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A B S T R A C T   

The wide usage of decabromodiphenyl ether (BDE-209) results in its increasing occurrence in the environment 
and increasing attention in regard to human and animal health. BDE-209 is an endocrine disruptor for hypo
thyroidism, but the toxicity mechanism is unclear. Here, the histopathology and transcriptome sequencing of 
thyroid tissue from broiler chicks were investigated by supplemental feeding with different concentrations of 
BDE-209 for 42 days (0–4 g/kg in basal diet), followed by determining the levels of thyroid hormones in serum. 
The results showed ruptured and even hyperplastic follicular epithelial cells in the thyroid, and a total of 501 
differentially expressed genes were screened out: 222 upregulated and 279 downregulated. Based on the Kyoto 
Encyclopedia of Genes and Genomes database, neuroactive ligand-receptor interaction pathway was significantly 
enriched, and α1D-adrenergic receptor, follicle-stimulating hormone receptor, thyroid stimulating hormone re
ceptor, and somatostatin receptor type 2 were shown to be candidate biomarkers. Thyroxine was a possible 
biomarker due to clear reduction in serum and significant correlation with exposure concentrations. These results 
suggested that oral intake of BDE-209 can cause structural injuries and even hyperplasia, and affect gene 
transcription involved in the neuroactive ligand-receptor interaction pathway of thyroid, as well as thyroid 
hormones in serum.   

1. Introduction 

Decabromodiphenyl ether (BDE-209) is the predominant constituent 
of commercial deca-BDE mixtures, and has been widely used for more 
than four decades to improve fire resistance of a multitude of products, 
such as furniture, textiles, and building materials (Rahman et al., 2001; 
Wilford et al., 2005). Despite the characteristics of bioaccumulation, 
long-range transportation, and biological toxicity (Covaci et al., 2011), 
BDE-209 is still produced and consumed in China and many other 
developing countries in Asia (Yu et al., 2016). Currently, BDE-209 is 
reported to be widely distributed in air, dust, sediment, water, fish, 
birds, and even in human samples such as hair, breast milk, blood, and 
feces (Qiao et al., 2018). Meanwhile, as the most abundant BDE 
congener, BDE-209 can bioaccumulate and biomagnify through both 
aquatic and terrestrial food webs (Chen et al., 2008). 

There is ongoing human exposure to BDE-209 from diet and dust in 
indoor environments (Zhu et al., 2015). In animal-derived food, like 
chicken muscle and liver tissues, duck meat, eggs, and fishmeal (Luo 

et al., 2009; Labunska et al., 2013; Li et al., 2018), BDE-209 is the 
dominant component among all BDE congeners, and its adverse effects 
on organisms have attracted much attention. BDE-209 has been reported 
to be an endocrine disruptor, such as in hypothyroidism (Darnerud, 
2008), and could interfere with adult human thyroid hormone levels 
(Turyk et al., 2008). The possible mechanisms include competitive 
binding to the thyroid transport protein transthyretin and thyroid hor
mone receptors (Richardson et al., 2008), and affecting thyroxine (T4) 
metabolism because of structural similarity to thyroid hormones (Chen 
et al., 2018). In rats, BDE-209 exposure can disturb the blood levels of T4 
or triiodothyronine (T3) (Kim et al., 2009). However, the mechanism of 
BDE-209 action on the thyroid remains unclear. 

Given the exposure risk of BDE-209 to animals, we aimed to exam
ined the toxic effects of BDE-209 on thyroid of broiler chicks, which is an 
important economic species of livestock animals, by supplementing 
different amounts of BDE-209 into their daily diet. Here, histopatho
logical observation of thyroid tissue from broiler chicks was performed 
after diet exposure for 42 days. Because transcriptome sequencing 
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(RNA-Seq) can quantify a large dynamic range of expression levels with 
absolute values derived from read alignments (Sabino et al., 2018), 
RNA-Seq analysis was carried out to illustrate the transcriptome profile 
of the thyroid and to screen out potential genes and pathways involved 
in the response to BDE-209, following by quantitative real-time PCR 
(QRT-PCR) quantification. In addition, the levels of thyroid hormones in 
serum were determined to further explore the toxic effect of BDE-209 on 
the downstream hormone regulation of the thyroid. These results would 
be helpful to our understanding of the mechanisms of endocrine-toxic 
induced by BDE-209. 

2. Materials and methods 

2.1. Experimental design and management 

A total of 150 1-day-old healthy male broilers (Arbor Acres) with an 
average body weight of 50.25 ± 0.26 g were randomly allotted to five 
experimental groups: control (basal diet, n = 30), 0.004 g/kg (basal diet 
with 0.004 g/kg BDE-209, n = 30), 0.04 g/kg (basal diet with 0.04 g/kg 
BDE-209, n = 30), 0.4 g/kg (basal diet with 0.4 g/kg BDE-209, n = 30), 
and 4 g/kg (basal diet with 4 g/kg BDE-209, n = 30). The basal diet was 
obtained from Jiangsu Guangda Livestock and Poultry Co. Ltd 
(Changzhou, China), and the composition is shown in Table S1. The 
BDE-209 (> 98% purity) was purchased from Shanghai Macklin 
Biochemical Co., Ltd (Shanghai, China). The whole experiment period 
was 42 days with continuous exposure. All diets were formulated to 
meet or exceed the nutritional requirements of broiler chicks (1994) 
(Woyengo et al., 2018). 

At 1 d of age, 10 birds of each group were transferred into a cage, and 
each group had 3 cages. When growing for four weeks, the 30 broilers in 
each group were placed in 6 electrically heated cages randomly, and 
each cage included 5 broilers During the trial period, the temperature 
was set at 35 ◦C in the first week followed by a 3 ◦C/week of reduction 
until five weeks, and the relative humidity was kept at 40–50%. 
Meanwhile, a 24 h lighting was set in the first three days, then “23-hour- 
on-1-hour-off” during 4 weeks, and a “5-hour-on-1-hour-off, 4 cycles” 
lighting for 5–6 weeks (Sun et al., 2021). Each cage was equipped with 
an external feeding trough and four built-in water cups. The fresh feed 
was provided daily at 8:00 am with ad libitum feeding. Further, the 
concentrations of PBDEs in broilers feed were detected by gas 
chromatography/high-resolution mass spectrometry (Thermo Fisher 
Scientific Inc. CN, Shanghai, China) before the experiment to ensure the 
total concentration of BDE-209 (< 0.12 ng/g) (Sun et al., 2021; Li et al., 
2018). During the trial period, body weight and intake of all birds was 
recorded every week, and any clinical signs and deaths were recorded. 
The birth weight, terminal weight, average daily gain, average daily 
consumption charge, and feed/gain of broilers in each group were re
cord in Table S2. 

All procedures on experimental animals were carried out in accor
dance with the Guidelines of Animal Ethics Committee in Shanghai 
Academy of Agricultural Sciences (Approval Number: 
SAASPZ0920001). In addition, significant effort was conducted to 
improve the general well-being of chicks, and once any sign of illness 
was observed during rearing or sampling procedures, the chicks were 
excluded from the experiment and given veterinary care according to 
the Guidelines of Animal Ethics Committee. 

2.2. Sample collection 

After feeding for 42 days, the body weight of 30 chicks in each group 
was measured. Then, blood samples were obtained from the wing veins 
of all birds and centrifuged at 700 g for 15 min at room temperature by 
using Tabletop Refrigerated Centrifuge (Eppendorf 5840R, Germany). 
The serum was separated and frozen at − 20 ◦C. Two birds in each cage 
of each group were randomly selected and sacrificed. Among them, the 
thyroid samples of two birds from two different cages in each group 

were extracted, immediately placed into 10% buffered formalin (pH 7.4) 
and stored at 4 ◦C for further treatment, the other thyroid tissues from 
ten birds in different groups were frozen into liquid nitrogen and stored 
at − 80 ◦C for further analysis. 

2.3. Tissue pathological observation 

Thyroid tissue soaked in 10% buffered formalin was treated with 
conventional methods of embedding, slicing, and hematoxylin-eosin 
staining. Briefly, a tissue block was transferred to alcohol for dehydra
tion and to xylene for solvent replacement. Subsequently, the tissue 
block was embedded in melted paraffin, fixed on the slicer, and cut to 5 
µm flakes in thickness. After that, the sections were soaked in a mixture 
of xylene and alcohol for dewaxing and stained by hematoxylin and 
0.5% eosin alcohol. Finally, the sections were dehydrated with alcohol 
and xylene, and sealed by adding gum. Stained sections were observed 
under a bright field optical microscope and photographed (Olympus 
Optical Co., Japan). 

2.4. Total RNA extraction and cDNA library preparation 

Thyroid samples stored at − 80 ◦C from the 4 g/kg and control 
groups were collected, and total RNA was extracted from eight broilers 
according to the mirVana miRNA Isolation Kit manufacturer’s specifi
cations (cat.no:1561, Ambion, USA). Then, mRNA integrity was evalu
ated by using an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, 
USA), and subsequent analysis was performed based on the samples with 
RNA integrity number ≥ 7. After purifying mRNA, the synthesis of cDNA 
was conducted using SuperScript II Reverse Transcriptase (cat. 
no:18064014, Invitrogen, USA). For high-throughput RNA-Seq, strand- 
specific cDNA libraries were constructed following to the TruSeq 
Stranded mRNA LTSample Prep Kit manufacturer’s instructions (cat.no: 
RS-122–2101, Illumina, USA), and sequencing was performed on an 
Illumina HiSeqTM 2500 platform by OE Biotech Co., Ltd (Shanghai, 
China). 

2.5. Quality control and mapping 

The original raw data were saved in FASTQ/FQ fle format. Quality 
control and trimming were performed after proper quality control of the 
raw data using Trimmomatic to remove any poly-N and low-quality 
reads. Then, the clean reads were mapped to the reference genome 
using hisat2 (Kim et al., 2015). The transcript-level was quantified by 
fragments per kilobase per million (FPKM) method using bowtie2c, and 
the read counts of each transcript (protein_coding) were obtained using 
eXpress (Trapnell et al., 2010). 

2.6. Differential gene expression and functional enrichment analysis 

Basing on the FPKM value and read counts of each transcript, the 
differentially expressed genes (DEGs) between 4 g/kg and control 
groups (n = 3 per group) were screened out using DESeq functions 
estimateSizeFactors and nbinomTest. Then, the heat map analysis and 
volcano plot of DEGs were performed with R and DESeq software. A 
transcript was considered to be differentially expressed if P < 0.05 and | 
log2 fold change| > 0.58. Subsequently, to describe the functional 
classification of genes and discover the link between DEGs, hierarchical 
cluster analysis of DEGs was performed using R based on the Gene 
Ontology (GO) and Kyoto Encyclopaedia of Genes and Genomes (KEGG) 
databases (http://www.genome.jp/kegg) (Kanehisa et al., 2008). 

2.7. QRT-PCR 

Using the total RNA obtained from thyroid tissue samples, the yield 
of RNA was determined using a NanoDrop 2000 spectrophotometer 
(Thermo Scientific, USA), and integrity was evaluated using agarose gel 
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electrophoresis stained with ethidium bromide. Then, TransScript All- 
in-One First-Strand cDNA Synthesis SuperMIX for reverse transcription 
PCR (TransGen Biotech, China) was used to remove the genomic DNA 
and synthesize cDNA. Each RT reaction had two steps: first, 0.5 μg RNA 
and 2 μL of 4 × gDNA wiper Mix were added to 8 μL of nuclease-free 
H2O, with reactions performed in a GeneAmp® PCR System 9700 
(Applied Biosystems, USA) for 2 min at 42 ◦C; and second, 2 μL of 5 
×HiScript II QRT SuperMix IIa was added into the reaction system and 
treated in a GeneAmp® PCR System 9700 for 15 min at 50 ◦C and 5 s at 
85 ◦C. A total of 10 μL of RT reaction mixture was then diluted 10 times 
with nuclease-free water and held at − 20 ◦C. 

The QRT-PCR was performed with 10 μL of PCR reaction system, 
including reaction mixture that included 1 μL of cDNA, 5 μL of Per
fectStart™ Green qPCR SuperMix (TransGen Biotech, China), 0.2 μL of 
forward primer, 0.2 μL of reverse primer, and 3.6 μL of nuclease-free 
water using Light Cycler® 480 II Real-time PCR Instrument (Roche, 
Swiss). The QRT-PCR conditions included: pre-denaturation at 95 ◦C for 
30 s, followed by 40 cycles of denaturation at 95 ◦C for 10 s, annealing at 
60 ◦C for 30 s, and elongation at 72 ◦C for 20 s. All samples were run in 
triplicate. Melting curve analysis was performed to validate the specific 
generation of the expected PCR product. Relative gene expression levels 
were quantified using the 2-ΔΔCt method compared with β-actin. Primer 
sequences for QRT-PCR were designed in the laboratory and synthesized 
by OE Biotech Co., Ltd based on the mRNA sequences obtained from the 
NCBI database, and were given in Table S3. 

2.8. ELISA measurements 

In each group, the blood samples were collected into tubes con
taining anticoagulant (heparin) and centrifuged at 700 g for 10 min at 
4 ◦C to separate serum. The levels of T3 (cat.no: MM-34263O1), T4 (cat. 
no: MM-34207O1), free triiodothyronine (FT3, cat.no: MM-33324O1), 
free thyroxine (FT4, cat.no: MM-33323O1), thyroid stimulating hor
mone (TSH, cat.no: MM-2297O1), and 5′-deiodinase (ID, cat.no: MM- 
34279Q1) in serum were examined using commercially available 
ELISA kits according to the manufacturer’s recommendations (MEI
MIAN, China). All samples were run in triplicate. 

2.9. Data analysis 

All data were presented as means ± standard deviation (SD) and 
analyzed using SPSS (version 16.0) software. One-way ANOVA was used 
to determine significant differences among different groups. Differences 
were considered significant at P < 0.05. Spearman’s rank correlation 
coefficient analysis was used to further show the correlations between 
exposure concentrations of BDE-209 and the levels of thyroid hormones. 

3. Results 

3.1. Thyroid microstructure 

When Arbor Acres broiler chicks were fed with basal diet containing 
different concentrations of BDE-209, histopathologic changes were 
observed in thyroid tissue combining with Image Pro Plus software 
analysis (version 6.0, Table S4). In the control group, the structure of 
thyroid follicls was clear (Fig. 1A). After exposure to different concen
trations of BDE-209, the number of thyroid follicls were increased 
(Fig. 1B-E) by comparing with control group, and the volume was 
reduced obviously (Fig. 1D–E). Further more, in Fig. 1C-E, follicular 
epithelial cells became swollen, eventually ruptured and pyknotic; and 
many crumpled outer walls of irregular follicles formed new follicles and 
crumple. This result indicated that the histological structure of thyroid 
tissue was damaged by supplemental feeding of BDE-209, and was even 
hyperplastic (Salabè, 2001; Miura and Mineta, 2014). 

3.2. Transcriptome sequencing and assembly 

Based on the damages to thyroid histological structure, the tran
scriptome characteristics of thyroid tissue were determined using RNA- 
Seq analysis. After removing adapter sequences, undetermined bases, 
and low-quality reads, more than 48,880,000 clean reads were obtained 
in each sampling group. The Q30 and GC were more than 95.49% and 
46.14%, respectively (Table S5). Then, the clean reads were mapped 
into the specified reference genome using Hisat2 to obtain position in
formation on the reference genome or gene, and the sequence charac
teristic information was unique to the sequencing sample. Statistical 
analysis of reference genome alignment reads showed that the per
centage of total mapped exceeded 70%, and multiple mapped sequences 
represented less than 10%. The above results indicated that the sequence 
data were of high quality and could be used for subsequent data analysis. 

3.3. Analysis of DEGs 

After calculating the FPKM value of each gene using bowtie2c and 
obtaining the read counts of each gene by eXpress, significant DEGs were 
identified using the DESeq R package functions estimate based on the 
thresholds of P < 0.05 and |log2 fold change| > 0.58. The hierarchical 
clustering for the DEGs between thyroid samples of 4 g/kg BDE-209 
group (T4) and thyroid samples of control group (Tck) showed express 
genes differently relative to the control (Fig. 2A), red represented up- 
regulation and blue represented down-regulation. And a total of 501 
DEGs were identified between the 4 g/kg BDE-209 and control groups: 
222 upregulated and 279 downregulated, and all these DEGs were 
represented on a volcano plot map (log10 P value vs -log2 fold change). 
The foldchanges and P value of these DEGs were list in Fig. 2A, red and 
green dots indicate upregulation and downregulation of DEGs in the 
BDE-209-exposed group, respectively. The larger the |log2 fold change| 
and -log10 P value, the more significant genes. 

3.4. GO and KEGG enrichment analysis 

To explore the critical functions affected by BDE-209, all DEGs were 
mapped to three categories of gene ontology (GO), which included 
biological processes (1629 subclasses), cellular components (298), and 
molecular functions (528). The top 30 terms and were list in Fig. 3 
(Table S6), the larger enrichment score and the -log10 P value repre
sented the more significant term, such as cellular response to stress (3 
genes, P value 1.45E-06, enrichment score 21.56), regulation of cilium 
beat frequency (3 genes, P value 1.45E-06, enrichment score 21.56), 
parathyroid gland development (3 genes, P value 1.45E-06, enrichment 
score 21.56), and cellular response to vitamin D (3 genes, P value 1.45E- 
06, enrichment score 21.56) in biological processes; extracellular space 
(48 genes, P value 5.89E-05, enrichment score 1.75), plasma membrane 
(120 genes, P value 9.84E-05, enrichment score 1.36), extracellular re
gion (48 genes, P value 1.34E-04, enrichment score 1.69), and micro
villus (6 genes, P value 1.40E-04, enrichment score 5.07) in cellular 
component; and structural molecule activity (14 genes, P value 4.17E- 
05, enrichment score 3.12), potassium channel activity (5 genes, P 
value 2.18E-04, enrichment score 5.53), guanylate cyclase activity (4 
genes, P value 2.93E-04, enrichment score 6.39), and G-protein coupled 
peptide receptor activity (3 genes, P value 3.93E-04, enrichment score 
7.84) in molecular function. 

In addition, based on the Database for Annotation, Visualization and 
Integrated Discovery (DAVID), DEGs were found to be significantly 
enriched in many KEGG pathways, including neuroactive ligand- 
receptor interaction (8 genes, P value 5.36E-08, enrichment score 
2.90), cell adhesion molecules CAMs (12 genes, P value 5.65E-05, 
enrichment score 3.30), vascular smooth muscle contraction (11 
genes, P value 3.33E-04, enrichment score 2.92), the calcium signaling 
pathway (11 genes, P value 9.76E-03, enrichment score 1.96), and ste
roid biosynthesis (4 genes, P value 1.59E-04, enrichment score 7.18) and 
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Fig. 1. Histological changes of thyroid tissues from broiler chicks after treatment with different concentrations of BDE-209 for 6 weeks. Note: (A) control group; (B) 
0.004 g/kg BDE-209 group; (C) 0.04 g/kg BDE-209 group; (D) 0.4 g/kg BDE-209 group; and (E) 4 g/kg BDE-209 group. Asterisk represented the thyroid follicles, and 
the arrow represented the follicular epithelial cells. 
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Fig. 2. Heat map analysis (A) and volcano plot (B) of DEGs between the control group (Tck, n = 3) and the 4 g/kg BDE-209 treatment group (T4, n = 3). In figure A, 
higher expression genes are shown in red and low expression genes are shown in blue. In figure B, X-axis is the log2 fold change, and Y-axis is the -log10 P value; gray 
displays non-significant differences, red displays upregulated genes and green displays downregulated genes. 

Fig. 3. Gene ontological classifications of differentially expressed genes (DEGs) between the 4 g/kg BDE-209 treatment and control groups. X- axis is the name of Go 
terms and the Y- axis is -log10 P value.The DEGs are grouped into three hierarchically stretched GO terms: biological process (green), cellular components (blue), and 
molecular functions (red). 
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so on (Fig. 4 and Table S7). 
Among these KEGG pathways, seven relevant hormone receptors 

enriched in the neuroactive ligand-receptor interaction pathway were 
selected for further QRT-PCR analysis, including five upregulated genes 
with quantitative expression value > 1: α1D-adrenergic receptor 
(ADRA1D, relative quantitative expression value 3.78), follicle- 
stimulating hormone receptor (FSHR, 7.23), prolactin receptor (PRLR, 
3.20), prostaglandin F receptor (PTGFR, 1.80) and thyroid stimulating 
hormone receptor (TSHR, 2.84); and two downregulated genes with 
quantitative expression value < 1: somatostatin receptor type 2 (SSTR2, 
0.85) and glucagon-like peptide 2 receptor (GLP2R, 0.28). The trends of 
the QRT-PCR and RNA-Seq results were consistent, indicating that the 
sequencing results were accurate and reliable (Fig. 5 and Table S8). 

3.5. Thyroid hormone levels in serum after BDE-209 treatment 

Moreover, according to the differential expression of seven hormone 
receptors in thyroid after BDE-209 exposure, the levels of FT3, FT4, T3, 
T4, ID, and TSH in the serum of broilers were shown in Fig. 6. Compared 
to control group, significant decreases in FT3, T4, and TSH levels were 
observed in all BDE-209 treatment groups (P < 0.05; Fig. 6A, D, and F); 
FT4 and ID levels were significantly reduced in higher BDE-209 con
centration groups (0.4 and/or 4 g/kg, Fig. 6B and E). However, no sig
nificant difference was observed in T3 for all BDE-209 treatment groups 
compared with control (P > 0.05; Fig. 6C). Furthermore, there was a 
significant Spearman’s correlation coefficient (− 1) between T4 levels 
and concentrations of BDE-209 treatment. 

4. Discussion 

As reported in previous studies, PBDEs are one type of disruptor of 
the hypothalamic-pituitary-thyroid (HPT) axis. Due to their similar 
structure to thyroid hormones, it has been hypothesized that PBDEs may 
interfere with the transport and metabolism of thyroid hormones 
(McDonald, 2002; Birnbaum and Staskal, 2004). In adult fathead min
nows (Pimephales promelas), dietary exposure to BDE-47 altered T4 
signaling at multiple levels of the HPT axis, which suggested that thyroid 
hormone-responsive pathways in the brain may be particularly sensitive 
to disruption by PBDEs (Lema et al., 2008). These findings indicated that 
neurogenesis and brain development may be impacted by PBDEs 
exposure, and how PBDEs influence thyroid hormone-mediated neural 
function remains unclear. 

In the present study, the microstructure of thyroid tissue was 
significantly changed in broiler chicks after supplemental feeding with 
BDE-209, including increased number and reduced volume of thyroid 
follicls, irregular and deformed follicular cells, followed by ruptured and 
pyknotic follicular epithelial cells (Fig. 1). This result was in agreement 
with previous studies, which also reported negative effects of BDE-209 
or PBDEs on the thyroid of organisms (Wang et al., 2019). Further
more, the transcriptomic analysis of the thyroid exposed to 4 g/kg 
BDE-209 revealed 501 DEGs (222 upregulated and 279 downregulated). 
The KEGG pathway enrichment analysis showed that neuroactive 
ligand-receptor interaction (http://www.genome.jp/kegg/pathway/hsa 
/hsa04080.html) was the most significant pathway (8 genes, P value 
5.36E-08, see Fig. 4). In antipsychotic treatment response, neuroactive 
ligand-receptor interaction pathways were also found to be enriched 
using SNP-based analysis (Adkins et al., 2012). For Parkinson’s disease, 
α-synuclein could induce the dysregulation of miRNAs, and the neuro
active ligand-receptor interaction pathway was most likely affected by 
these miRNAs (Kong et al., 2015). Additionally, SiO2 nanoparticles can 
induce developmental neurotoxicity by affecting the neuroactive 
ligand-receptor interaction signaling pathway (Wei et al., 2020). These 
different types of evidences suggest that the neuroactive ligand-receptor 
interaction pathway plays an important role in stress responses. 

From the neuroactive ligand-receptor interaction list, we identified 
all known genes encoding receptors for each ligand and screened out 
seven key DEGs: ADRA1D, FSHR, PRLR, PTGFR, TSHR, SSTR2 and 
GLP2R. The QRT-PCR results were consistent with the transcriptomic 
data, and showed upregulated expression levels of ADRA1D (relative 
quantitative expression value 3.78), FSHR (7.23), PRLR (3.20), PTGFR 
(1.80) and TSHR (2.84), and downregulated levels of SSTR2 (0.85) and 
GLP2R (0.28) after BDE-209 treatment (Fig. 5, Table S8). Among them, 
α1-adrenergic receptors (α1-ARs) belong to class I of the G-protein 
coupled receptor superfamily. They mainly mediate responses to 
epinephrine and norepinephrine, abnormalities in regulation of α1-ARs 
have been reported to contribute to the development of hypertension 
and heart failure (García-Cazarín et al., 2008). In a previous study, TSH 
showed the ability to increase the number of α1-ARs by inducing their 
biosynthesis, and this was linked to the formation of thyroid hormones 
(Corda and Kohn, 1985). Thyroid hormones were shown to play a role in 

Fig. 4. KEGG pathway enrichment scatter plot. The size of the P value is rep
resented by color of the point, and the number of DEGs included in each 
pathway is expressed by the size of the point. 

Fig. 5. Validation of seven selected DEGs by using real-time PCR. Note: the 
relative quantitative expression value (mean ± SD, n = 3) of these genes in 4 g/ 
kg group were normalized to these expression values in control group, and the 
relative quantitative expression values in control group were all equal to 1. ** 
represents significant difference with P value < 0.01 compared to con
trol group. 
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the control of cardiac adrenergic receptor expression during a critical 
development period (Metz et al., 1996), but limited research has 
investigated the interaction between ADRA1D and TSH. Combined with 
the decreased the levels of T4 and TSH in this study after BDE-209 
exposure (Fig. 6D and E), we deduced that the up-regulated ADRA1D 
may participate in compensatory effects related to the inhibited for
mation of TSH and T4 induced by BDE-209. However, the detailed 
regulatory mechanism needs further study. 

In addition, both FSHR and TSHR also belong to the G-protein 

coupled receptor superfamily, playing a physiological role through 
mediating the cAMP pathway (Segaloff and Ascoli, 2013). Previous 
study demonstrated positive FSHR immunostaining in some follicles of 
hyperplasia nodularis or thyroid adenomas, and ectopic FSHR may 
constitute a novel biomarker and target in the treatment of cancer, 
including thyroid cancer (Pawlikowski et al., 2015). Besides, FSHR 
immunopositivity was observed in 87.5% of follicular cancers, papillary 
cancers and all the examined undifferentiated cancers, and serum FSH 
level was increased in thyroid adenoma as well as FSHR expression (Liu 

Fig. 6. A: FT3, free triiodothyronine; B: FT4, free thyroxine; C: T3, triiodothyronine; D: T4, thyroxine; E: ID, deiodinase; F: TSH, thyroid stimulating hormone.  
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et al., 2014). The present study also showed upregulated expression of 
FSHR in thyroid of broiler chicks by supplemental feeding with BDE-209 
(Fig. 5), suggesting thyroid adenoma resulted from exposure to 4 g/kg 
BDE-209. 

For TSHR, locating at the basolateral membrane of thyroid follicular 
cells, is critical in the development, growth and function of the thyroid, 
and is involved in the signal transfer mediated by Gαs and Gαq (Szku
dlinski et al., 2002). It has been demonstrated that TSH can positively 
modulate TSHR in normal cells up to a certain limit, and downregulates 
TSHR at high concentrations (Akamizu et al., 1990). Binding of TSH to 
TSHR stimulates thyroid-epithelial cell proliferation and regulates the 
expression of differentiation marker thyroglobulin (Tg), which is 
necessary for the synthesis of thyroid hormones, and TSHR-mRNA and 
Tg-mRNA in peripheral blood have been reported to be equally sensitive 
and specific markers for thyroid cancer (Gupta et al., 2020). Moreover, a 
lack of expression of TSHR has been considered as a significant inde
pendent factor affecting distant metastasis and poor prognosis in 
differentiated thyroid cancer (Liu et al., 2017). In this study, TSHR 
transcriptional level in thyroid was increased after BDE-209 exposure, 
while significantly decreased levels of thyroid hormones (FT4, FT3, T4 
and TSH) were observed in serum (Fig. 6). In fact, the HPT axis is 
involved in the regulation of cell differentiation, growth, and meta
bolism in different areas of the central nervous system and in the pe
ripheral tissues of vertebrates (Zoeller et al., 2007), and is regulated by 
several complex feedback mechanisms at all levels, among them, free T3 
and T4 feedback at the anterior pituitary level to inhibit TSH release 
(Chakrabarti, 2011). Hence, we inferred that BDE-209 exposure can 
impact the feedback modulation between free T3 and T4at the anterior 
pituitary level to impact TSH levels, and then influence the feedback 
regulation on TSHR expression. 

Somatostatin receptors (SSTRs) have five subtypes (SSTR1–SSTR5) 
with multiple functions, including inhibitory effects on cell survival and 
angiogenesis and antiproliferative effects on cancer cell lines (Herac 
et al., 2016). Among them, SSTR2 has been shown to be predominantly 
expressed in some neuroendocrine tumors, and is characteristic for 
somatotroph pituitary adenomas (Mato et al., 1998; Chinezu et al., 
2014). Generally, SSTR scintigraphy is a reliable, non-invasive and 
highly sensitive procedure for detection of metastatic differentiated 
thyroid carcinoma (Haslinghuis et al., 2001), and for benign and ma
lignant thyroid tissue but not in normal tissue (Atkinson et al., 2013). 
However, in hypothyroid rats, the mRNA level of SSTR2 was signifi
cantly reduced in the pituitary, and the reduction could be prevented by 
T4 supplementation, revealing feedback regulation between thyroid 
hormones SSTR subtypes expression in the pituitary (Lam and Wong, 
1999). Besides, negative feedback exerted by the increasing plasma T3 
levels toward chicken hatching has been supposed to be partly mediated 
by increased expression of SSTR2 and SSTR5 (Groef et al., 2007). In this 
study, the result indicated downregulated expression of SSTR2 in the 
thyroid after supplemental feeding with 4 g/kg BDE-209 (Fig. 5), and 
the level of T4 in serum was clearly inhibited (Fig. 6D), but no significant 
change in T3 level (Fig. 6D). Therefore, we speculated that supplemental 
feeding of BDE-209 to broilers causes an adverse effect on feedback 
regulation between SSTR2 and thyroid hormones, and results in hypo
thyroid and even thyroid tumor, but the underlying mechanism of PBDE 
exposure needs to be elucidated. 

In addition, the levels of FT3, T4, and TSH in serum were signifi
cantly decreased following BDE-209 treatment, as well as FT4 and ID 
levels under higher BDE-209 concentrations, and a significant correla
tion was observed between T4 levels and exposure concentrations 
(Fig. 6). This indicated the inhibition effects of BDE-209 on thyroid 
hormones of chicks. In previous studies, Tebourbi et al. (2010) found 
that the T4 level and 5′-ID activity of male Wistar rats were decreased 
after intraperitoneal injection with p,p′-DDT; T3 and T4 levels were both 
reduced after BDE-209 exposure in zebrafish larvae (Chen et al., 2012) 
and fathead minnows (Noyes et al., 2013). Recently, the associations of 
low exposure of persistent organic pollutants (POPs) with thyroid 

hormones were measured in human breast milk, including PBDEs, pol
ychlorinated biphenyls and dioxins, and a significantly decreased trend 
in thyroid hormones with increasing exposure to POPs was demon
strated (Li et al., 2019). Combinding with the significant epression of 
above DEGs in neuroactive ligand-receptor interaction pathway, we 
deduced the disturbtion of feedback regulation between critical re
ceptors genes in the neuroactive ligand-receptor interaction pathway 
and thyroid hormones, leading to toxic effects of thyroid of chicks. 

5. Conclusion 

The present study provided evidence that supplemental feeding with 
BDE-209 caused the obviously pathological changes of thyroid tissue in 
broiler chicks, including deformed and increased follicular cells, swollen 
and even ruptured follicular epithelial cells, as well as new follicles and 
crumple from irregular follicles. The neuroactive ligand-receptor inter
action pathway was the most significantly enriched signal pathway in 
the thyroid after 4 g/kg BDE-209 exposure according to transcriptomic 
analysis. Combined with the significantly decreased levels of FT3, T4, 
ID, and TSH in serum, the expression levels of ADRA1D, FSHR, TSHR, 
and SSTR2 genes in thyroid and T4 level in serum could be potential 
candidate biomarkers. Overall, these results provide evidence that oral 
intake of the brominated flame-retardant BDE-209 can cause structural 
injuries and even hyperplasia, and illustrate how BDE-209 induces 
changes in thyroid hormones and their regulated gene transcription in 
the broiler thyroid by the neuroactive ligand-receptor interaction 
pathway. These insights into toxic biomarkers can provide a theoretical 
basis for rapid diagnosis of PBDEs in broiler chicks, other animals, and 
even humans. However, future investigations into how PBDEs influence 
the thyroid hormone-mediated neural function pathway are needed. 
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