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• Dams were exposed to low-dose PBDE-
47 from pre-pregnancy until weaning
of offspring.

• The levels of thyroid hormones are ele-
vated inmaternal rats after PBDE-47 ex-
posure.

• PBDE-47 exposure induces histopatho-
logical lesions in maternal thyroids.

• Apoptosis is a vital feature of PBDE-47
exposure-inducedmaternal thyroid dis-
ruption.

• Excessive ER stress and defective au-
tophagy are associated with thyroid
abnormalities.
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Brominated flame retardant 2,2′,4,4′ tetrabromodiphenyl ether (PBDE-47) is known to induce developmental
neurotoxicity by disturbing thyroid hormones (THs). Evidence shows that maternal THs are crucial for brain de-
velopment and growth of fetuses and infants. However, little is known about the effects of PBDE-47 onmaternal
thyroid status and its mode of action. Here, using female Sprague-Dawley rats orally exposed to low doses of
PBDE-47 (0.1, 1.0, 10 mg/kg/day) from pre-pregnancy until weaning of offspring to mimic human exposure,
we show that perigestational exposure to PBDE-47 elevated serum triiodothyronine and thyroxine levels in
mother rats. This is accompanied by disrupted thyroid follicle structure including expanded follicles, hyperplastic
epithelial cells and shed cell remnants filled in the exhausted follicular lumen. Mechanistically, PBDE-47 en-
hanced apoptosis in thyroid tissue, as demonstrated by Caspase-3 activation, PARP cleavage and DNA fragmen-
tation. Further study identified that PBDE-47 upregulated the levels of GRP78, ATF4, active Caspase-12 and
CHOP, suggesting endoplasmic reticulum (ER) stress and unfolded protein response activation. Moreover,
PBDE-47 reduced the levels of LC3-II, an autophagy marker protein essential for the autophagosomes formation,
while increased the autophagy substrate p62 accumulation, indicating autophagy defect. Importantly, the
colocalization of apoptotic cells with CHOP, a key mediator of ER stress-induced apoptosis, or p62, uncovered
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the contribution of excessive ER stress and defective autophagy to apoptosis. Collectively, our results suggest that
excessive ER stress, defective autophagy and the resultant apoptosis are implicated inmaternal thyroid injury fol-
lowing perigestational PBDE-47 exposure, which offers insight into a better understanding of PBDE-47-induced
maternal thyroid toxicity.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Polybrominated diphenyl ethers (PBDEs) are amajor class of bromi-
nated flame retardants that have beenwidely added to a variety of con-
sumer products, including textiles, polyurethane foams, electronics and
others (Lyche et al., 2015). PBDEs are chemical additives, which are not
covalently bound to the polymer and canmigrate readily from products
into the environment. Due to their persistence and bioaccumulation po-
tential, PBDEs have become ubiquitous contaminants commonly de-
tected in various environmental and biological media (Law et al.,
2014; Linares et al., 2015). The general population is exposed to PBDEs
primarily via dust and diet (Fromme et al., 2016); however, fetuses
and infants are also exposed through transplacental transfer, breast-
feeding and hand-to-mouth behavior, resulting in much higher body
burden in young children than in adults (Linares et al., 2015). This raises
concerns about their possible effects on human development. Indeed,
there is accumulating and strong evidence from epidemiological and
experimental studies that PBDEs are developmental neurotoxicants
(Chen et al., 2014; Costa et al., 2014; Lam et al., 2017).

The mechanisms by which PBDEs cause developmental neurotoxic-
ity remain unclear. Nonetheless, due to the structural similarities of
PBDEs to thyroid hormones (THs), disruption of thyroid homeostasis
has thus been proposed to play a crucial role (Costa et al., 2014). It is
well documented that maternal thyroid status is critical for fetal and
postnatal neurodevelopment (Andersen et al., 2014; Forhead and
Fowden, 2014). Even moderate forms of maternal thyroid dysfunction
has been shown to hinder child cognitive development and increase
the risk of neurodevelopmental disorders (Modesto et al., 2015; Wang
et al., 2016a). Although numerous studies have established an associa-
tion between developmental exposure to PBDEs and THs disruption as
well as cognitive and behavioral problems in offspring (Vuong et al.,
2017), however, little is known about the influence of PBDEs on mater-
nal thyroid status and, especially the mode of action involved.

In eukaryotic cells, the endoplasmic reticulum (ER) is a pivotal or-
ganelle essential for the folding, assembly and modification of secreted
proteins. Environmental insults that interfere with ER function often
lead to the accumulation of misfolded and unfolded proteins, a condi-
tion termed ER stress, which initiates the adaptive unfolded protein re-
sponse (UPR) (Walter and Ron, 2011). UPR activation can promote cell
survival, or eventually trigger cell death via apoptosis if ER stress is
prolonged or severe (Hetz, 2012). As synthesizing a large number of se-
cretory proteins responsible for THs production, thyroid cells are highly
specialized and thereby especially vulnerable to environmental stimuli
that cause ER stress (Wen et al., 2017). Mounting evidence suggests
that ER stress plays a pathophysiological role in diverse thyroid disor-
ders and PBDEs toxicity (Lombardi et al., 2015; Wang et al., 2016b).
Nevertheless, the direct evidence for the involvement of ER stress in
thyroid damage following PBDEs exposure has not been reported.

Autophagy is a catabolic process in which intracellular long-lived
proteins and dysfunctional organelles are carried into autophagosome
and ultimately degraded in lysosome for recycling (Bento et al., 2016).
Basal levels of autophagy plays a critical role in maintaining cellular ho-
meostasis and is essential for normal cellular function and survival.
Nonetheless, defective autophagy has been implicated in the patho-
physiology ofmany diseases and proposed to contribute to cell dysfunc-
tion and death (Green and Levine, 2014). Especially, the interplay of
autophagy and apoptosis is intimate when determining cellular fate
(Mariño et al., 2014). The function of autophagy in thyroid is still
under active investigation and our recent studies have found that
PBDEs induce autophagy dysfunction in SH-SY5Y cells and rat ovarian
tissue (Wang et al., 2016b; Zhang et al., 2017). Whether or how PBDEs
influence autophagy activity in thyroid tissue, however, is still
unknown.

Therefore, in the present study, we aimed to evaluate the impact of
PBDEs onmaternal thyroid status, throughout pregnancy and lactation,
and particularly focus on the roles of ER stress and autophagy in thyroid
damage. To this end, female Sprague-Dawley rats were exposed to low
doses of 2,2′,4,4′ tetrabromodiphenyl ether (PBDE-47), the most abun-
dant congener in environmental and human samples, from pre-preg-
nancy until weaning of offspring to mimic human exposure occurring
during the perigestational period. We found that perigestational expo-
sure to PBDE-47 induced excessive ER stress, defective autophagy and
the resultant apoptosis contributing to maternal thyroid structural and
functional abnormalities. Our findings may yield insights into the
mode of action of maternal thyroid toxicity for PBDEs.

2. Materials and methods

2.1. Chemicals and reagents

PBDE-47 (purity 100%, GC/MS) was purchased from AccuStandard
Corp. (New Haven, Connecticut, USA). All other chemical regents were
analytical grade from qualified manufacturers or as indicated in the
specified methods.

2.2. Animals and treatments

Adult Sprague Dawley (SD) rats weighted 200–250 g were obtained
from the Experimental Animal Research Center of Hubei provincial Cen-
ter for Disease Control and Prevention. The animals were housed in the
animal facility maintained with artificially lighting on a 12-h light/dark
cycle, temperature of 22–26 °C and humidity of 50–60%. All rats were
kept in plastic cages and had free access to enough standardized granu-
lar diet and tap water. The experimental protocol was approved by the
Ethics Review Committee for Animal Research at Huazhong University
of Science and Technology.

After acclimation, female rats were divided into four groups and
mated with male rats at 2:1, randomly. Female rats were weighed and
administrated 0.1, 1.0, 10 mg/kg/day PBDE-47 or corn oil (2 ml/kg
body weight) by oral gavage daily (between 9:00 and 10:00 A.M.)
from 10 days prior tomating throughweaning of offspring on postnatal
day 21, except the day of birth. The PBDE-47 solution was prepared by
mixing the compound with corn oil and sonicating for 30 min at room
temperature. The dosages were based on the no-observed-adverse-ef-
fect level (NOAEL, 0.7 mg/kg) and the lowest-observed-adverse-effect
level (LOAEL, 10.5 mg/kg) for developmental PBDE-47 neurotoxicity
(U.S. Environmental Protection Agency, 2008) and selected to encom-
pass the range of human exposure, which are comparable to those of
previous low-dose PBDE-47 exposure studies (Talsness et al., 2008; Ta
et al., 2011). The pregnant dams were kept in separate cages individu-
ally. After weaning of offspring, dams were sacrificed within 24 h. The
maternal blood was collected by eyeball removal exsanguination,
clotted on ice and centrifuged at 2000 rpm at 4 °C for 15 min. The
serum was then dispensed into aliquots and stored at −80 °C for the
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subsequent analysis for THs levels. Maternal thyroidswere immediately
isolated and weighted. The left thyroids were fixed in paraformalde-
hyde for histopathological examination, immunohistochemical analysis
and immunofluorescence colocalization determination, while the right
ones were frozen immediately in liquid nitrogen and stored at −80 °C
for protein extraction.

There were no signs of dysfunction over the experimental period,
nor were there any significant deviations in maternal body weight
gain, relative organ weight for maternal thyroid, litter size, sex ratio
and vitality of offspring across treatment groups.

2.3. Serum THs levels determination

Serum concentrations of total triiodothyronine (T3) and thyroxine
(T4) andweremeasured using commercial enzyme-linked immunosor-
bent assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer's instructions.

2.4. Histopathological examination

Routine hematoxylin-eosin (HE) staining was performed according
to standard laboratory procedures. Briefly, paraffin-embedded sections
(4 μm) were deparaffinized with dimethylbenzene, hydrated with an
ascending ethanol series, and rinsed in distilledwater. Then the sections
were stained with Harris hematoxylin solution and counterstained in
eosin solution for light microscopic (Olympus, Japan) examination.
Three sections were analyzed for each sample.

The toluidine blue (TB) staining was also conducted for histopatho-
logical evaluation. Briefly, after deparaffinization and dehydration, sec-
tions were stained with TB for 30 min, washed with distilled water
and 0.5% glacial acetic acid differentiated for seconds. Then the sections
were washed twice with distilled water, dried with cold air and
mounted for light microscopic (Olympus, Japan) examination. Three
sections per sample were analyzed.

2.5. Terminal deoxynucleotidyl transferase mediated dUTP nick end label-
ing (TUNEL) assay

TUNEL assay was performed to evaluate the apoptosis of thyroid
cells in accordance with the manufacturer's protocol using the In Situ
Cell Death Detection Kit (fluorescein) (Roche, Germany). Briefly, after
deparaffinization, rehydration, the 4 μm paraffin tissue sections were
treated with proteinase K working solution for 15 min at 37 °C. Then
sections were washed with 0.01 mol/L phosphate-buffered saline
(PBS) for twice and incubated with fresh TUNEL reactionmixture (mix-
ture between enzyme solution and labeling solution in a ratio of 1:9) at
37 °C in dark for 1 h. After counterstainingwithDAPI (ThermoScientific,
Waltham, USA), the sections were mounted with anti-fluorescence
quenching agent for fluorescence microscopy (Olympus, Japan). Cells
exhibiting bright green nuclear staining were considered positive for
apoptosis. Three sections were analyzed for each sample.

2.6. Western blotting analysis

Thyroid tissues were homogenized with RIPA buffer mixed with
protease inhibitor PMSF (Beyotime Institute of Biotechnology, Nanjing,
China) for 1 h at 4 °C. Then the homogenate was centrifuged at
15,280 g/min for 15 min at 4 °C and the supernatant was collected.
BCA Protein Assay Kit (Beyotime Institute of Biotechnology, Nanjing,
China) was used for the determination of the total protein concentra-
tions. Each protein sample containing 30 μg protein was resolved on
10–12% SDS-polyacrylamide gels, and then transferred to
polyvinylidine difluoride (PVDF, Roche Applied Science, Switzerland),
whichwas activated inmethyl alcohol for 1 min. Firstly, themembranes
were blocked with 5% non-fat milk or Bovine serum albumin (BSA) for
1–2 h at room temperature. Both of them were dissolved with tris-
buffered saline (TBS) containing 0.1% Tween-20 (TBST). Then themem-
branes were incubated with corresponding primary antibodies: activat-
ing transcription factor 4 (ATF4), active Caspase-12, GRP78,
microtubule-associated protein 1 light chain 3 (LC3), p62, GAPDH
(Proteintech Group, Inc. Chicago, USA), GADD153/C/EBP homologous
protein (CHOP) (Santa Cruz Biotechnology, Inc., USA), cleaved PARP, ac-
tive Caspase-3 (Cell Signaling Technology, Massachusetts, USA) over-
night at 4 °C. After washed 10 min for 3 times with TBST, the
membranes were incubated with horseradish peroxidase (HRP)-conju-
gated secondary antibodies (1:4000) at room temperature for 1–2 h.
The signal was visualized with ECL reagents (Advansta, Inc., USA) by a
gel imaging analysis system (GeneSnap version 7.05.02, SynGene, Cam-
bridge, UK). Densitometric analysis was normalized by GAPDH as inter-
nal controls. Three independent experiments were performed.

2.7. Immunohistochemical analysis

The 4 μm tissue sections were heated in citrate buffer (10 mmol/L,
pH 6.0) for antigen retrieval and quenched for endogenous peroxidase
activity for 15 min with 3% hydrogen peroxide. After being blocked
with PBS containing 5% (v/v) BSA for 20 min, sections were incubated
with the specific primary antibody such as GRP78 (1:100), LC3
(1:100), active Caspase-3 (1:1000) overnight at 4 °C, and subsequently
incubated with corresponding HRP-conjugated secondary antibody
(1:2500) for 1 h at room temperature. The stained sections were ob-
served after developing with DAB (Boster Biological Technology,
Wuhan, China) for 5 min under the microscope (Olympus, Japan).
Cells displaying brown staining were considered positive cells. Three
sections were analyzed for each sample.

2.8. Immunofluorescence colocalization

Immunofluorescence was performed as described in the previous
experiment (Zhang et al., 2016). First, paraffin was removed using Xy-
lene, and afterwards rehydrated with different percentages of ethanol.
Then, antigen retrieval was conducted by boiling in EDTA-borax buffer
(1mmol/L, pH 9.0, EDTA, 10mmol/L borax (sodium tetraborate, Sigma,
St Louis, MI, USA), 10mmol/L boric acid (Sigma) with 0.001% Proclin
300 (Supleco, Bellefonte, PA, USA)). The sections were incubated in
10% goat serum for 20 min at room temperature to block non-specific
staining. Then, primary antibody such as CHOP (1:200), p62 (1:200) in-
cubationwas performed overnight at 4°C. Following thricewashes, sec-
tionswere incubated in the appropriate secondary antibody, Alexa Fluor
488 AffiniPure goat anti-Rabbit IgG (H+ L) (1:400) (Promoter Biotech-
nology Ltd.,Wuhan, China) at room temperature in darkness for 30 min.
As a nuclear counterstain, DAPI was used at a dilution of 1:1500. Finally,
sections were mounted overnight with vector shield fluorescence
mounting media for fluorescent microscope (Olympus, Japan). Three
sections were analyzed for each sample.

2.9. Statistical analysis

All data were expressed as mean ± S.D., and differences between
the means were determined by one-way ANOVA followed by a Stu-
dent-Newman-Keuls comparison using SPSS 21.0 (IBM SPSS, Inc.,
USA). Differences were considered significant for the value of P b 0.05.

3. Results

3.1. PBDE-47 disturbs maternal serum THs homeostasis

To explore the influence of perigestational exposure to PBDE-47 on
maternal thyroid function, the serum levels of total T3 and T4 were de-
termined. As shown in Fig. 1A, the serum T3 levels were significantly in-
creased in 1.0 and 10 mg/kg/day PBDE-47-treated groups (P b 0.05);
meanwhile, the serum T4 levels were notably elevated in all PBDE-47-



Fig. 1. PBDE-47 disturbs maternal serum THs homeostasis. Mother rats were treated with vehicle (corn oil) or PBDE-47 (0.1, 1.0, 10mg/kg/day) by oral gavage daily from pre-pregnancy until
weaning of offspring. (A) Serum total T3 levels. (B) Serum total T4 levels. The data are presented as the mean± S.D. for six rats per group. *P b 0.05 as compared with the control group.
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treated groups (P b 0.05) (Fig. 1B). These results suggest that
perigestational PBDE-47 exposure causes THs homeostasis imbalance
in mother rats.

3.2. PBDE-47 elicits histopathological lesions in maternal thyroids

To investigate whether the altered THs levels is associated with thy-
roid damage, histological examinations ware performed. As shown in
Fig. 2. PBDE-47 elicits histopathological lesions inmaternal thyroids.Maternal rats were treated
perigestational period. HE staining and TB staining were performed to evaluate the histologic
images of histological structure from control and PBDE-47-treated group (magnification: ×40
staining. Asterisk: expanded thyroid follicle. Solid arrowheads: hyperplastic thyroid follicula
cells are mastocytes. Three rats were randomly selected from each treatment group for histo
reader is referred to the web version of this article.)
Fig. 2A, HE staining revealed that the control grouphad normal histolog-
ical features, characterized by uniform follicles filled with homogenous
colloid and delimited by flat thyroid cells. In contrast, expanded thyroid
follicles and hyperplastic thyroid cells were observed in PBDE-47-
treated rats. Moreover, the exhausted colloid was visible and shed cell
remnants were filled in the follicular lumen, accompanied by the loss
of thyroid cells after 1.0 and 10 mg/kg/day PBDE-47 exposure. In addi-
tion, TB staining also showed the similar changes (Fig. 2B). Together,
with vehicle (corn oil) or PBDE-47 (0.1, 1.0, 10mg/kg/day) by oral gavage daily during the
al alterations of maternal thyroids. (A) HE staining, top row: Representative HE staining
); Bottom row: Detailed changes were showed at a future magnification (×200). (B) TB
r epithelial cells; Arrows: shed thyroid follicular epithelial cells. The light purple stained
logical evaluation. (For interpretation of the references to color in this figure legend, the
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these results indicate that perigestational PBDE-47 exposure caused his-
topathological abnormalities in maternal thyroids.

3.3. PBDE-47 induces maternal thyroid cells apoptosis

To investigate whether the thyroid cells loss is related to apoptosis,
TUNEL assay was conducted. As shown in Fig. 3A, the number of
TUNEL positive cells was dramatically increased in 1.0 and 10 mg/kg/
day PBDE-47 groupswhen compared to untreated control rats, suggest-
ing the enhancedDNA fragmentation, a characteristic feature of apopto-
sis. To confirm the TUNEL observation, the apoptosismarkers Caspase-3
and its cleavage substrate PARP were determined by western blotting.
As shown in Fig. 3B, the protein levels of active Caspase-3, the executor
of apoptosis, and cleaved PARP were dramatically increased in 10 mg/
kg/day PBDE-47 group, with an additional significant increase of
cleaved PARP in 1.0 mg/kg/day PBDE-47 group as compared with the
control group (P b 0.05).
Fig. 3. PBDE-47 induces maternal thyroid cells apoptosis. Maternal rats were exposed to vehicl
until weaning of offspring. (A) TUNEL labeling of maternal thyroid tissue (green). The cell nuc
Western blotting analysis the levels of apoptosismarkers active Caspase-3 and Cleaved PARP in
at ×400 magnification. Black arrows: the positive stained cells. The data are expressed as th
interpretation of the references to color in this figure legend, the reader is referred to the web
Given the pivotal role of active Caspase-3 in apoptosis, we also de-
tected its protein expression by immunohistochemical staining analysis.
As expected, the expression and distribution of active Caspase-3 were
almost consistent with the TUNEL-positive cells (Fig. 3C). Taken to-
gether, these results indicate that perigestational PBDE-47 exposure in-
duces thyroid cells apoptosis in mother rats at 1.0 and 10 mg/kg/day.

3.4. PBDE-47 elicits excessive ER stress that is involved in thyroid cells
apoptosis

Since the ER of thyroid cells synthesizes many secretory proteins re-
quired for THs synthesis,we investigatedwhether the thyroid ER function
is affected by perigestational PBDE-47 exposure. As displayed in Fig. 4A,
immunohistochemical study revealed a strong cytoplasmic staining for
the endogenous ER stress marker GRP78, a molecular chaperone that re-
sides in the ER, in thyroid cells of PBDE-47-treated rats. In support of this,
the protein levels of GRP78 were also dramatically increased by western
e (corn oil) or PBDE-47 (0.1, 1.0, 10mg/kg/day) by oral gavage daily from pre-pregnancy
leus was stained with DAPI (blue). Red arrows: TUNEL positive cells, scale bar: 50 μm. (B)
thyroid tissue. (C) The immunohistochemical staining of active Caspase-3 in thyroid tissue
e mean ± S.D. for four rats per group. *P b 0.05 compared with the control group. (For
version of this article.)



Fig. 4. PBDE-47 elicits excessive ER stress that is involved in thyroid cells apoptosis. Maternal rats were exposed to vehicle (corn oil) or PBDE-47 (0.1, 1.0, 10 mg/kg/day) by oral gavage
daily during the perigestational period. (A) Immunohistochemical staining of ER stress marker GRP78 in thyroid tissue at ×400magnification. Black arrows: the positive stained cells. (B)
Western blotting analysis of the levels of GRP78 in maternal thyroid tissue. (C) Western blotting analysis of the levels of ER stress marker ATF4, CHOP, Caspase-12 in maternal thyroid
tissue. (D) Immunofluorescence colocalization of CHOP (red) and TUNEL positive (green) cells in maternal thyroid tissues from control and 10 mg/kg/day PBDE-47-treated rats. The
cell nucleus was stained with DAPI (blue). Green arrows: the colocalized cells, scale bar: 50 μm. The data are presented as the mean± S.D. for four rats per group. *P b 0.05 compared
with the control group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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blotting analysis (Fig. 4B). Upon ER stress, the UPR is activated by dissoci-
ation of the molecular chaperone GRP78 from three main sensors: PRKR-
like ER kinase (PERK), inositol-requiring protein 1α (IRE1α), and activat-
ing transcription factor 6 (ATF6). GRP78 is also a transcriptional target of
ATF6 branch of theUPR. Besides, the protein levels of ATF4, a downstream
molecule of the PERK branch, were obviously increased in 0.1 and 10mg/
kg/day PBDE-47-treated rats (P b 0.05) (Fig. 4C). Caspase-12 is activated
by IRE1α branch and essential for ER stress-induced apoptosis, whose ac-
tivation were evident following PBDE-47 exposure (Fig. 4C). Similarly,
PBDE-47 exposure also elevated the protein levels of another apoptosis
mediator CHOP,which is a transcriptional target of all threeUPR branches
during ER stress (Fig. 4C–D). Together, these results suggest that
perigestational exposure to PBDE-47 causes prolonged severe ER stress
and UPR activation in maternal thyroids.

To verify further whether PBDE-47-elicited ER stress and UPR
activation are implicated in thyroid cells apoptosis in mother rats,
the immunofluorescence colocalization of CHOP protein with
marker of apoptosis was also performed. Not surprisingly, CHOP
was strongly colocalized with TUNEL-positive thyroid cells following
PBDE-47 exposure (Fig. 4D), suggesting that ER stress and UPR
activation play a crucial role in PBDE-47-induced thyroid cells
apoptosis in mother rats.
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3.5. PBDE-47 induces defective autophagy that plays a role in thyroid cells
apoptosis

To investigate whether autophagy activity is affected by
perigestational PBDE-47 exposure in thyroid tissue, we first examined
the levels of microtubule-associated protein 1 light chain 3
(MAP1LC3B/LC3), the most widely used autophagic marker protein.
Conversion of LC3-I to LC3-II is essential for the autophagosomes forma-
tion and the amount of LC3-II correlates with the autophagosomes
number. Importantly, western blotting analysis revealed that the levels
of LC3-II were significantly reduced in thyroid tissue of PBDE-47-treated
rats (Fig. 5A).Moreover, the LC3 stainingwas clearly decreased in PBDE-
47-exposed thyroid tissue by immunohistochemical analysis (Fig. 5B),
indicating the number of autophagosomes is lowered, perhaps due to
suppression of autophagy initiation. To confirm further the above
Fig. 5. PBDE-47 induces defective autophagy that plays a role in thyroid cells apoptosis. Materna
daily from pre-pregnancy untilweaning of offspring. (A)Western blotting analysis of the levels
staining of autophagy marker LC3-II in maternal thyroid tissue at ×400 magnification. Black ar
TUNEL positive (green) apoptosis cells in maternal thyroid tissues from control and 10mg/kg
the colocalized cells, scale bar: 50 μm. The data are presented as the mean ± S.D. for four
references to color in this figure legend, the reader is referred to the web version of this article
observation, we determined the levels of another autophagy specific
marker protein p62, a selective substrate of autophagy. The p62 protein
is generally accumulated when autophagy is inhibited and vice versa.
We found the levels of p62 were dramatically elevated in maternal thy-
roids after PBDE-47 exposure, manifested by western blotting and im-
munofluorescence analysis, respectively (Fig. 5A and C). Collectively,
these results suggest that perigestational exposure to PBDE-47 inhibits
autophagosomes formation thus inducing defective autophagy in ma-
ternal thyroids.

To explore whether autophagy suppression is associated with apo-
ptotic cell death in thyroid tissue following PBDE-47 exposure, the im-
munofluorescence colocalization of p62 protein with marker of
apoptosis was examined. Interestingly, we observed TUNEL-positive
thyroid cells with high p62 protein accumulation after PBDE-47 expo-
sure (Fig. 5C), suggesting inhibition of autophagy correlates with and
l ratswere exposed to vehicle (corn oil) or PBDE-47 (0.1, 1.0, 10mg/kg/day) by oral gavage
of autophagymarkers LC3-II and p62 inmaternal thyroid tissue. (B) Immunohistochemical
rows: the positive stained cells. (C) Immunofluorescence colocalization of p62 (red) and
/day PBDE-47-treated rats. The cell nucleus was stained with DAPI (blue). Green arrows:
rats per group. *P b 0.05 compared with the control group. (For interpretation of the
.)
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may contribute to the induction of thyroid cells apoptosis in dams ex-
posed to PBDE-47 during the perigestational period.

4. Discussion

Exposure of rats to low doses of PBDE-47 from prepregnancy to
weaning did not cause any notable change in maternal bodyweight de-
spite a nonsignificant increase in the relative organweight for maternal
thyroid (date not shown). However, we found that perigestational ex-
posure to PBDE-47 increased the maternal serum total T3 and T4 levels.
Our results are consistent with a previous study that shows increased
THs in pregnant F1 female rats following perinatal treatment with
low-dose DE-71, a commercial PBDE mixture (Blake et al., 2011). Con-
versely, some other animal studies have reported a reduction in THs fol-
lowing developmental exposures to commercial PBDE mixtures or to
individual congeners (Wang et al., 2011; Bansal et al., 2014; Han et al.,
2017). Interestingly, the significant effects on THs increase are in agree-
ment with several epidemiological studies where increased serum
PBDE-47 concentrations were associated with increased THs levels in
pregnant women during the second and third trimesters (Stapleton et
al., 2011; Vuong et al., 2015), though inconsistent results also exist in
other human studies (Chevrier et al., 2010; Abdelouahab et al., 2013).
It is not clear what mechanisms would lead to these discrepancies.
However, it should be emphasized that previous studies have focused
on different developmental time points including prenatal, perinatal,
postnatal, adolescent or adult, and THs are known to fluctuate at various
stages (Fukuda et al., 1980). Contrasting findings between studies may
result from differences in timing of THs measurements, dose-response
pattern and exposure regimen. Differences in the species of laboratory
animals and populations could also explain inconsistences. It is more
likely that the expanded thyroid follicles and hyperplastic thyroid cells
are compensatory responses for the thyroid abnormalities as revealed
by histological examination, thus restoring the thyroid function, how-
ever, overcompensating as a result. This may be a possibility accounting
for the increased THs levels due to perigestational PBDE-47 exposure.
Our findings confirm and contribute to the growing evidence that
PBDEs disrupt maternal THs homeostasis during pregnancy and lacta-
tion, which may affect the health of mothers themselves and, more im-
portantly, influence the brain development and growth of their
offspring.

In the present study, we provided convinced evidence that
perigestational exposure to PBDE-47 at the two higher doses enhanced
thyroid cells apoptosis in mother rats, as displayed by a sequence of ap-
optosis markers such as Caspase-3 activation, PARP cleavage and DNA
fragmentation. To our knowledge, this is the first study demonstrating
that perigestational exposure to low doses of PBDE congener induces
apoptosis in thyroid tissue. The result is concordantwith thehistological
observation showing shed cell remnantsfilled in the follicular lumen ac-
companied by thyroid cells loss. Similar detachment of thyroid cells
were seen in female offspring following in utero and lactational expo-
sure to PBDE-47 at comparable low doses (0.14 or 0.70 mg/kg/day)
(Talsness et al., 2008). These findings together confirm the crucial role
of apoptosis in thyroid cells death and thyroid dysfunction following
PBDE-47 exposure.

Thyroid cells are secretory cells thereby supposed to be highly sus-
ceptible to disruptions in ER homeostasis. Indeed, accumulating evi-
dence suggests that the ER stress plays a pathophysiological role in
multiple thyroid disorders, such as congenital hypothyroid goiter
(Baryshev et al., 2004), cystinosis-induced hypothyroidism (Gaide
Chevronnay et al., 2015), Graves' disease (the leading cause of hyper-
thyroidism) (Meng et al., 2017), drug-induced destructive thyroiditis
(Lombardi et al., 2015) and even thyroid cancer (Bagheri-Yarmand et
al., 2017). In line with these, we found that perigestational exposure
to low-dose PBDE-47 induced prolonged severe ER stress with the
UPR activation in maternal thyroids, which could represent a mode of
action underlying PBDE-47-induced maternal thyroid toxicity. Under
ER stress conditions, activation of the UPR is a cellular adaptive mecha-
nism to copewith protein-folding stress and restore normal ER function.
However, if the stress is prolonged and cannot be resolved, the UPR
switches from cytoprotection to apoptotic cell death (Hetz, 2012). Our
results unraveled a vital role for UPR signaling in regulating thyroid
cells death under PBDE-47-induced ER stress, as evidenced by increased
levels of CHOP and active caspase-12, two key mediator of ER stress-in-
duced apoptosis, as well as colocalization of CHOP protein with apopto-
tic cells. Interestingly, higher dose (150mg/kg/day) and acute exposure
to PBDE-47 were recently reported to induce ER stress and associated
apoptosis in adult male ICR mouse livers and human neuroblastoma
SH-SY5Y cells, respectively (Jiang et al., 2012; Zhang et al., 2015b),
supporting our findings and suggesting that this response occurs in
other cell types following PBDE-47 exposure. Our results are also akin
to the study of another ubiquitous environmental toxicant fluoride in
immortalized human thyroid cell line Nthy ori 3 1 in vitro (Liu et al.,
2014).

Another novel finding of the present study is that perigestational ex-
posure to low-dose PBDE-47 induces autophagy suppression thus con-
tributing to thyroid cells apoptosis in mother rats. Despite the
functional roles of autophagy in thyroid physiology, or in pathological
aspect of thyroid disorders are still very limited, emerging evidence
has revealed that the protein levels of autophagymarker LC3-II were al-
tered in thyroid tissues of various thyroid diseases including papillary
thyroid cancer (Zhang et al., 2015a; Yang et al., 2017). Similarly, we
found the levels of LC3-II were significantly decreased in thyroid tissue
of mother rats after exposure to PBDE-47, which is consistent with the
observation obtained from patients with Hashimoto thyroiditis and
papillary thyroid cancer (Xu et al., 2016; Yang et al., 2017). Moreover,
we have demonstrated that the reduction of LC3-II is a consequent of in-
hibition of autophagy activity, as confirmed by the accumulation of the
selective autophagy substrate p62 due to impaired autophagic degrada-
tion. It is well documented that autophagy or autophagic degradation
acts as a protective mechanism required for cell health and survival,
while its defects have been implicated in cell loss (Green and Levine,
2014). Therefore, the defective autophagy within thyroid cells likely
contributes to thyroid cells death. This is supported by the strong
colocalization of p62 with marker of apoptosis. Similar results were
found in an in vitro study by our lab (Zhang et al., 2017), in which
PBDE-47 induced impaired autophagy contributing to SH-SY5Y cell
death. However, in contrast to the presentwork, the prior study showed
autophagosomes accumulation with elevated levels of both LC3-II and
p62, perhaps due to differences in cell-type specificity, dose sensitivity
and duration of treatment. It should be noted that our results are consis-
tent with the findings of a recent study associated with Hashimoto thy-
roiditis, showing that excess iodine treatment promotes apoptosis of
Nthy-ori 3-1 cells by suppressing autophagy (Xu et al., 2016). This
may suggest the possibility that combined exposure to low-level
PBDEs and excess iodine would exacerbate the maternal thyroid injury
in the perigestational period, whichmight adversely affect the health of
both mothers and their offspring.

5. Conclusions

Taken together, our data provide in vivo evidence that
perigestational exposure to low doses of PBDE-47 results in structural
and functional impairments in thyroids of mother rats. In particular,
we have revealed that these alterations are tightly associated with apo-
ptosis, which is attributed to excessive ER stress and defective autoph-
agy. Our findings thereby provide new insights into the possible roles
of ER stress, autophagy and apoptosis in the aggravation of maternal
thyroid damage, which could contribute to a better understanding of
PBDE-47-induced maternal thyroid toxicity. Further study is ongoing
to exam the impacts of perinatal exposure to the same levels of PBDE-
47 on thyroid function and brain development in offspring, and the
mechanisms of action involved.
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