important steroid dehydro-
genase that catalyzes the conversion of androstenedione to testosterone
(Chen et al., 2016b; Costa et al., 2015). The up-regulated expression of
hsd17β gene could promote T production, which was verified by a sig-
nificant increase in the T content in the female blood in treated groups.
Compared with the control group, the concentration of E2 in the blood
of female lizards in the treatment group increased slightly, but the in-
crease was not significant. The expression of Ar increased significantly
in female liver of the treated groups, which corresponded to the in-
crease in the concentration of T in the blood. The overview of the effects
of TMX and CLO on the expression of steroidogenic-related genes in fe-
male andmale lizards was shown in Fig. 5. It could be seen from our re-
sults that TMX (CLO) affected the HPA axis of male lizards and female
lizards in two different mechanisms and caused different changes. The
male lizards might be more threatened during the exposure.

CLO has been shown to be one of the major metabolites of TMX in
mammals, such as rats, mice and rabbits (Ford and Casida, 2006; Dick
et al., 2006; Green et al., 2005). In this study, the concentration of CLO
in the testis and ovary had exceeded the concentration of the parent
TMX in the late stage of exposure. Therefore, the impact of CLO produc-
tion on TMX toxicity cannot be ignored. We compared differences in
blood hormones concentrations and HPA axis-related genes expression
in tissues between CLO-treated group and TMX-treated group. Our re-
sults indicated that CLO had a similar induction mechanism to TMX,
and it had a more pronounced effect on the level of sex hormones in
the lizard blood and gene expression in the gonad and liver compare
with TMX. This conclusion showed that the production of CLO increased
the enrichment in lizards and increased the interference effect on the
lizard HPA axis.

5. Conclusion

Although TMX was easily metabolized and excreted by lizards in
acute oral exposure, TMX and itsmetabolite CLO still accumulated in liz-
ards during prolonged exposure. There was a significant positive



Fig. 5. Overview of the effects of TMX and CLO on the expression of steroidogenic-related genes in female and male lizards. Each index comprises the responses of TMX and CLO-treated
groups and the color intensity indicates the extent of changes relative to the control group.
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correlation between the concentrations of TMX or CLO in the gonads
and the concentrations in the blood. Adequate blood exchange was
the main cause of TMX and CLO entering the gonads.

TMX exhibited two distinct ways of interfering with the HPG axis of
the male and female lizards. In male lizards, TMX induced strong ex-
pression of CYP17 and CYP19, which ultimately leaded to a significant
increase in E2 production and a decrease in T content. In female lizards,
TMX promotes the production of T by inducing the expression of
hsd17β. In contrast, TMX exposure caused more pronounced androgen
deficiency in male lizards. The levels of related hormones and the ex-
pressions of related genes in the CLO-treated group were more signifi-
cantly affected than that in the TMX treatment group. The residual
concentration of CLOwas higher than that of the parent TMX in gonads
at the end of exposure. From the results of this study, we concluded that
the production of CLO aggravated the effect of TMX on endocrine dis-
ruption of lizards.
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