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• Chlordecone induced thyroid disruption
and underlying mechanism were stud-
ied.

• Long term exposure to chlordecone af-
fected thyroid hormones in adult rare
minnow.

• Chlordecone lacks affinity for TH-
related proteins in in vitro, in silico assay.

• Estrogen receptor inhibitor suppressed
chlordecone-induced effects in GH3
cells.

• Estrogen receptors may be involved in
chlordecone-induced thyroid
disruption.
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The present study aimed to evaluate the thyroid-disrupting potency of chlordecone, and reveal the underlying
mechanism. In the in vivo assays, rare minnow embryos were exposed to 0, 0.01, 0.1, 1 and 10 μg·L−1

chlordecone until sexually mature. The results showed decreased T4 but increased T3 concentrations in plasma,
upregulated mRNA levels of thyrotropin-releasing hormone receptor (trhr) and sodium-iodide symporter (nis)
in the brain, and transthyretin (ttr), thyroid hormone receptor α (trα) and deiodinase enzymes (dio1 and
dio2) in the liver of adult fish. In the in vitro assays, single chlordecone treatments promoted growth hormone
(GH) and prolactin (PRL) secretion in GH3 cells. Transcription of thyroid receptor (trβ) was inhibited, but this
is not likely responsible for chlordecone-induced GH secretion and altered transcription. When co-treated with
T3, chlordecone acted independently of the effect of T3 on GH secretion; chlordecone-induced GH/PRL secretion
and mRNA expression were further promoted when co-treated with E2, but inhibited when co-treated with ICI,
indicating an important role for estrogen receptors (ERs) in chlordecone-induced changes in GH3 cells. Further-
more, in silico prediction suggested no stable interactions between chlordecone and thyroid hormone-related
proteins, as well as a regulatory role for ERs in thyroid systems. Overall, our results indicated that chlordecone
may have adverse effects on thyroid systems upon long-term exposure. However, rather of TRs, ERs may be re-
sponsible for thyroid disruption following chlordecone exposure.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Chlordecone, also named kepone, is intensively used as an organo-
chlorine insecticide to fight against banana black weevil between
1972 and 1993 in Martinique and in Guadeloupe (French West Indies)
(NLM, 2004; Boucher et al., 2013). Chlordecone is highly lipophilic
and persistent in the environment, and is thus defined as a persistent or-
ganic pollutant (EUA, 1995; Hansch et al., 1995; UNEP, 2007). Despite
being unregistered in the USA since 1978 (IARC, 1979), chlordecone
can still be detected in rivers (up to 4 μg·L−1), wild fish (up to
0.42 μg·g−1), ducks (169 μg·kg−1 wet weight in legs) and humans
(0.41 μg·L−1 in cord blood) (Luellen et al., 2006; Guldner et al., 2010;
Boucher et al., 2013; Jondreville et al., 2014). Therefore, the occurrence
and potential risk of chlordecone to humans andwild animals in specific
areas (e.g., Caribbean Islands) remains in the spotlight in ecotoxicologi-
cal and epidemiological studies (Devault et al., 2017, 2018).

In the past decades, studies on humans and experimental animals
have provided evidence for carcinogenicity, hepatotoxicity,
immunotoxicity, and neurotoxicity caused by chlordecone exposure
(U.S. EPA, 2009; Multigner et al., 2010; Storck et al., 2016). Typically,
chlordecone has been identified as an endocrine disruptor primarily
due to its potent estrogenic activity and adverse effects on the repro-
ductive system (Scippo et al., 2004; U.S. EPA, 2009; Amorim et al.,
2019). However, a recent study reported correlations between peri-
natal exposure to chlordecone and thyroid-stimulating hormone
(TSH) and thyroid hormone (TH) levels in 3-month-old infants
displaying sexual differences (Cordier et al., 2015). Additionally,
the PubChem Bioassay database (NIH, 2018) also provides evidence
for antagonistic activity of thyroid receptor beta (TRβ) by
chlordecone. Hence, it is necessary to evaluate the thyroid-
disrupting potency to assess whether we have neglected the effects
of chlordecone on the thyroid system, and thus underestimated its
environmental risk.

The aim of the present study was to evaluate the in vivo effects on
the thyroid system by chlordecone, and reveal the underlying mecha-
nism through in vitro and in silico assays. Specifically, thyroid hormones
and thyroid related genes expression were determined in rare minnow
after long-term exposure to environmentally relevant concentrations of
chlordecone. The secretion of growth hormone (GH) and prolactin
(PRL) as well as the expression of related genes were determined in
GH3 cells upon single exposure to chlordecone or in combination with
T3or E2.Molecular dockingwere also applied to predict the interactions
between chlordecone and related proteins. The results can provide ad-
ditional information for endocrine toxicity of chlordecone.

2. Materials and methods

2.1. Chemicals

Chlordecone (purity N99.5%, CAS No. 143-50-5) was purchased
from Supelco Chemical Co. (St. Louis, MO, USA), and T3 (≥95%, CAS
No. 6893-02-3) and 17β-estradiol (E2; ≥98%, CAS No. 50-28-2)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). ICI
182,780 was purchased from AstraZeneca (Cheshire, United
Kingdom), and [4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT), high-performance liquid chromatography (HPLC)-
grade acetone and dimethyl sulphoxide (DMSO) were purchased
from Sigma-Aldrich. All other chemicals, including cell culture me-
dium and antibiotics (Gibco BRL, Paisley, UK) used in the present
study were of analytical grade.

2.2. In vivo effects of chlordecone in larval and adult rare minnow

2.2.1. Fish culture and experimental design
The rare minnow has been maintained in our laboratory for

N10 years. The brood stock was kept in a flow-through system filled
with dechlorinated tap water (pH 7.2–7.6; hardness 44.0–61.0 mg
CaCO3/L) and subjected to a 16:8 h light:dark cycle at 25 ± 1 °C. The
brood stock was fed newly hatched brine shrimp (Artemia nauplii)
twice a day and granule food (TetraMin, Tetra Werke, Melle,
Germany) once a day. More details for culture conditions and exposure
experiments are given in the Supporting Information (Text S1). Briefly,
normally developed rareminnowembryos at 2 h post-fertilisation (hpf)
were exposed to 0, 0.01, 0.1, 1, and 10 μg·L−1 chlordecone until sexually
mature. At 7 days post-hatch (dph) when the expression of
hypothalamus-pituitary-thyroid (HPT) axis genes peaked (Li et al.,
2009), 30 larvae were collected as one replicate, and three replicates
were included for each control and treatment group. Samples were
stored at−80 °C for real-time PCR (RT-PCR) analysis. At the end of ex-
posure (148 dph), adult fish were sacrificed after being anesthetised
with 0.01%MS-222. For each fish, body length and weight were quickly
determined, and blood was collected in heparinised microcapillary
tubes. Samples (three replicates for each group)were immediately cen-
trifuged (8000 ×g, 10min, 4 °C), and plasmawas collected and kept fro-
zen at −80 °C until use. Three liver (or brain) samples from female or
male fish were collected as one replicate, and two experimental repli-
cates were included for each control and treatment group. Samples
were flash-frozen in liquid nitrogen and stored at −80 °C until PCR
analysis.

2.2.2. Chlordecone concentrations in water
The actual concentrations of chlordecone in the flow-through sys-

tem were quantified immediately after tanks were dosed. Chlordecone
concentrationsweremeasured using ultra-performance liquid chroma-
tography tandem mass spectrometry (UPLC-MS/MS) as described by
Zhou et al. (2014). The detailedmethod is included in the Supporting In-
formation (Text S2). The average recovery of chlordecone was 96% and
the detection limit was 0.7 ng/L.

2.2.3. Plasma thyroid hormones
Plasma thyroid hormones were measured using a radioimmunoas-

say (RIA) kit (Sunbio, Beijing, China) following amethod described pre-
viously (Li et al., 2009). The observation that the dilution curves of
immunoreactive thyroid hormones mirrored the standard curves vali-
dated the use of RIA for measuring thyroid hormones in rare minnow
plasma. The inter-assay coefficients of variation for both T4 and T3
were b5%, and intra-assay coefficients of variation were b10%. Cross-
reactivity between T4 and T3 antibodieswas b0.5%, and assay sensitivity
for T3 and T4 was 0.25 and 3 ng·mL−1, respectively.

2.2.4. Relative quantification by real-time PCR
Relative expression of genes along the HPT axis, including

thyrotropin-releasing hormone receptor (trhr), sodium-iodide
symporter (nis), transthyretin (ttr), thyroid hormone receptor (trα)
and deiodinase enzymes (dio1 and dio2), were determined in larval
rare minnow. Relative expression of trhr and nis in the brain, and ttr,
trα, dio1 and dio2 in the liver of adults were determined. Extraction, pu-
rification and quantification of total RNA, and first-strand cDNA synthe-
sis were performed as described previously (Yang et al., 2010). RT-PCR
was performed on a Mx3005P RT-PCR system (Stratagene, CA, USA)
using Brilliant II SYBR Green QPCR master kits (Stratagene, CA, USA).
The cycling conditions involved an initial denaturation step at 95 °C
for 10 min, followed by 40 cycles at 95 °C for 30 s, 57 °C for 40 s, 72 °C
for 30 s, and a final cycle at 95 °C for 30 s, 57 °C for 30 s, and 72 °C for
60 s to generate a dissociation curve. All cDNA samples were analysed
in triplicate (technical replicates). Prior to the transcriptional assay,
we assessed the transcriptional stability of commonly used reference
genes using geNorm analyses (http://medgen.ugent.be/genorm). β-
actinwas indicated as themost stable gene under the established exper-
imental conditions, chosen as an internal control, andmRNA expression
was normalised against β-actin transcripts. The primer pairs used for
real-time PCR are listed in Table S1.

http://medgen.ugent.be/genorm
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2.3. In vitro effects of chlordecone in GH3 cells

2.3.1. Cell viability and chemical exposure
Rat pituitary GH3 cells were obtained from the Cell Center of the In-

stitute of Basic Medical Sciences, Chinese Academy of Medical Cell Via-
bility Assay and Chemical Exposure Sciences (Beijing, China). Culture
conditions and exposure experiments were as previously described
(Guo and Zhou, 2013) with minor modification. Briefly, GH3 cells
were cultured in serum- and phenol red-free DMEM/F12 medium con-
taining different concentrations of chlordecone (10, 30, 100, 300 and
1000 nM) alone or in combination with T3 (0.25 nM), E2 (0.1 nM),
and ICI (0.1 nM) for 48 h. T3 and E2 were also used as positive controls.
E2 (0.1 nM) and ICI (0.1 nM) treatments lasted 48 h, and T3 and E2were
also used as positive controls. Cell viability was measured by lactate
dehydrogenase release (LDH) assay using an LDH Detection Kit
(Jiancheng, Nanjing, China) according to the manufacturer's instruc-
tions. Three experimental replicates were performed, and each treat-
ment included a blank and solvent control (0.1% DMSO).

2.3.2. GH3 secretion of GH and PRL
After 48 h of exposure, the culture medium was centrifuged at

1000 ×g for 20 min, the supernatant was transferred to an Eppendorf
tube, and stored at −80 °C. Hormones were measured by competitive
enzyme linked immunosorbent assay (ELISA) according to the manu-
facturer's recommendations (Cayman Chemical Company, Ann Arbor,
MI; GH Cat # = CEA044Ra; PRL Cat # = SEA846Hu). Intra-assay and
inter-assay coefficients of variation were b10% and b12% for GH and
PRL, respectively. The detection limits were 55.2 pg·mL−1 for GH and
0.113 ng·mL−1 for PRL.

2.3.3. Gene transcription profiles in GH3 cells
The effects of chlordeconeon the transcription of genes including prl,

gh, dio1, dio2, trα, trβ, erα and erβ in GH3 cells were determined in the
presence or absence of T3. Extraction of RNA fromGH3 cells, determina-
tion of RNA purity, synthesis of first-strand cDNA, and quantitative real-
time PCR were performed using previously described methods (Guo
and Zhou, 2013). The transcriptional stability of commonly used refer-
ence genes was assessed using geNorm analyses (http://medgen.
ugent.be/genorm). Glyceraldehyde 3-phosphate dehydrogenase
(gapdh)was indicated as themost stable gene under the established ex-
perimental conditions, chosen as an internal control, andmRNA expres-
sionwas normalised against gapdh transcription. For each selected gene,
qRT-PCR was performed on three replicate samples (technical repli-
cates) and repeated three times (experimental replicates). The primer
pairs used for real-time PCR are listed in Table S1.

2.4. In silico simulation by molecular docking

2.4.1. Target prediction by molecular docking
Molecular docking studies were performed using the LibDock mod-

ule, and binding energies were calculated for all docked compounds
using Discovery Studio 4.0 (Accelrys Software, San Diego, CA, USA)
with standard protocols. The crystal structure of growth hormone-
releasing hormone receptor (GHRHR, 2XDG), thyroid-stimulating hor-
mone receptor (TSHR, 3GO4), TTR (4PME), agonistic TRα (3JZB), and
agonistic (1NAX) and antagonistic (2PIN) TRβ were obtained from the
RCSB protein data bank (http://www.pdb.org), and used for docking
modelling after appropriate preparation. For ligand preparation, the
three-dimensional (3D) structures of chlordecone, T3 and E2 were ob-
tained from the PubChem Substance database (http://www.ncbi.nlm.
nih.gov/pcsubstance) and optimised using the MMFF94 method.

2.4.2. Network prediction using online tools
To predict gene networks, a gene set including all target genes iden-

tified in the in vivo and in vitro assayswas submitted and analysed using
the Integrative Multi-Species Prediction (IMP, http://imp.princeton.
edu/) online tool. The minimum relationship confidence was set to
0.1, and the maximum number of genes was 10.

2.5. Statistical analysis

All quantitative data are expressed as mean ± standard error (SE).
Prior to one-way analysis of variance (ANOVA), data normality and ho-
mogeneity of variance were analysed using Kolmogorov-Smirnov and
Levene's tests, respectively. If necessary, data were log-transformed to
achieve approximate normality. Dunnett's tests were used to compare
data between treatments using SPSS (version 17.0, SPSS Inc., IBM, Chi-
cago, US), and p b 0.05 was considered statistically significant.

3. Results

3.1. In vivo effects of the HPT axis in larval and adult rare minnow

3.1.1. Concentrations of waterborne chlordecone
The chlordecone concentrations (mean± standard deviation, and %

of nominal concentration) in test solutions during the exposure period
were 0.009 ± 0.001 μg·L−1 (90%), 0.092 ± 0.022 μg·L−1 (92%),
0.894 ± 0.084 μg·L−1 (89%), and 8.843 ± 0.884 μg·L−1 (88%), for the
0.01, 0.1, 1 and 10 μg·L−1 treatments, respectively. Nominal
chlordecone concentrations were used in the present study.

3.1.2. Fish growth and development
The hatching, survival andmalformation rates of larval rareminnow

are listed in Table 1. Therewere no statistical differences in these indices
between the solvent control and the water control (data not shown),
therefore solvent control was used as control in this study (the same
for other parameters in the following text). Chlordecone exposure re-
sulted in a significant decrease in hatching rate (72 hpf) and an increase
in malformation rate (120 hpf) at 10 μg·L−1 (p b 0.05). Both the body
length and weight of adult females were significantly decreased at
0.1 μg·L−1 and 0.01 μg·L−1 (p b 0.05), and those of adult male fish
showed an obvious decrease after exposure to 0.01, 1 and 10 μg·L−1

chlordecone (p b 0.05; Table 1). Hepatic somatic indices (HSI) were de-
creased following 1 and 10 μg·L−1 treatment in females, and 0.1 μg·L−1

in males (Table 1).

3.1.3. Thyroid hormone levels after exposure to chlordecone
Plasma thyroid hormone levels in adult rare minnow are shown in

Fig. 1. Levels of T4were not significantly affected in any of the treatment
groups except for 1 μg·L−1 (p b 0.05). Plasma T3 levels in female and
male adults were significantly elevated at 10 μg·L−1 chlordecone, by
50% and 26%, respectively. In addition, the ratio of T3 to T4 was in-
creased by 36% and 41% in female adults at 0.01 and 10 μg·L−1, and by
38% in male adults at 10 μg·L−1 (p b 0.05).

3.1.4. Transcription of genes related to the HPT axis in larval and adult rare
minnow

The transcription of genes involved in the HPT axis in larvae and
adult fishwas determined, and no significant alterationswere observed
except for a decrease in trhr and ttr expression, by 44% and 45% follow-
ing exposure to chlordecone at 10 μg·L−1 (Fig. 2).

In adult females, brain trhr and nis mRNA levels were significantly
up-regulated by 2.9-, 3.5- and 1.6-fold (p b 0.05) in 0.01, 0.1 and
1 μg·L−1 treatments, and by 2.3-fold in the 0.1 μg·L−1 treatment
(p b 0.05), respectively. Hepatic mRNA levels of ttr and trαwere signif-
icantly up-regulated by 5.2-, 4.1-, 3.7- and2.3-fold, and by4.2-, 2.1-, 2.3-
and 3.5-fold, and those of the two dio subtypes (dio1 and dio2)were sig-
nificantly up-regulated by 3.3-, 4.0-, 4.0- and 2.5-fold, and 2.5-, 1.7-, 2.5-
and 3.1-fold, in treated groups (Fig. 2).

In adult males, brain trhr and nismRNA levels were significantly up-
regulated by 1.9- and 2.1-fold (p b 0.05) in 0.01 and 1 μg·L−1 treat-
ments, and by 9.0-, 4.5- and3.3-fold in 0.01, 0.1 and 1 μg·L−1 treatments

http://medgen.ugent.be/genorm
http://medgen.ugent.be/genorm
http://www.pdb.org
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Table 1
Developmental parameters in larval rare minnow.

Concentration (μg·L−1) Control 0.01 0.1 1 10

Larvae Hatching rate (%) 94.5 ± 14.1 83.8 ± 20.9 87.4 ± 28.7 87.4 ± 22.3 54.6 ± 16.2*
Survival rate (%) 65.4 ± 3.40 66.4 ± 23.2 57.1 ± 5.10 67.4 ± 17.8 72.5 ± 11.9
Malformation rate (%) 7.70 ± 2.60 10.0 ± 3.11 9.50 ± 3.59 13.0 ± 2.42 37.5 ± 5.40*

Female Length (mm) 39.3 ± 4.42 35.4 ± 3.01 34.8 ± 2.92* 37.0 ± 1.57 36.9 ± 3.33
Weight (g) 0.67 ± 0.20 0.44 ± 0.09* 0.49 ± 0.09* 0.53 ± 0.09 0.54 ± 0.12
HSI (%) 1.83 ± 0.76 1.61 ± 0.42 1.54 ± 0.43 1.46 ± 0.82* 1.49 ± 0.85*

Male Length (mm) 38.6 ± 3.54 35.9 ± 3.38 36.1 ± 2.14 35.0 ± 3.62 34.5 ± 2.53*
Weight (g) 0.64 ± 0.12 0.46 ± 0.10* 0.51 ± 0.06 0.43 ± 0.09* 0.45 ± 0.08*
HSI (%) 1.68 ± 0.57 1.45 ± 1.13 1.20 ± 0.58* 1.44 ± 0.37 1.50 ± 0.83

Data are expressed asMean± SE. The survival rate was calculated as the number of live fish at 120 h divided by the number of hatched fish at 72 h (n= 10). HSI= liver weight (g)/body
weight (g) × 100 * means statistically significant difference compared with control (p b 0.05).
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(p b 0.05), respectively. Hepatic mRNA levels of ttr and trαwere signif-
icantly up-regulated, by 2.7- and 4.2-fold in 0.01 and 10 μg·L−1 treat-
ments (p b 0.05), and 3.3-, 4.0- and 1.7-fold in 0.1, 1 and 10 μg·L−1

treatments (p b 0.05). Expression of dio1 and dio2 was significantly
up-regulated by 1.6- and 1.6-fold in 0.1 and 1 μg·L−1 treatments
(p b 0.05), and 2.6- and 4.7-fold in 0.01 and 10 μg·L−1 treatments
(p b 0.05; Fig. 2).

3.2. In vitro effects of chlordecone on GH3 cells

3.2.1. GH and PRL secretion by GH3 cells
Secretion of GH was promoted by 41.6%, 82.3%, 55.9%, 118% and

145% in 10, 30, 100, 300 and 1000 nM chlordecone treatment groups
(p b 0.05), by 109%, 135%, 190%, 404% and 219% in chlordecone+E2
co-treated groups (p b 0.05), by 26.2%, 61.6%, 40.0%, 68.2% and 89.1%
in chlordecone+ICI co-treated groups (p b 0.05), and by 85.9%, 67.5%,
82.2%, 125% and 153% in chlordecone+T3 co-treated groups
(p b 0.05), compared with medium controls (Fig. 3A).
Fig. 1. Effects of long-term exposure to chlordecone on plasma thyroid hormones in adult rarem
fish. (C) T3/T4 ration in female fish. (D) T3/T4 ratio in male fish. Data are expressed as mean ±
Secretion of PRL was promoted by 41.8%, 92.0% and 37% at 100, 300
and 1000 nM chlordecone treatment groups (p b 0.05), by 64.9%, 49.5%,
69.7%, 411% and 140% in chlordecone+E2 co-treated groups (p b 0.05),
and by 28.5% (30 nM chlordecone+T3) and 48.3% (1000 nM
chlordecone+T3) (p b 0.05), respectively (Fig. 3B). PRL secretion was
significantly decreased by 79.1% at 10 nM chlordecone+T3 (p b 0.05),
and 21.9% at 1000 nM chlordecone+T3 (p b 0.05), but here was no
significant difference in the 30 nM chlordecone+T3, 100 nM
chlordecone+T3, or 300 nM chlordecone+T3 co-treated groups com-
pared with medium controls.

3.2.2. Gene transcription profiles in GH3 cells
Changes in the transcriptional profiles of gh, prl, trα, trβ, erα and erβ

in GH3 cells following exposure to chlordecone alone or in combination
with E2, T3 or ICI are shown using heatmaps (Fig. 4). Chlordecone treat-
ment significantly promoted the expression of gh (by 1.04-, 2.45-, 2.82-,
4.52- and 4.00-fold at 10, 30, 100, 300 and 000 nM), prl (by 0.81-, 1.14-,
6.58- and 1.30-fold at 30, 100, 300 and 1000 nM), erα (by 3.52- and
innow. (A) T3 and T4 levels in plasma of femalefish. (B) T3 and T4 levels in plasma ofmale
SE. * indicates statistically significant differences compared with controls (p b 0.05).



Fig. 2. Transcriptional profiles of selected genes related to the HPT axis in larval and adult rare minnow in response to different concentrations of chlordecone. Relative expression of
thyrotropin-releasing hormone receptor (trhr), sodium-iodide symporter (nis), transthyretin (ttr), thyroid hormone receptor (trα) and deiodinase enzymes (dio1 and dio2) were
determined in whole body samples of larval fish. Relative expression of trhr and nis in the brain, and ttr, trα, dio1 and dio2 in the liver, were determined for adults. Changes in gene
profiles are represented by a heatmap. # means significantly different from the control.
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0.52-fold at 300 and 1000 nM), and erβ (by 0.86-, 0.94-, 1.19-, 2.50- and
0.80-fold at 10, 30, 100, 300 and 1000 nM), but inhibited the expression
of trβ (by 44%, 29% and 45% at 30, 100 and 300 nM), respectively
(p b 0.05).

Co-treatment with T3 significantly promoted the expression of gh,
trα and trβ compared with single chlordecone treatments at corre-
sponding concentrations. Co-treatment with E2 significantly promoted
the expression of almost all genes detected compared with single
chlordecone treatments at corresponding concentrations. By contrast,
co-treatment with ICI+chlordecone significantly inhibited the expres-
sion of erα and erβ by between 42% and 69% compared with medium
controls (p b 0.05). Transcripts of prl were decreased in GH3 cells
treated with T3+chlordecone compared with single chlordecone treat-
ments at corresponding concentrations.

3.3. In silico evaluation of interactions between chlordecone and thyroid-
related proteins

Potential interactions between chlordecone, E2, T3 and T4 with
GHRHR, TSHR, TTR, agonistic conformations of TRα, and agonistic
and antagonist conformations of TRβ were evaluated by molecular
docking (Table 2). The results indicated that T4 could interact with
all identified proteins, with binding energies ranging from −76.2 to
−152.6 kcal·mol−1. T3 was shown to interact with all identified pro-
teins except GHRHR, with binding energies ranging from −7.2 to
−147.3 kcal·mol−1. E2 could be docked with all identified proteins,
and the binding energies of complexes with GHRHR, TSHR, TTR and
agonistic TRβ were −20.9, −75.8, −11.0 and −99.4 kcal/mol,
while those with agonistic TRα and agonistic TRβ were 472.7 and
20.4 kcal·mol−1, respectively. Chlordecone could be dockedwith ag-
onistic TRα and antagonistic TRβ with binding energies of 68.3 and
−26.9 kcal·mol−1, respectively. No poses were generated for
chlordecone with GHRHR, TSHR, TTR or agonistic TRβ.

Furthermore, a gene network was generated using an online tool to
explain how ERs may regulate the genes and proteins identified in this
study. The results indicated high confidence scores for associations
between oestrogen receptor 2a (esr2a) with tshb (0.844) and gh1
(0.756; Fig. 5A), and moderate confidence scores for associations be-
tween oestrogen receptor 1 (esr1) with tshb (0.457), gh1 (0.569) and
prl (0.409) (Fig. 5B). Relatively low association scores (ranging from
0.129–0.192) obtained between ERs and TRs are also indicated in Fig. 5.

4. Discussion

Recent studies indicate thyroid disruption by chlordecone, but the
environmental and health risks have not been fully investigated. In
this regard, a series of in vivo, in vitro and in silico experimentswere per-
formed to explore the thyroid-disrupting potency of chlordecone, and
its underlying mechanism. Specifically, we observed obvious effects on
the HPT axis in adult rare minnow upon long-term exposure to
chlordecone. However, in silico and in vitro results revealed weak
interacting potency with TRβ following exposure to a low dose of
chlordecone, and no corresponding changes in GH and PRL secretion
by GH3 cells. By contrast, a high dose of chlordecone induced GH and
PRL secretion both in the presence and absence of T3. Our results also in-
dicate that oestrogen receptor (ER) signalling pathways might be in-
volved in chlordecone-induced thyroid disruption.

4.1. In vivo effects of chlordecone on the HPT axis in larval and adult fish

The in vivo results indicate disruption of TH homeostasis based on
decreased T4 levels, elevated T3 levels, and a consequent increase in
the T3/T4 ratio in adult rare minnow upon long-term exposure to
chlordecone. Similar results have been frequently observed in fish ex-
posed to endocrine disruptors such as polybrominated diphenyl ethers
(PBDEs) (Chan and Chan, 2012; Chen et al., 2012), TRIS-1,3-dichloro-2-
propylphosphate (Wang et al., 2013) and pentachlorophenol (Guo and
Zhou, 2013). Prenatal exposure to chlorpyrifos also produces a small but
significant reduction in brain T4 levels in rats (Slotkin et al., 2013), and a
decrease in T4 accompanied by an increase in T3/T4 ratio was observed
in primary hypothyroidism, which usually results in excessive body
weight gain (Wilkin and Isles, 1984). However, the length and weight



Fig. 3. Secretion of growth hormone (A) and prolactin (B) in GH3 cells in response to
chlordecone alone or in combination with T3, E2 or ICI. Data are expressed as mean ±
SE. * (p b 0.05) and ** (p b 0.01) indicate statistically significant differences between
treated groups and medium controls. # (p b 0.05) and ## (p b 0.01) indicate statistically
significant differences between groups co-treated with T3, E2 or ICI and single
chlordecone treatments at corresponding concentrations.
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of adult fish as decreased significantly, pointing to additional but impor-
tant regulatory mechanism(s) in chlordecone-induced thyroid
disruption.

TH homeostasis and biological functions are controlled by the HPT
axis through a series of key factors including TRHR, NIS, TTR, TH recep-
tors and the deiodinase enzyme (Orozco and Valverde, 2005; Morgado
et al., 2007). TRHR and NIS are known to be involved in TH synthesis
(Takahashi et al., 2005; Dohan et al., 2003; Schroder-van der Elst et al.,
2004), and their mRNA levels are most abundant in the brain in rare
minnow (Li et al., 2011). Herein, the transcription of genes involved in
the HPT axis was not altered significantly in larval fish except for a de-
crease in trhr and ttr at 10 μg·L−1 chlordecone, suggesting that embry-
onic exposure to chlordecone caused limited disruption of TH
homeostasis. Transcription of trhr and niswas increased in the brain of
adult fish, which may be a compensatory response to the decrease in
T4. TH homeostasis could also be interfered by environmental contam-
inants (e.g., PBDEs and their hydroxylatedmetabolites and phenol com-
pounds) through competition for their binding sites on TH receptors (Li
et al., 2010; Ibhazehiebo et al., 2011) and TTR (Morgado et al., 2007,
2009). In the present study, expression of tra and ttr mRNA was up-
regulated in the liver of adult fish, which may result from increased T3
levels, as indicated by Crump et al. (2008) who found a significant in-
crease in trα and trβ mRNA expression following T3 treatment. In-
creased T3 levels may also stimulate dio1 and dio2 transcription in the
liver of adult rare minnow, and our results are consistent with previous
studies demonstrating that hypothyroidism increases Dio1 and Dio2
activities and mRNA expression in fish (Van der Geyten et al., 2005).
Overall, these results indicate potential thyroid disruption by
chlordecone in adult rare minnow.

However, the in vivo study also raised a few questions; (i) although
no obvious changes were observed for TH in larval rare minnow, the
hatching rate (72 hpf) was significantly decreased, and the malforma-
tion rate (120 hpf)was increased; (ii) TH levels indicated primary hypo-
thyroidism,which usually results in excessive bodyweight gain (Wilkin
and Isles, 1984). However, the length and weight of adult fish was de-
creased in the present study. These questions point to additional but im-
portant regulatory mechanism(s) other than thyroid disruption for the
adverse effects caused by chlordecone in rare minnow. We speculate
that this may involve oestrogenic activity of chlordecone because
oestrogenic chemicals such as ethinylestradiol and 4-nonylphenol
have beenwidely reported to cause developmental toxicity, and growth
inhibitions elevate T3 levels and the T3/T4 ratio (Van den Belt et al.,
2003; Nimrod and Benson, 1998). To clarify these issues, we performed
further in vitro and in silico studies.

4.2. In vitro effects of chlordecone in GH3 cells

The GH3 rat pituitary tumour cell line displays T3-dependent cell
growth and GH secretion, and has therefore been widely used to evalu-
ate the thyroid-disrupting potency of environmental pollutants such as
brominated flame retardants, bisphenol A, triclosan and phenols
(Ghisari and Bonefeld-Jorgensen, 2005; Hamers et al., 2006; Hinther
et al., 2011; Guo and Zhou, 2013). In addition, GH3 cells also secrete
PRL in response to E2, and a variety of oestrogenic chemicals (Dang
et al., 2009; Avtanski et al., 2014). These features make this cell line an
appropriate model to evaluate the thyroid disruption ability of
chlordecone, and to investigate possible crosstalk between thyroid
and oestrogenic signalling pathways.

In the present study, a single chlordecone treatment induced GH se-
cretion in GH3 cells. Meanwhile, co-exposure to T3 and a low dose of
chlordecone induced GH secretion comparably to T3 treatment alone,
suggesting that T3 is mainly responsible for inducing GH secretion.
Taken together, chlordecone and T3 may affect cell proliferation and
GH secretion in different ways.

Thyroid hormone receptors are believed to be involved in T3-
induced GH transcription and secretion due to the presence of a thyroid
response element (TRE) in the GH promoter (Kim et al., 1992; You et al.,
2006). In the present study, we did observe increased transcription of
trα, trβ and gh in T3-treated GH3 cells. However, single chlordecone
treatments did not affect the transcription of trα, but inhibited trβ ex-
pression in GH3 cells, consistent with evidence from the PubChem Bio-
assay database showing that chlordecone exhibited antagonistic activity
toward TRβ (NIH, 2018). Thus, these results suggest that thyroid recep-
tors are not likely to be responsible for increased GH secretion and al-
tered mRNA levels in GH3 cells treated with chlordecone alone, and
further confirmed that chlordecone affects GH secretion differently to
T3.

Other possible mechanisms that may stimulate GH secretion in GH3
cells point a role for oestrogen receptors (Avtanski et al., 2014). Our
in vitro results indicate that E2 promoted cell proliferation and GH se-
cretion in GH3 cells, consistent with previous studies (Amara and
Dannies, 1983; Dang et al., 2009; Avtanski et al., 2014). Moreover, we
also observed increased transcription of erα and erβ, as well as gh and
prl, suggesting a role for ERs in E2-induced changes in GH3 cells. Since
chlordecone has been confirmed as a typical oestrogenic chemical, it is
very likely that itmaymimic the activity of oestrogenwith respect to ef-
fects in GH3 cells. In fact, transcription of erα and erβ was significantly
induced in GH3 cells with a single chlordecone treatment, and themax-
imum fold change was observed at 300 nM. Similarly altered profiles
were also observed for prl mRNA levels and secretion in GH3 cells fol-
lowing a single chlordecone treatment, along with cell proliferation,
and GH and PRL secretion in GH3 cells co-treated with chlordecone



Fig. 4. Transcriptional profiles of selected genes in GH3 cells in response to chlordecone alone or in combination with T3, E2 or ICI. Relative expression of growth hormone (gh), prolactin
(prl), thyroid hormone receptors (trα and trβ) and oestrogen receptors (erα and erβ) were determined. Changes in gene profiles are represented by a heatmap. # means significantly
different from the solvent control.
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and E2. It was also notable that co-treatment with E2 significantly pro-
moted chlordecone-induced cell proliferation, GH and PRL secretion,
and mRNA levels. By contrast, co-treatment with ICI significantly
inhibited GH and PRL transcription and secretion induced by
chlordecone. Hence, the above results confirmed a role for ERs in
chlordecone-induced functional changes in GH3 cells.

4.3. In silico evaluation of interactions between chlordecone and thyroid-
related proteins

In silico approaches can provide a clear view of interactions between
xenobiotic chemicals and biomolecules, and therefore illuminate the
thyroid-disruptingmechanism (Yang et al., 2011; Li et al., 2012). To fur-
ther reveal whether chlordecone may interact with thyroid hormone-
Table 2
The highest LibDock score and binding energy (kcal·mol−1) for complex of chlordecone
with selected proteins generated by molecular docking.

Ligand GHRHR TSHR TTR

Libdock
score

Binding
energy

Libdock
score

Binding
energy

Libdock
score

Binding
energy

T3 85.0 4.9 85.6 −7.2 55.7 −102.1
T4 88.8 −85.0 79.1 −105.6 64.4 −94.1
E2 60.8 −20.9 92.0 −75.8 40.4 −11.0
Chlordecone N.A. N.A. N.A. N.A. N.A. N.A.

Ligand TRα (agonist) TRβ (agonist) TRβ (antagonist)

Libdock
score

Binding
energy

Libdock
score

Binding
energy

Libdock
score

Binding
energy

T3 112.8 −108.2 120.9 −147.3 74.2 −76.4
T4 109.3 −101.1 122.1 −152.6 60.0 −76.2
E2 102.4 472.7 103.8 −99.4 75.7 20.4
Chlordecone 27.5 68.3 N.A. N.A. 51.0 −26.9

Note: N.A. means no data available because no poses were generated.
related proteins, we performedmolecular docking to predict the affinity
between chlordecone, T3, T4 and E2 and thyroid-related proteins in-
cluding GHRHR, TSHR, TTR, TRα (agonistic conformation) and TRβ (ag-
onistic and antagonistic conformations). The results showed that THs
could be docked efficiently into all selected proteins, confirming the re-
liability of the method. E2 also displayed a certain affinity for GHRHR,
TSHR, TTR and the agonistic conformation of TRβ, but not the antagonis-
tic conformation of TRβ, indicating that E2 may affect the thyroid sys-
tem by directly interacting with these proteins. However, chlordecone
showed no affinity for GHRHR, TSHR or TTR. Although chlordecone
could be docked with TRα, the LibDock score and binding energy indi-
cated that the complex was not likely to be stable, which may explain
why chlordecone did not alter the transcription of trα in GH3 cells. In
addition, chlordecone could be docked with the antagonistic conforma-
tion of TRβ, providing evidence for the observed downregulation of trβ
transcripts in GH3 cells. However, as previously discussed, alterations in
trβ transcripts are not likely responsible for chlordecone-induced GH
transcription and secretion in GH3 cells. Since ERs are known to be
the targets of chlordecone in many in vivo, in vitro and in silico studies
(Kuiper et al., 1998; Yang et al., 2016), we speculate that ERs may play
a leading role in the response to chlordecone exposure. Regarding ef-
fects on the thyroid system, chlordecone acted similarly to E2, but not
exactly the same, since E2 may also interact directly with other thyroid
hormone-related proteins.

Furthermore, a gene network was generated using an online tool to
explain how ERs may regulate the genes and proteins identified in this
study. The results indicated high confidence scores for associations be-
tween oestrogen receptor 2a (esr2a, corresponding to erβ) and tshb
and gh1, and moderate confidence scores for associations between
oestrogen receptor 1 (esr1, corresponding to erα) and tshb, gh1, and
prl, providing further support for the role of ERs in regulating these
genes and their related biological processes. Relatively low scores for as-
sociation between ERs and TRs were also observed in some cases,
confirming our prediction that TRs may play a limited role by either



Fig. 5. Networks for selected genes predicted using online tools. Dotted lines indicate interactions between target genes esr1 (A) or esr2 (B) and related genes (black dots). Solid lines
indicate interactions among other genes (red dots). Bigger dots represented the query genes and smaller dots represented predicted genes that might be involved in the network. Line
colour indicates confidence scores for association between genes.
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directly regulating biological processes, or acting through ER-mediated
pathways.

5. Conclusions

Overall, our in vivo results indicated thyroid hormone disruption in
adult rare minnow upon long-term exposure to chlordecone, providing
evidence for thyroid disrupting potency, and reminding us of potential
risks beyond the reproductive effects of this typical oestrogenic chemi-
cal. However, subsequent in vitro and in silico results suggest that
chlordecone lacks affinity for most thyroid-related proteins, and the
observed effects on the thyroid system could be attributed to its
interactions with ERs. Therefore, the observed thyroid alterations in
adult fish may result from its oestrogenic activity. These findings em-
phasise the need to understand and comprehensively characterise the
possible adverse effects of crosstalk among different endocrine axes.
This should be taken into consideration for the future development
and use of predictive toxicology tools.
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