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Although the thyroid effects of pyrethroids on non-target organisms have been well studied, research on the toxic
effects of pyrethorid metabolites is still limited. In this study, a type of representative Chinese lizards was used as
the model and exposed to environmentally relevant concentrations of lambda-cyhalothrin (LCT) and 3-phenox
ybenzoic acid (PBA) through cultivation on 3 and 15 μg/g soil to evaluate and compare their disruption effects on
lizard hypothalamus-pituitary-thyroid (HPT) axis. The alterations occurred in lizards were examined through
histopathology analyses, hormone level and gene expression measurements, the molecular binding interactions
were analyzed in silico as well. The results showed that LCT exposure increased the plasma triiodothyronine (T3),
thyroxine (T4) levels and the follicular epithelium heights of thyroid glands, whereas PBA induced no or much
less degree of alterations. The ugt and dio2 gene expression in lizard liver was significantly up-regulated by LCT,
but PBA caused less or opposite effects. The in silico homology simulation illustrated that LCT binds to TRα in the
similar way of T3, while PBA binds to TRβ in the same manner of T3. The results demonstrated that both LCT and
its metabolite-PBA could disrupt lizard HPT axis but through distinct mechanisms. The information would
facilitate the comprehensive environmental safety assessment of pyrethroids.

1. Introduction
Pyrethroids are the third widely used insecticides in agricultural,
residential, and forestry areas and have replaced the organophosphorus
pesticides in many applications (Pan et al., 2014; Starr et al., 2014).
However, with the increasingly use of pyrethorids, the residues of py
rethroids in the environment have been widely detected (Tang et al.,
2018). The highest concentration of pyrethroids in soil can reach 1.2
μg/g, which is detected in Pakistan (Rafique et al., 2016). Through in
vitro and in vivo exposure tests, it is found that pyrethroids have sig
nificant endocrine disrupting effects on aquatic organisms and mammals
(Tyler et al., 2000; Nillos et al., 2010), which can even influence the
reproduce ability (Brander et al., 2016a). The high residues of pyre
throids in agricultural areas may pose a potential threat to terrestrial
organisms living in agricultural areas. However, few studies have been
focused on the endocrine effects of pyrethroids on terrestrial organisms.
Pyrethroids are prone to be metabolized in non-target organisms
after intake. Among all metabolites, 3-phenoxybenzoic acid (PBA) is one
of the most frequently detected non-specific metabolites in animal

tissues (Starr et al., 2014; Chen et al., 2016; Chang et al., 2018a) human
urine and blood (Meeker et al., 2009; Ratelle et al., 2015; Hwang et al.,
2019), and thus has been commonly used as a biomarker to indicate
human pyrethroids exposure (Barr et al., 2010). PBA is also regarded as
an endocrine disruptor and its endocrine effects on fish are even higher
than that of pyrethroids (Tyler et al., 2000; Brander et al., 2016b). It is
very important to pay attention on PBA toxicity when assessing the
endocrine effects of pyrethroids.
Considering the structural similarity of pyrethroids and PBA with
thyroid hormones such as triiodothyronine (T3) and thyroxine (T4),
lines of evidences indicated that pyrethroids could disrupt the thyroid
system via interfering with the hypothalamus-pituitary-thyroid (HPT)
axis (Campos and Freire, 2016) and their relative high potency of
affecting aquatic organisms has been widely reported (Tu et al., 2016a,
2016b; Li et al., 2017). Because of the high risk to aquatic organisms,
one pyrethroids, beta-cyfluthrin has been forbidden since Feb 2020
(Arena et al., 2020). Specifically, a previous in vitro TR assay revealed
that nine pyrethroids and their common metabolite PBA were able to
affect thyroid system by interacting with nuclear thyroid hormone
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receptors (TRs) (Du et al., 2010). However, up-to-date, study on the
thyroid disrupting effects of pyrethroids and PBA on terrestrial verte
brates is still limited and the potential threat of pyrethroids exposure to
terrestrial vertebrates is also unknown.
As the largest group of terrestrial vertebrates, reptiles are essential
for the ecological system and occupy important position in the food
chains (Gibbons et al., 2000). In recent years, the population of reptiles
has shown a serious decrease, and nearly one-fifth of reptiles are facing
species extinction (Böhm et al., 2013). Reptiles can be directly exposed
to pesticides through various routes (Amaral et al., 2012a). Pesticides
use is one of the main reasons for reptile population decline (Wagner
et al., 2015; Freitas et al., 2020), but birds are used as a surrogate to
assess the pesticides toxicity on reptiles. Studies have found that the
toxic effect of pyrethroids on reptiles is higher than that of birds (Ortiz
et al., 2018), and can’t be replaced by avian toxicology data. Thus, it is
urgent to carry out studies on the endocrine disrupting effects of pyre
throids on reptiles in order to accurately clarify the hazard risks of py
rethroids on reptiles. Among all reptile species, lizards have been
proposed as potential model species for reptile toxicology (Amaral et al.,
2012a, 2012b). Moreover, lizards are tested to be the most vulnerable
species to pesticides (Mingo et al., 2016).
In this study, Chinese native lizards Eremias argus are chosen as the
model animal, the thyroid hormone levels, thyroid axis related gene
expressions, and thyroid gland histopathology data were collected from
both control and lambda-cyhalothrin (LCT) or PBA exposed lizards to
assess and compare the thyroid disrupting effects of LCT and PBA on
terrestrial vertebrates. This study will provide more mechanistic infor
mation for the toxic assessment of pyrethroids and its metabolite in
terrestrial vertebrates.

(Rafique et al., 2016). PBA concentration can reach 2.26 μg/g in the
urine of children (Fiedler et al., 2015). In this study, the low exposure
dosage of LCT or PBA was set to be 3 μg/g soil, which is relevant to
environmental or human residual concentration. The high exposure
dose of LCT or PBA was set to be 15 μg/g soil. The 4.0 kg soil (collected
from our breeding colony, organic content, 1.0 ± 0.6%; sand (2000–20
μm), 71.2 ± 5.0%; slit (<20–2 μm), 5 ± 2.5%; clay (<2 μm), 23.8 ±
2.5%; pH, 7.5 ± 0.2) was mixed homogeneously with 12 mg or 60 mg
LCT and PBA using the mechanical shaker according to the method
described in our previous study (Chang et al., 2018b). After acclimation,
lizards were separated into six groups randomly (n = 6 in each group)
and exposed to 0 (control), positive control (orally exposed to 10 μg/g
T3 for 14 days, oral exposure pathway was chosen because positive re
sults were expected and we cannot quantify how much T3 can be
adsorbed through dermal exposure), 3 μg LCT/g soil, 15 μg LCT/g soil, 3
μg PBA/g soil and 15 μg PBA/g soil. Three replicates (two lizards were
pooled as one replicate) were performed in each group. After two weeks,
lizards were sacrificed through decollation followed by the method
described by (Amaral et al., 2012c) The blood was collected and
centrifuged at 3500 rpm for 10 min, the upper phase (plasma) was
stored at − 20 ◦ C before hormone analysis. Lizard liver and brain were
dissected and stored in RNA store solution for further analysis. One part
of the liver was stored at − 20 ◦ C for metabolites analysis. The thyroid
gland was fixed with 4% paraformaldehyde for histopathological anal
ysis. In this experiment, we followed the laboratory animal-guideline for
ethical review of animal welfare (GB/T 35892–218). The animal care
and use procedures have been approved by Research Center for
Eco-Environmental Sciences, Chinese Academy of Sciences.

2. Materials and method

2.4. Thyroid gland histopathology

2.1. Chemicals

Thyroid glands of lizards were treated with xylene and ethanol for
dehydration, then embedded in paraffin and sectioned in 3 μm thick
ness, which is followed by staining with hematoxylin and eosin (HE)
after deparaffinization. The slices were examined under light micro
scope (ZEISS, AXIO) and the follicular epithelium heights of thyroid
glands were measured by BJMicroView software.

LCT (CAS: 91465-08-6, >98% purity) and PBA (CAS: 3739-38-6,
>98% purity) were provided by J&K Chemical Technology (Beijing,
China). All other chemicals such as TRIzol reagent and 4% para
formaldehyde were purchased from TIANGEN Biotech (Beijing, China).
2.2. Lizard husbandry

2.5. Steroid hormone analysis

Lizards (Eremias argus) were collected from Inner Mongolia, China
and have been cultured in our laboratory since 2009 (Wang et al., 2014).
Our lab has established a breeding base in Changping District, Beijing,
where Eremias argus are breed naturally in pesticide-free soil. No pesti
cides were applied in this breeding base since 2009 and no pesticides
have been detected in the soil (Figure S1). Mature males (body weight:
3.0–3.5 g; body length: 35.0–38.5 mm) were obtained from our breeding
base. The endocrine system of pregnant female may show variable re
sponses to pesticide exposure and the toxic effects are not comparable
with that of not pregnant female lizards. In that case, many researchers
only focus on male lizard toxicology during the reproduction period of
female lizard (Cardone et al., 2008; Verderame et al., 2011; Xie et al.,
2019; Zhang et al., 2019). Thus, female lizards were excluded from the
experiment because they were at reproduction period (May–June).
Before experiment, lizards were allowed to acclimate in the experi
mental soil for seven days in a 5 × 1.2 × 0.4 m solid bottom indoor
aquarium. The ultraviolet lamps were set to a 14:10 h light/dark cycle in
order to mimic the sunlight. The temperature was 26 ± 3 ◦ C and hu
midity was 40% ± 10%, respectively. The lizards were fed with meal
worms (Tenebrio molitor) twice every day. Water was sprayed every day
and the excreta were cleaned every two days.

The enzyme-linked immunosorbent assay (ELISA) kits (Elabscience
Biotechnology Co., Ltd.) were used to detect the concentrations of T3
and T4 in lizard plasma, which were diluted 10 folds to fit into the range
of calibration curves. The detection ranges of T3 and T4 were 0–10,000
pg/mL and 0–300 ng/mL, respectively.
2.6. Isolation of total RNA, reverse transcription and real time PCR
The protocol for total RNA isolation, reverse transcription and real
time PCR were described in our previous study (Chang et al., 2017).
Briefly, lizard liver and brain were homogenized and total RNA was
extracted using Trizol reagent. The concentration and purity of extrac
ted RNA was measured on NanoDrop 2000 microvolume spectropho
tometer. The cDNA was synthesized by reverse transcription reaction
using RT kit. Thyroid hormone receptors (trα, trβ), deiodinase (dio1,
dio2), retinoidx receptor (rxr), sulfotransferase (sult), and
UDP-glucuronosyltransferase (ugt) genes related with HPT axis were
studied. The primers sequences and GeneBank accession numbers were
listed in Tables S1. The reaction solution for real-time PCR was
comprised with 10 μL Master Mix, 1 μL cDNA, 1 μL of each primer, 7 μL
RNase-free H2O. The cycling conditions were as follows: denaturation at
95 ◦ C for 30s, annealing at 54 ◦ C for 40s, and extension at 72 ◦ C for 40s.
The results were quantified using the 2-△△CT method.

2.3. Exposure experiment
The LCT concentration in the farmland soils can reach 1.18 μg/g
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2.7. Molecular docking

Focus (Thermo Scientific, USA). The mobile phase was composed with
methanol and 0.05% formic acid water. The flow rate was set at 250 μL/
min and the injection volume was 10 μL. The mass spectrum parameters
were as follows: (1) full scan: resolution: 70 000; automatic gain control
target: 1.0e6; scan range: 100–1000 m/z; scan mode: negative; (2) PRM:
resolution: 17 500; automatic gain control target: 1.0e6; isolation win
dow: 3.0 m/z; NCE/stepped: 20 30 40 ev; scan mode: negative.

Since TRα and TRβ are both conservative among species, homology
modeling using TRα and TRβ from human were performed to study the
binding interactions between the receptors and the ligands. Protein Data
Bank (http://www.rcsb.org/pdb/home/home.do) provides the threedimensional (3D) structure of TRα (PDB ID: 2h77) and TRβ (PDB ID:
3gws). The molecular docking protocol has been described in our pre
vious study (Chang et al., 2019). Briefly, the AutoDockTools 1.5.6
package (http://mgltools.scripps.edu) was used to generate the docking
input files. The molecular docking was operated on AutoDock Vina 1.1.2
(http://vina.scripps.edu). According to the Vina docking scores, the
best-scoring pose was chosen and shown on the AutoDockTools 1.5.6
visually.

2.9. Data analysis
Data for mRNA gene expression levels, follicular epithelium height,
and thyroid hormone levels were analyzed on SPSS (version 13.0; USA)
using one-way analysis of variance (ANOVA) following Turkey test. P <
0.05 was considered significant difference.
Orthogonal partial least squares discriminant analysis (OPLS-DA)
was performed to find the relevant variables related to the exposure
groups by using the SIMCA 12.0 software package. Variable importance
in the projection (VIP) > 1 was considered to be important biomarkers.

2.8. LCT metabolites extraction and analysis
The lizard liver samples (0.05–0.1 g) were homogenized and trans
ferred into a 50 mL polypropylene centrifuge tube, and 10 mL of
acetonitrile was added. The mixture was vortexed for 3 min, sonicated
for 15 min, and then centrifuged at 8000 rpm for 5 min. The samples
were re-extracted in the same manner. The supernatants were combined
and evaporated to dryness at 30 ◦ C using a vacuum rotary evaporator.
The dried residues were redissolved in 1 mL of acetonitrile and filtered
through a 0.22 μm filter before analysis.
The LCT metabolites analysis was performed on HPLC-Q Exactive

3. Results
3.1. LCT metabolism pathway in lizard liver
The LCT metabolites in lizard liver were qualified after 14 days
exposure by HPLC-Q Exactive Focus (Figure S2). Four metabolites
including 3-Phenoxybenzyl alcohol (PBAlc), PBA, hydroxylated-PBA

Fig. 1. Images of male lizards (Eremias argus) thyroid gland after two weeks of exposure. (A) control group; (B) positive control group; (C) 3 μg/g LCT group; (D) 15
μg/g LCT group; (E) 3 μg/g PBA group; (F) 15 μg/g PBA group. The follicular epithelium height was shown with double arrows.
3

J. Chang et al.

Environmental Pollution 287 (2021) 117322

(PBA-OH), and lambda-cyhalothric acid (DCCA) were detected in the
liver. According to these metabolites, the LCT metabolism pathway was
also predicted (Figure S3). LCT was firstly metabolized into PBAlc and
DCCA through hydrolysis, then PBAlc was converted to PBA and PBAOH through oxidation.

3.4. The expression levels of HPT axis related genes
The expression levels of HPT axis related genes trα, trβ, dio1, dio2 in
lizard brain and trα, trβ, dio1, dio2, rxr, udp, sult genes in lizard liver were
quantified after 14 days of exposure (Fig. 3). In the lizard brain, only trα
mRNA levels was significantly decreased after T3 exposure (one-way
ANOVA, p < 0.05). In 3 μg/g LCT exposure group, only dio1 gene level
was significantly decreased whereas trα, trβ, dio1, dio2 gene expression
levels were significantly increased after 15 μg/g LCT exposure (one-way
ANOVA, p < 0.05). The expression of trβ, dio1, dio2 genes were signif
icantly decreased after 3 μg/g PBA exposure while the dio2 mRNA level
was significantly decreased and trα mRNA level was significantly
increased after 15 μg/g PBA exposure (one-way ANOVA, p < 0.05).
In lizard liver, the expression of trβ, dio1, ugt and sult genes were
significantly up-regulated while trα, dio2, rxr mRNA levels were signif
icantly down-regulated after T3 exposure (one-way ANOVA, p < 0.05).
In 3 μg/g LCT exposure group, the expression of dio1, sult genes were
significantly decreased while dio2 mRNA level was significantly
increased (one-way ANOVA, p < 0.05). The expression of trα, trβ, dio1,
dio2, rxr, sult, ugt mRNA were significantly increased after 15 μg/g LCT
exposure group (one-way ANOVA, p < 0.05).
In 3 μg/g PBA exposure group, the trα, ugt mRNA levels were

3.2. Thyroid lesions
Morphologically, the thyroid gland of Eremias argus is a single
discrete structure crossed the middle of trachea, which is different with
mammals. Similar with other lizards, the thyroid follicles contains
follicular epithelium cells and colloids. The thyroid gland sections were
shown in Fig. 1. In the control group, the thyroid follicles were evenly
distributed with follicular epithelium height of 2.4 ± 0.2 μm (Fig. 1A;
Table S2). In the positive control group, the follicular epithelium height
was 3.6 ± 0.9 μm, which was significantly increased compared with
control group (Fig. 1B). In 3 μg/g and 15 μg/g LCT exposure groups, the
follicular epithelium heights (4.2 ± 0.7 μm and 3.4 ± 0.5 μm) were
significantly increased compared with control group (Fig. 1C–D).
Moreover, the follicular epithelium shape changed from cube to
Columnar when the height of follicular epithelium significantly
increased. No significant change was detected in lizard thyroid gland
after PBA exposure (Fig. 1 E-F).
3.3. Thyroid hormone levels
The thyroid hormone levels in lizard plasma were measured in both
control and exposure groups (Fig. 2). In the positive control group, the
T4 and T3 levels were increased 3.2-fold and 2.2-fold (one-way ANOVA,
p < 0.05) over control group. After 3 μg/g LCT exposure, the T4 and T3
concentrations were increased 1.6-fold and 2.2-fold over control group
while the T4 levels was significantly decreased (− 2.0-fold) compared
with positive control group (one-way ANOVA, p < 0.05). Compared with
control group, 15 μg/g LCT exposure elevated the T4 and T3 levels by
8.2-fold and 5.9-fold, respectively, which were even higher than those in
positive control group. In 3 μg/g PBA exposure group, no significant
difference was observed in the T3 and T4 levels compared with control
group and significantly decreased (− 2.2-fold, − 1.6-fold) compared with
positive control group (one-way ANOVA, p < 0.05). In contrast, the T4
and T3 levels were increased 3.3-fold and 6.3-fold after 15 μg/g PBA
exposure.

Fig. 3. The transcription of HPT axis related genes in lizard (Eremias argus)
brain and liver after T3, LCT or PBA exposure for 14 days. The expression
profiles are presented as a heat map. The data are presented as Log2 fold
changes. * indicates significant differences compared with control group and +
indicates significant differences compared with positive control group
(T3 group).

Fig. 2. The fold changes of thyroxine (T4) and triiodothyronine (T3) in T3, LCT
and PBA exposure groups compared with control group. * indicates statistically
different from control group (p < 0.05) and + indicates statistically different
from positive control group (p < 0.05).
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significantly up-regulated while the expression of dio2 and sult genes
were significantly down-regulated (one-way ANOVA, p < 0.05). In
contrast, the trα, trβ, dio1, rxr, sult, ugt mRNA levels were significantly
increased and the dio2 mRNA levels were significantly decreased after
15 μg/g PBA treatment (one-way ANOVA, p < 0.05). The expression of
trα, dio2 and ugt genes showed similar responses between low and high
PBA exposure groups.

Table 1
The docking results of LCT or PBA with TRα and TRβ.
Proteins

Chemicals

△G(kcal/mol)

TRα

T3
LCT
PBA
T3
LCT
PBA

−
−
−
−
−
−

TRβ

3.5. Molecular docking of the interaction of LCT and PBA with TRs
Molecular docking analysis was conducted to provide some expla
nations for the structural characteristics of LCT and PBA activity with
TRs. The T3 binding pocket with TRα is composed of TRP185, ARG266,
ASN179 and HIS175 residues (Fig. 4A). Compared with T3, LCT showed
similar ligand binding pocket with TRα (Fig. 4B). In the binding pocket
of TRα, PBA formed hydrogen bond with ARG266, THR275 and ARG262
residues (Fig. 4C). The T3 binding pocket with TRβ is composed of
ARG282, ASN331, LEU330 and HIS435 residues (Fig. 4D). PBA fitted
into the similar binding pocket of TRβ compared with T3 (Fig. 4E).
However, only carbonyl bond in LCT interacted with LYS306 residues in
TRβ (Fig. 4F).
The binding energy (△G) of T3, LCT and PBA with TRα/TRβ were
measured using the Vina docking score algorithm (Table 1). For Auto
dock, the higher binding energy means a lower binding potency with the
protein. The binding potency of LCT (− 8.4 kcal/mol) or PBA (− 7.1 kcal/
mol) with TRα was higher than that of T3 (− 6.4 kcal/mol). Moreover,
PBA showed higher binding affinity with TRα than LCT. The binding
potency of PBA with TRβ (− 8.1 kcal/mol) was higher than that of LCT
(− 6.8 kcal/mol), although lower than that of T3 (− 9.3 kcal/mol).

6.4
7.1
8.4
9.3
6.8
8.1

Binding residues
TRP185, ARG266, ASN179, HIS175
TRP185, ARG266, ASN179, HIS175
THR275, ARG266, ARG262
HIS435, ARG282, ASN331, LEU330
LYS306
HIS435, ASN331, LEU330

which is in accordance with previous studies showing the fast meta
bolism rates of LCT in non-target animals (Chang et al., 2016; Kim et al.,
2006). Therefore, the toxicity induced by LCT exposure can be regarded
as the combined effects of both parent compound and its metabolites.
The thyroid gland histopathology, thyroid hormone levels, HPT axis
related gene expressions were measured in order to assess the thyroid
disrupting effects of LCT and its metabolite-PBA. The T3-like effects of
LCT and PBA were also predicted through the comparison with T3
exposure group and in silico binding simulation with TRs.
4.1. The toxic effects of LCT on lizard thyroid system
Previous study showed increased follicular epithelium height of liz
ards thyroid gland after (+)-LCT-induced thyroid dysfunction (Chang
et al., 2018a). For histopathological analyses, the follicular epithelium
height was significantly increased after 3 μg/g or 15 μg/g LCT exposure
compared with control group, suggesting that LCT can over-activate the
thyroid gland function, which manifested as increased T3 and T4 con
centrations in lizard plasma (Fig. 5). In contrast, 0.79 mg/kg LCT (Al,
2018) or 6 mg/kg deltamethrin (Zhang et al., 2020) exposure decrease
T3 and T4 levels in mice, indicating the different disruption mechanisms
of pyrethroids in mice and lizards. The dio1 and dio2 genes in the liver
were significantly up-regulated after low dose LCT exposure. The results
demonstrated that LCT exposure can disturb the deiodinase genes in
lizard HPT axis at environmentally relevant concentration. In 3 μg/g and
15 μg/g LCT exposure groups, the expression of dio2 gene in the liver

4. Discussion
In this study, the lizards were exposed to LCT and PBA through
cultivation on the artificially contaminated soil. Unlike PBA that can be
stably accumulated in animal tissues for a long time (Chang et al., 2016),
LCT, according to the analyses on LCT metabolism in lizard liver
(Figure S2-S3), can be transformed in to at least four major metabolites,

Fig. 4. Binding configuration of T3, LCT and PBA in TRα/TRβ obtained by molecular docking. (A) binding poses of T3 in TRα, the TRP185, ARG266, ASN179 and
HIS175 residues are labeled; (B) binding poses of LCT in TRα, the TRP185, ARG266, ASN179 and HIS175 residues are labeled; (C) binding poses of PBA in TRα, the
THR275, ARG266, and ARG262 residues are labeled; (D) binding poses of T3 in TRβ, the HIS435, ARG282, ASN331 and LEU330 residues are labeled; (E) binding
poses of LCT in TRβ, the LYS306 residue is labeled; (F) binding poses of PBA in TRβ, the HIS435, ASN331 and LEU330 residues are labeled.
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Fig. 5. The effects of T3, LCT exposure with different concentration (3 μg/g or 15 μg/g) on the HPT axis related genes and hormone concentrations in male lizards.

was increased with exposure doses. The function of dio2 is to regulate
the transformation from T4 to T3 (Orozco and Valverde-R, 2005).
Therefore, the increased dio2 gene expression levels may be a response
to the increased T3 levels and dio2 gene expression change may be
regarded as a valuable biomarker.
The different expression of HPT axis related genes in lizard liver was
further analyzed through OPLS-DA. In LCT exposure group, dio1, dio2
and ugt genes were important biomarkers compared with control group
(VIP>1, Figure S4). Moreover, dio2 and ugt gene expressions were
increased with exposure dosages, which showed dose-effect relation
ship. As dio2 gene mainly regulates the T3 synthesis and ugt gene
modulates the T4 metabolism, thus, LCT exposure mainly disrupted the
T3 synthesis and T4 metabolism pathways.

groups and can be considered to be important biomarkers in the liver.
The expression of trα was significantly increased while dio2 mRNA was
significantly decreased in zebrafish after PBA exposure (Xu et al., 2018),
which were consistent with our results. In general, the increased trα gene
expression levels stimulated the T3 transportation and activate the
appropriate post-receptor responses. The decreased dio2 expression
levels suppressed the transformation from T4 to T3 in order to maintain
normal T3 levels. At the same time, the elevated T4 levels stimulate the
over-expression of ugt gene to accelerate its metabolism.
The OPLS-DA indicated that trα, trβ and ugt genes were important
biomarkers after PBA exposure in lizard liver (VIP>1, Figure S5). At the
same time, trα, trβ gene levels exhibited dose-effect relationship. As trα,
trβ genes mainly modulate the transportation of T3, PBA exposure
influenced the T3 transportation pathway. In our previous study,
(+)-LCT exposure resulted in higher expression of trα, trβ genes (Chang
et al., 2018a). At the same time, although the concentration of (+)-LCT
was low, PBA level was very high in lizard liver after (+)-LCT exposure
group. Considering the influence of PBA on trα, trβ gene expressions, the
thyroid disruption induced by (+)-LCT exposure may be regulated by
PBA in lizard liver.
In lizard brain, the dio2 gene expressions were significantly downregulated after both low and high PBA exposure. PBA exposure dis
rupted the T4 to T3 transformation pathway in lizard brain and dio2
gene may be act as the indicator to assess the thyroid disrupting effects

4.2. The toxic effects of PBA on lizard thyroid system
The disruption effect of PBA on lizard thyroid system is shown in
Fig. 6. No significant lesion was found in lizard thyroid gland after 3 μg/
g or 15 μg/g PBA exposure. The T3 and T4 levels were only significantly
increased after high dose PBA exposure while thyroid hormone levels
were not altered in low dose PBA exposure group. However, the HPT
axis related genes were obviously disrupted after low and high dose
exposure in lizard brain and liver. The expression of trα, dio2 and ugt
genes showed similar responses between low and high PBA exposure

Fig. 6. The effects of T3, PBA exposure with different concentration (3 μg/g or 15 μg/g) on the HPT axis related genes and hormone concentrations in male lizards.
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of PBA on lizard brain.

no or less significant changes in thyroid gland and thyroid hormone
levels compared with LCT exposure, the expressions of HPT axis related
genes in the liver and brain were significantly altered. The trα, trβ and
ugt genes were important biomarker after PBA exposure and showed
higher binding affinity with TR than LCT. These results revealed that
LCT and its metabolite, PBA, have distinct endocrine disruption mech
anismsand may threat the development and reproduction of reptiles.
However, it is still not clear whether the toxicity induced by LCT
exposure is a joint effect of LCT and PBA, which need further research.

4.3. The T3-like effects of LCT and PBA
In order to assess the T3-like effects of LCT and PBA, T3 exposure was
set as the positive control group. The thyroid gland activity and thyroid
hormone levels in the plasma were increased after T3 treatment. In
lizard brain, only trα gene expression was significantly decreased after
T3 exposure. It may be a negative feedback effect to the increased T3
levels in lizard plasma. The expression of trα mRNA in the brain can be
regarded as an important biomarker for assessing the thyroid effects of
T3-like compounds. In consist with this result, the expression of trα gene
in the brain was significantly decreased after 3 μg/g LCT or PBA expo
sure. Previous study also found that the responses of trα gene were
related with thyroid hormone alteration after azocyclotin exposure in
zebrafish (Jiao et al., 2019). However, the expression of trα gene was
significantly increased after 15 μg/g LCT or PBA exposure, which is
opposite with the result after T3 exposure. In that case, the expression of
trα mRNA in the brain was related with LCT and PBA exposure con
centrations. In lizard liver, T3 exposure increased the expression of trβ,
dio1, ugt and sult genes while decreased the trα, dio2, rxr mRNA levels.
The heterodimers of TRs with retinoid X receptor (RXR) are thought to
be the biological mediators of thyroid hormone action (Yang et al.,
1996). The rxr gene stimulates the activity of trα, trβ genes (Castillo
et al., 2004). Thus, the trα, trβ, and rxr mainly modulate the active
thyroid hormone levels. The significant decrease of trα, rxr and dio2
mRNA levels may be an inhibition to the active T3 formation. As ugt, sult
and dio1 genes are mainly involved in the regulation of the T3 or T4
metabolism, the significantly increased expression of these genes may be
the response to the elevated T3 and T4 levels.
LCT exposure (3 and 15 μg/g) caused lesions similar to T3 on lizard
thyroid gland. Besides, the thyroid hormone levels after low and high
LCT exposure were also significantly increased, which indicated that
LCT may act as T3-like compound. The follicular epithelium height and
thyroid hormone levels were vital biomarkers to evaluate the thyroid
effects of LCT on lizards.
In 15 μg/g LCT or PBA exposure group, the T3 and T4 levels were
significantly increased. In addition, the expression of trβ, dio1, ugt and
sult genes in lizard liver were significantly up-regulated and responded
in a similar way of T3 exposure group. It can be concluded that both LCT
and PBA could act as T3-like compounds at high exposure dose.
Although 3 μg/g PBA exposure caused no significant change in
thyroid gland and thyroid hormone levels, the expression of HPT axis
related genes in the liver was significantly changed and alterations were
similar with that caused by T3 exposure. Both treatments decreased the
ugt mRNA level in lizard liver whereas dio2 mRNA levels were signifi
cantly increased, suggesting inhibited T4 transformation to T3 and
accelerated T4 metabolism. Besides, the similar influences were
observed in high dose PBA exposure group, suggesting the expression
patterns of dio2 and ugt genes are dose-dependent and may constitute
important biomarkers for assessing the T3-like effects of PBA.
The molecular docking analysis indicated that T3 and LCT have the
same binding pocket with TRα while T3 and PBA showed similar binding
pocket with TRβ, which suggested that both LCT and PBA can act as T3like compounds but disrupt the T3 transportation pathway through
different mechanisms. The in silico binding energy proved that PBA has
higher possibility to disturb the binding between T3 and TRs than LCT.
The altered trα and trβ gene expression levels also suggested the
disruption of TRs after PBA exposure.
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