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h i g h l i g h t s
� BDE-153 can induce neurotoxicity in rats, however, the underlying mechanism and intervention are not clear.
� Brain is highly sensitive to oxidative or nitrosative stress.
� Oxidative and nitrosative stresses are the main mechanism of the neurotoxicity induced by BDE-153.
� And the antioxidation is a potential targeted intervention.
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a b s t r a c t

Polybrominated diphenyl ethers (PBDEs) have been known to exhibit neurotoxicity in rats; however, the
underlying mechanism remains unknown and there is no available intervention. In this study, we aimed
to investigate the role of oxidative and nitrosative stress in the neurotoxicity in the cerebral cortex and
primary neurons in rats following the BDE-153 treatment. Compared to the untreated group, BDE-153
treatment significantly induced the neurotoxic effects in rats, as manifested by the increased lactate
dehydrogenase (LDH) activities and cell apoptosis rates, and the decreased neurotrophic factor contents
and cholinergic enzyme activities in rats' cerebral cortices and primary neurons. When compared to the
untreated group, the oxidative and nitrosative stress had occurred in the cerebral cortex or primary
neurons in rats following the BDE-153 treatment, as manifested by the increments in levels of reactive
oxygenspecies (ROS), malondialdehyde (MDA), nitric oxide (NO), and neuronal nitric oxide synthase
(nNOS) mRNA and protein expressions, along with the decline in levels of superoxide dismutase (SOD)
activity, glutathione (GSH) content, and peroxiredoxin I (Prx I) and Prx II mRNA and protein expressions.
In addition, the ROS scavenger N-acetyl-L-cysteine (NAC) or NO scavenger NG-Nitro-L-arginine (L-NNA)
significantly rescued the LDH leakage and cell survival, reversed the neurotrophin contents and
cholinergic enzymes, mainly via regaining balance between oxidation/nitrosation and antioxidation.
Overall, our findings suggested that oxidative and nitrosative stresses are involved in the neurotoxicity
induced by BDE-153, and that the antioxidation is a potential targeted intervention.
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1. Introduction

Polybrominated diphenyl ethers (PBDEs) were widely used in
the manufacturing process of electronics, cables, furniture, carpets
and textiles all over the world. Despite the PBDE usage in products
had started out since 2004 (Penta- and Octa-PBDE) and 2013 (Deca-
PBDE), people are still widely exposed to PBDEs via dust ingestion
and dietary digestion (Hammel et al., 2017; Ni et al., 2013; Xu et al.,
2018). Toddlers are exposed to higher dose of PBDEs than adults,
and infants are exposed to a lot more PBDEs via breast-feeding
(Johnson-Restrepo and Kannan, 2009; Jeong et al., 2014), espe-
cially those in North America where the highest PBDEs concen-
trations have been found (Zhang et al., 2017a). PBDEs are more
readily transferred to rat pups via postnatal breastfeeding than
placenta in utero (Shin et al., 2017), and the predominant congeners
are BDE-47, BDE-153 and BDE-209 in humans (Tang and Zhai, 2017).
Prenatal or postnatal PBDE concentrations are significantly asso-
ciated with the decreased neurodevelopment scores in children
across several birth cohorts from the US, Europe and Asia (Chen
et al., 2014; Eskenazi et al., 2013; Herbstman et al., 2010; Roze
et al., 2009; Chao et al., 2011). In rats and mice, perinatal admin-
istration of BDE-153 or other PBDE congener causes long-lasting
learning and memory deficits, disrupts the habituation, and im-
pairs the spontaneous behavior (Viberg et al., 2003, 2006; Zhang
et al., 2013). Nevertheless, the underlying mechanism of neuro-
toxicity induced by BDE-153 and the potential targeted interven-
tion are still need to be well understood.

Oxidative stress or nitrosative stress indicates the imbalance
between production and quenching of reactive oxygen species
(ROS) or reactive nitrogen species (RNS) within cells, and is usually
indicated as an overproduction of ROS or RNS. ROS consist of O2�,
H2O2, HO2 and -OH, arewidely involved in the cell proliferation and
differentiation, cell death, signal transduction, and oxidative dam-
age. RNS are a series of nitric oxide (NO) derivatives produced from
the reaction of NO with superoxide (O2�). Nitrosative stress
launched by an excess of RNS, could cause DNA damage (Potjewyd
et al., 2017) and DNA repair inhibition (Zhou et al., 2016), induce
protein nitration, damage membrane proteins and fatty acid,
leading to changes of cellular signaling transduction, inflammatory
response, and even cell death (Kiss and Szabo, 2005; Pacher et al.,
2007; Valko et al., 2007). As known, the central nervous system
(CNS) is highly sensitive to oxidative or nitrosative stress due to its
high energy requirements, high oxygen consumption, and relative
deficiency of antioxidants. Hence, this study aimed to investigate
the roles of oxidative and nitrosative stress in PBDE's neurotoxicity,
and to provide new evidences for the underlying mechanism and
targeted intervention. To this end, we used rat cerebral cortex and
primary cultured neurons from rat as in vivo and ex vitro models to
explore the oxidative stress, nitrosative stress, and antioxidation
changes following BDE-153 treatment, which is based on the
knowledge that BDE-153 possesses the highest affinity to brain, and
is the hardest to be metabolized in human and mice among the
predominant PBDE congeners (BDE-47, BDE-99, BDE-100, and BDE-
153) in human (Lupton et al., 2009; Staskal et al., 2006).

2. Materials and methods

2.1. Chemicals and reagents

2, 20, 4, 40, 5, 50-hexabrominated diphenyl ether (BDE-153, purity
99.9% by GC/MS) was purchased from AccuStandard, Inc. (New-
Haven, CT, USA). Rabbit polyclonal antibody against nNOS (H-299)
(sc-8309) was purchased from Santa Cruz Biotechnology, Inc, USA,
rabbit monoclonal antibody against Prx I (8499s) and Prx II
(ab109367) were from Cell Signaling Technology (Beverly, MA,
USA), and Abcam (Cambridge, MA, USA) respectively. Rabbit b-actin
antibody was purchased from BOSTER Biological Engineering Co.
(Wuhan, Hubei, China). One Step SYBR PrimeScript RT-PCR Kit was
purchased from Takara Biotechnology Co. (Dalian, Liaoning, China).
N-Acetyl-L-cysteine (NAC, �99% TLC) and N-Nitro-L-arginine (L-
NNA, �98% TLC) were purchased from Sigma Aldrich, Co (China).

2.2. Animals and treatment

Ten nulliparous pregnant Sprague-Dawley rats (aged 10 weeks)
from the Animal Experiment Center of Shanxi Medical University
(license number: 754) were individually housed in a standard
environment (20e22 �C temperature, 40e70% humidity, and 12/
12 h cycle of light and dark) since the pregnant day. Each rat had
free access to tap water and standard lab chew pellets (GB 14924.3-
2010, obtained from the Animal Experiment Center of Shanxi
Medical University). The birthday was documented as postnatal
day 0 (PND 0). All the procedures were conducted in accordance
with the National Institutes of Health Guide for Care and Use of
Laboratory Animals. As we previously described (Zhang et al.,
2017b), a total of 60 male pups from 10 litters, average 6 pups/
litter, were randomly assigned into four groups (n¼ 15/group) ac-
cording to their body weights as follow: olive oil control group,
three treated groups at doses of 1, 5, and 10mg/kg BDE-153,
respectively. Pups were administrated once with olive oil or BDE-
153 solution at 0.1 mL/10 g body weight via intraperitoneal injec-
tion (ip) at PND 10. Pup siblings stayed with their mother until
weaning, followed by being co-caged (6/cage) with their partners
in the same treated group. Rat pups were routinely fed, weighed,
and recorded their food and water consumption daily until
euthanasia at PND 70. The animal experimental protocol was
approved by the Ethics Review Committee for Animal Research of
Shanxi Medical University. BDE-153 was prepared in olive oil so-
lution as previously described (Zhang et al., 2017b), and the dose
range was set based on our preliminary experiments and the
referenced LOAEL (the lowest observed adverse effect level) 0.9mg/
kg in neonatal mice (Viberg et al., 2003).

2.3. Sampling

At PND 70, rats were anesthetized with sodium pentobarbital
and euthanized by decapitation. The brains were carefully
removed, instantly weighed and isolated the cerebral cortex on a
cold ice. Single cell suspensions were individually obtained from
cortical tissues of 6 rats in each group, and were immediately
determined the apoptosis and ROS levels using flow cytometry.
Brain tissues from 3 individual pups out of each group were fixed
overnight by immersing in neutral buffered formaldehyde solution,
embedded in paraffin, and sectioned (5 mm thick) for nNOS
immunohistochemistry following the standard procedures. Indi-
vidual cortical tissues from the remaining 6 pups in each group
were collected and stored at�80 �C for determination of mRNA and
protein levels, or kinase activity according to the manufacturer's
protocol.

2.4. Primary neuron culture, identification and treatment

Primary neurons were cultured as previously described with
some modifications (Kaech and Banker, 2006; Brewer and
Torricelli, 2007). Briefly, cerebral cortical tissues were dissected
under sterile conditions from neonatal SD rat pups (PND 0-3), and
the meninges and blood vessels were removed. Single cell sus-
pensions were obtained via digestion using 0.25% trypsin for
10min at 37 �C and filtration through a 200-mm mesh cell. Single
cell suspensions were suspended in Dulbecco's Modified Eagle



Table 1
Primer sequences of rats’ mRNA and product size (bp).

Primer Sequence (50-30) Size(bp)

nNOS-F 50-CCTATGCCAAGACCCTGTGTGA -30 132
nNOS-R 50- CATTGCCAAAGGTGCTGGTG-30

Prx I-F 50- CCGCTCTGTGGATGAGATTCTG-30 195
Prx I-R 50- CTTCTGGCTGCTCAAAGCTGTC -30

Prx II-F 50- TTTAGCGACCACGCTGAGGAC -30 181
Prx II-R 50- ACACGCCGTAATTCTGGGACA-30

b-actin-F 50- GGAGATTACTGCCCTGGCTCCTA -30 150
b-actin-R 50- GACTCATCGTACTCCTGCTTGCTG -30

F: forward primer; R: reverse primer.
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Medium (DMEM) medium containing 10% fetal bovine serum, 10%
horse serum and 100 U/mL penicillin-streptomycin, seeded in a
culture plate or flask pre-coated with poly-L-lysine (0.1mg/mL) at
5� 105 cells/mL density, and subsequently incubated in a humidi-
fied incubator with 5% CO2 at 37 �C. Cytosine arabinoside (a final
concentration of 2.5 mM) was added into the medium after 48 h
incubation and maintained for 12 h to prevent glial cell prolifera-
tion. Neurons were cultured for 7 days. On the 5thday, primary
neurons were identified using the specific cytoskeletal protein b-
tubulinШ. Comparable well-grown and 80e90% confluent neurons
out of the same batch were classified and treated for 48 h with
blank (medium), dimethyl sulfoxide (DMSO, solvent control), or
BDE-153 at three dosage levels of 10, 20, and 40 mM, respectively.
DMSO (Sigma-Aldrich) was accounted for 0.3% (v/v) of the total
incubation medium, which was regarded as safe to cell (Makita and
Sandborn, 1971). After treatment for 48 h, the supernatants were
collected for detecting the LDH leakage, and the primary neurons
were harvested for the determination of mRNA and protein levels,
or kinase activities.

To obtain a solid evidence of the intervention effects targeted
oxidative or nitrosative stress in the neurotoxicity following BDE-
153 treatment, we pretreated primary neurons with ROS scav-
enger N-Acetyl-L-cysteine (NAC, �99% TLC, Sigma-Aldrich) or NO
scavenger N-Nitro-L-arginine (L-NNA, �98% TLC, Sigma-Aldrich) at
30min prior to the 20 mMBDE-153 treatment, and then determined
the variations of neurotoxic effects, oxidative stress, nitrosative
stress, and antioxidation in primary neurons induced by BDE-153
treatment.

BDE-153 was freshly prepared as a stock solution in DMSO and
diluted with serum-free DMEM medium to make different con-
centrations (0, 10, 20, and 40 mM) prior to each experiment. NAC
and L-NNA were freshly dissolved in serum-free DMEM medium.
The treating doses were selected based on our preliminary
experiment.

2.5. Apoptosis and ROS determination

Single cell suspension was obtained from individual prefrontal
cortex tissue or primary neurons via digestion and filtration, and
was categorized into two copies. One copy was labeled with fluo-
rescein isothiocyanate (FITC)-conjugated Annexin V and propidium
iodide (PI) (Nanjing KeyGEN Biotech, China) at a density of
1� 105 cells/mL for 15min in the dark. Apoptotic cells were
detected using FACScan flow cytometry (Becton Dickinson, USA) at
488 nm wavelength, and were analyzed using Cell Quest Software
(Becton Dickinson, USA).

Another copy of single cell suspensions from cortices or primary
neurons were immediately incubated with a final concentration of
1 mM 20,70-dichlorofluorescin diacetate (DCFDA, Beyotime, China)
in the dark for 30min at a density of 1� 106 cells/mL. The positive
or negative control was added ROSUP (Beyotime, China) or phos-
phate buffer instead of cells according to the manufacturer's in-
struction. After centrifugation twice in phosphate buffer, the cell
suspension was determined ROS levels using FACScan flow
cytometry (Becton Dickinson, USA) at 488 nm wavelength, and
were analyzed the mean fluorescence intensity (MFI) using Cell
Quest Software (Becton Dickinson, USA).

2.6. LDH activity, neurotrophin contents, and cholinergic enzyme
activity

Rat cortices or primary neurons were homogenized using a glass
homogenizer, and the homogenate supernatants were obtained
through centrifugation. The supernatants were determined the
lactate dehydrogenase (LDH) activity using spectrophotometric
method according to the manufacturer's instruction, the contents
of brain-derived neurotrophic factor (BDNF), glial cell line-derived
neurotrophic factor (GDNF), nerve growth factor (NGF),
neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4), and the enzyme
activities of choline acetyltransferase (ChaT) and acetylcholines-
terase (AchE) using enzyme-linked immunosorbent assay (ELISA)
according to the instructions of kits (Shanghai Jianglai Biological
Technology, China).

2.7. MDA, NO and nNOS contents

The homogenate supernatants from rat cortices or primary
neurons were determine the malondialdehvde (MDA) contents
following the manufacturer's instructions (Nanjing Jiancheng
Bioengineering Institute, China), the NO content and nNOS activity
according to the instructions of kits (Shanghai Jianglai Biological
Technology, China).

2.8. nNOS mRNA using quantitative PCR (QPCR) analysis

Total RNA was extracted from cortical tissues or primary neu-
rons using RNAiso Plus (Takara Biotechnology Co., LTD, China), and
eligible for the subsequent experiment when the purity (A260/280
ratio) reached to 1.8e2.0. Total RNA (5 mg) was reversely tran-
scribed into cDNA using the One Step SYBR PrimeScript RT-PCR Kit
(Takara Biotechnology Co., LTD, China), and cDNA (50 ng) was
amplified in a 25 mL reaction system consisting of 12.5 mL 2� PCR
MasterMix, 0.4 mM forward and reverse primers, and RNase free
water. The PCR amplification was performed using the BIOER
LineGene 9600 PCR System (BIOER, China) as follows: one cycle at
94 �C for 10 s, followed by 40 two-step cycles at 94 �C for 5 s, and
60 �C for 40 s for amplification curve, and then from 65 �C to 90 �C
for dissociation curve. The housekeeping gene b-actin was used as
an endogenous control to normalize the target mRNA quantifica-
tion. Each sample was performed in duplicate and the initial mRNA
amount was calculated using the 2�△△Ct method. Table 1 showed
the primer's sequences used in the QPCR amplification.

2.9. nNOS protein using western-blotting

Homogenates were obtained from cortical tissue or neurons in
RIPA lysis buffer containing a protease inhibitor phenyl-
methylsulfonyl fluoride (PMSF,1mM) using an ultrasonic disruptor,
and then the supernatants were obtained through centrifugation
(14,000 rpm) at 4 �C for 15min. Total protein concentration was
quantified using the enhanced bicinchoninic acid (BCA) protein
assay kit (Beyotime Institute of Biotechnology, China). Protein
samples (~30 mg) in the supernatant were run on a 10% poly-
acrylamide gel, transferred to a nitrocellulose membrane, and
blocked with 5% non-fat milk for 2 h at room temperature. The
membrane was followed by incubation with primary antibody
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Fig. 1. Neurotoxic effects in cerebral cortex and primary neurons in rats following BDE-153 treatment. Panel a: Cell apoptosis rates (Annexin Vþ/PIþ) in cerebral cortex, Panel b: LDH
activity (U/mg prot) in cerebral cortex, Panel c: Cell apoptosis rates (Annexin Vþ/PIþ) in primary neurons, Panel d: LDH leakage (U/L) in primary neurons. Panel e: Contents of BDNF
and GDNF (ng/L) in cerebral cortex, Panel f: ChaT Activity (ng/L) in cerebral cortex, Panel g: Contents of NGF, NT-3 and NT-4 (ng/L) in cerebral cortex, and Panel h: AchE activity (U/
mg prot) in cerebral cortex. The 0 group indicates the untreated group or solvent control, which is only treated by the solvent of olive in the cerebral cortex, or DMSO in primary
neurons, but not treated by any dose of BDE-153. *: P< 0.05 vs. the untreated group; #: P< 0.05 vs. the BDE-153-treated group at 1mg/kg in cortex or the BDE-153-treated group at
10 mM in primary neurons.
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Fig. 2. Oxidative and nitrosative stress in the cerebral cortex in rats following BDE-153 treatment. Panel a: Cerebral cortex MDA content (nmol/mg prot), Panel b: Cerebral cortex
ROS mean fluorescence intensity (MFI), Panel c: NO content (mmol/g prot) and nNOS activity (U/L) in cerebral cortex, Panel d: Cerebral cortex nNOS mRNA levels, Panel e: Western-
blotting bands of nNOS in rats' cerebral cortex following treatment with 0, 1, 5, and 10 mg/kg BDE-153, Panel f: nNOS protein levels in rats' cerebral cortex, Panel g: representative
immunochemistry images of nNOS in cerebral cortex (arrows indicate the nNOS-positive cells), and Panel h: Cerebral cortex nNOS positive cell rate (%) and nNOS immunohis-
tochemical score (IHS). The untreated group or solvent control was indicated as 0 in the horizontal axis, which is not treated by any dose of BDE-153, but only treated by the olive
solvent in rats. *: P< 0.05 vs. the untreated group; #: P< 0.05 vs. the BDE-153-treated group at 1mg/kg in cerebral cortex in rats; &: P< 0.05 vs. the BDE-153-treated group at 5mg/
kg in cerebral cortex in rats.
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nNOS1(H-299)(sc-55521, 1:500) overnight at 4 �C, followed by a
wash step and a subsequent incubation with secondary antibodies
(biotinylated and streptavidin horseradish peroxidase-conjugated
secondary anti-mouse antibody, 1:3000) for 2 h at room tempera-
ture. The blots were visualized on X-ray film using a super
enhanced chemical luminescence kit (Applygen Technologies Inc,
China) and documented into images. Each assay was repeated 3
times and yielded in an average value. Protein expression level was
expressed as the target protein ratio to reference protein b-actin.

2.10. nNOS immunohistochemistry or immnunofluorescene assay

To examine protein expressions in rat's brain, tissue sections
(5 mm thick) orderly underwent routine deparaffinization, rehy-
dration, peroxidase inactivation, antigen retrieval, and per-
meabilization. All procedures were performed in a humid chamber.
The sections were blocked with 3% goat serum, incubated with
primary antibody (nNOS, 1:70) overnight at 4 �C, followed by a
wash step and a subsequent incubation with secondary antibody
(1:100) for 1 h at room temperature. The target protein was visu-
alized with 3, 30-diaminobenzidine (DAB) and counterstained with
hematoxylin. Following dehydration, sections were sealed with a
cover slip using neutral resins. Negative control sections contained
phosphate buffer instead of the primary antibody. Each slide was
photographed the immunohistochemistry (IHS) images under an
optical microscope, and an IHS score was obtained for analysis
using Image-Pro Plus (Media Cybernetics Co. USA).

Primary neurons were grown in cover slips pre-coated with
poly-L-lysine, fixed using 4% paraformaldehyde for 30min at 4 �C,
followed by a rinse step and permeabilization with 0.1% Triton X-
100, and then blocked with 3% bovine serum albumin (BSA) for
30min. The slides were incubated with primary antibody (nNOS,
1:50) overnight at 4 �C in a humid chamber, and followed by a rinse
and a subsequent incubation with FITC-conjugated secondary
antibody (1:100) for 2 h at 37 �C, and then counterstained with 4, 6-
diamidino-2-phenylindole (DAPI) and sealed. Negative control
slide contained phosphate buffer instead of the primary antibody
for quality control purpose. Images were examined and photo-
graphed under an OLYMPUS BX51 fluorescence microscope
(OLYMPUS, Japan). The mean fluorescence intensity (MFI) for each
slide was measured using Image J (National Institutes of Health,
USA).



Fig. 3. Oxidative and nitrosative stress in primary neurons following BDE-153 treatment. Panel a: Primary neuron MDA content (nmol/mL), Panel b: Primary neuron ROS mean
fluorescence intensity (MFI), Panel c: Primary neuron NO content (mmol/L), Panel d: Primary neuron nNOS activity (U/L), Panel e: Western-blotting bands of nNOS in rats' primary
neurons following treatment with blank, solvent (DMSO), and BDE-153 at doses of 10, 20 and 40 mM; Panel f: Primary neurons nNOS protein levels. The untreated group or solvent
control was indicated as 0 in the horizontal axis, which is only treated by the solvent of DMSO in primary neurons, but not treated by any dose of BDE-153. *: P< 0.05 vs. the
untreated group; #: P< 0.05 vs. the 10 mM BDE-153 treated group in cultured primary neuron.
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2.11. SOD, GSH, Prx I and Prx II levels

As mentioned above, the homogenate supernatants obtained
from prefrontal cortices and primary neurons were prepared for
measuring the contents of superoxide dismutase (SOD) and gluta-
thione (GSH) according to the manufacturer's protocols, and the
mRNA levels in peroxiredoxin I (Prx I) and peroxiredoxin II (Prx II)
using QPCR, and the protein levels in Prx I and Prx II using western-
blotting, immunofluorescence assay and ELISAmethods mentioned
above. The primer sequences for Prx I and Prx II mRNA amplifica-
tion were given in Table 1, and the primary antibodies of Prx I (Cell
Signaling Technology, 8499s) and Prx II (Abcam, Ab109367) were
both 1:1000 in western-blotting, and were 1:70 in immunofluo-
rescence assay.

2.12. Statistical analysis

Data were presented as mean± standard deviation (SD). One-
way analysis of variance (ANOVA) was employed for multiple
comparison, and followed by the least significant difference (LSD)
test for comparison between any two means using Statistical Pro-
gram for Social Sciences (SPSS) Statistics 17.0 software (Interna-
tional Business Machines Corporation, Almonk, USA). A two-sided
p value of 0.05 was considered statistically significant for all tests.

3. Results

3.1. Neurotoxic effects

Compared to the untreated groups (solvent controls), BDE-153
treatment decreased the body weights and the brain/body weight
ratios at the end of 2 months of treatment, but the difference was
not significant (See supplement materials, Fig. S1). BDE-153 treat-
ment significantly increased cell apoptotic rate (at 5 and 10mg/kg)
(Fig. 1a) and LDH activity (at 10mg/kg) (Fig. 1b) in prefrontal ce-
rebral cortex in rats, and LDH activity was significantly higher in the
10mg/kg BDE-153 group than in the 1mg/kg BDE-153 group.
Similarly, BDE-153 treatment significantly increased cell apoptosis
(at 20 and 40 mM) (Fig. 1c) and LDH leakage (at 10, 20, and 40 mM)
(Fig.1d) in primary neurons.When compared to the 10 mMBDE-153
treated group, cell apoptosis and LDH activity were significantly
increased following the 40 mM BDE-153 treatment.

Moreover, when in comparison with the untreated group, BDE-
153 treatment significantly decreased the contents of BDNF, GDNF,
NGF, and NT-4 (at 1, 5, and 10mg/kg) (Fig. 1e and g), and the NT-3
content (at 5 and 10mg/kg) (Fig. 1g) in the cortex of rats, and
significantly inhibited ChaT and AchE enzyme activities (at 1, 5, and
10mg/kg) (Fig. 1f and h) as well. Additionally, the neurotrophin
contents and cholinergic enzyme activities were significantly
depressed in primary neurons following BDE-153 treatment (See
supplement materials, Fig. S2).

3.2. Oxidative and nitrosative stress

Compared to the untreated group, BDE-153 treatment signifi-
cantly increased the MDA and ROS levels (at 1, 5, and 10mg/kg) in
rats’ cortex (Fig. 2a and b), NO contents (at 5 and 10mg/kg), and
nNOS activity (at 10mg/kg dose) (Fig. 2c). When in comparison
with the 1mg/kg BDE-153 treated group, BDE-153 treatment
significantly increased the levels of MDA (at 5 and 10mg/kg), ROS,
NO, and nNOS (at 10mg/kg) in the cerebral cortex of rats. AndMDA,
ROS and nNOS were significantly higher in the 10mg/kg BDE-153
treated group than those in the 5mg/kg BDE-153 treated group.
Furthermore, cortex nNOS at mRNA and protein levels were



Fig. 4. Antioxidation in cerebral cortex in rats following BDE-153 treatment. Panel a: Cerebral cortex SOD activity (U/mg prot) and GSH content (ng/L), Panel b: Cerebral cortex
mRNA levels of Prx I and Prx II, Panel c: Western-blotting bands of Prx I and Prx II in rats' cerebral cortex following treatment with 0, 1, 5, and 10 mg/kg BDE-153, Panel d: Prx I and
Prx II protein levels in rats' cerebral cortex. The untreated group or solvent control was indicated as 0 in the horizontal axis, which is only treated by the solvent of olive in the
cerebral cortex of rats, but not treated by any dose of BDE-153. *: P< 0.05 vs. the untreated group; #: P< 0.05 vs. the 1mg/kg BDE-153 treated group in cerebral cortex in rats.
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significantly increased followingBDE-153 treatment, as manifested
by the increased mRNA (at 5 and 10mg/kg) (Fig. 2d), protein
expression (at 1, 5, and 10mg/kg) inwestern blotting (Fig. 2e and f),
and nNOS positive cell rates and IHS score (at 10mg/kg) in
immunohistochemistry assay (Fig. 2g and h).

In cultured primary neurons following BDE-153 treatment, the
levels of MDA and ROS were significantly increased (at 20 and
40 mM) (Fig. 3a and b), and the NO content, nNOS activity and
protein were significantly increased (at 10, 20, and 40 mM)
(Fig. 3cef) as compared to the untreated group. When in compar-
ison with the 10 mM BDE-153 treated group, levels of ROS, NO
content and nNOS protein were significantly increased in the 20
and 40 mM BDE-153 group, and MDA content and nNOS activity
were significantly higher in the 40 mM BDE-153 treated group.
3.3. Antioxidation and denitrification

Compared to the untreated group, BDE-153 treatment signifi-
cantly decreased the levels of SOD and GSH in the cerebral cortex of
rats at doses of 1, 5, and 10mg/kg (Fig. 4a), reduced Prx I and Prx II
at mRNA levels (at 5 and 10mg/kg) (Fig. 4b), and protein levels in
Prx I (at 5 and 10mg/kg) and Prx II (at 10mg/kg) (Fig. 4c and d).
When in comparison with the 1mg/kg BDE-153 treated group, the
levels of GSH, Prx I and Prx mRNA levels in cerebral cortex were
significantly decreased in the 5 and 10mg/kg BDE-153 treated
groups, and SOD activity, Prx I and Prx II protein levels were
significantly declined in the 10mg/kg BDE-153 treated group.

Similar changes appeared in primary neurons following BDE-
153 treatment. As compared to the untreated neurons, the con-
tents of SOD and GSH in primary neurons were significantly
decreased following BDE-153 treatment at all three doses, andwere
significantly lower in the 20 and 40 mM BDE-153 groups than in the
10 mM BDE-153 group, significantly lower in the 40 mM BDE-153
group than in the 20 mM BDE-153 group (Fig. 5a and b).
Compared to the untreated group, BDE-153 treatment had signifi-
cantly decreased neuron's Prx ImRNA at doses of 20 and 40 mМ, and
Prx II mRNA at all three doses (10, 20 and 40 mМ) (Fig. 5c). As
compared to the 10 mМ BDE-153 group, Prx I mRNAwas statistically
reduced in primary neurons treated by 20 and 40 mМ doses of BDE-
153, and Prx II mRNA was significantly decreased in primary neu-
rons treated by BDE-153 at 40 mМ. As compared to the untreated
group, Prx I and Prx II protein contents and expression were
significantly decreased in cultured primary neurons following BDE-
153 treatment, as demonstrated by the decreased protein contents
in Prx I (at 20 and 40 mМ) and Prx II (at 10, 20 and 40 mМ) (Fig. 5d),
and the depressed protein expressions in Prx I and Prx II at all three
doses (Fig. 5e and f); When in comparison with the 10 mМ BDE-153
group, Prx I and Prx II protein expressions were significantly
reduced in primary neurons treated by 40 mМ BDE-153. Addition-
ally, compare to the untreated primary neurons, the mean immu-
nofluorescence index (MFI) was significantly decreased in primary
neurons following BDE-153 treatment in Prx I (at 20 and 40 mМ)
and Prx II (at 10, 20 and 40 mМ) (Fig. 5g, and see supplement ma-
terials, Figs. S3e4).
3.4. Intervention effects of NAC or N-LLA targeted oxidative or
nitrosative stress

When neurons were pretreated with NAC (500 mМ, ROS scav-
enger) or N-LLA (100 mМ, NO scavenger) at 30min prior to the BDE-



Fig. 5. Antioxidation in primary neurons following BDE-153 treatment. Panel a: Primary neuron SOD activity (U/mL), Panel b: Primary neuron GSH content (ng/L), Panel c: Primary
neuron Prx I and Prx II mRNA levels, Panel d: Primary neuron Prx I and Prx II contents (ng/L), Panel e: Western-blotting bands of Prx I and Prx II in rats' primary neurons following
treatment with blank, 0, 10, 20, and 40 mM BDE-153, Panel f: Primary neurons Prx I and Prx II protein levels. Panel g: Primary neurons Prx I and Prx II protein mean fluorescence
intensity (MFI). The untreated group or solvent control was indicated as 0 in the horizontal axis, which is only treated by the solvent of DMSO in primary neurons, but not treated by
any dose of BDE-153. *: P< 0.05 vs. the untreated group; #: P< 0.05 vs. the10 mM BDE-153 treated group in primary neuron in rats.
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153 treatment, cell survival was reverted in the pretreated groups
following BDE-153 treatment when compared to the only BDE-153
treatment, as manifested by the significant decrements in LDH and
apoptosis rate (Fig. 6a and b), and the significant increases in
contents of BDNF, GDNF, NGF, NT-3, and NT-4 protein (Fig. 6ceg),
and in activities of ChaT and AchE (Fig. 6h and i). Compared to the
only BDE-153 treated group, the levels of MDA, NO, SOD, Prx I
protein were significantly recovered following the N-LLA or NAC
pretreatment (Fig. 7aed), and Prx II protein levels were signifi-
cantly reverted (Fig. 7e). A more decline in Prx II protein levels
following the NAC pretreatment may implicate a similar action site
shared by Prx II and NAC.
4. Discussion

The present study comprehensively investigated the role of
oxidative/nitrosative stress in neurotoxicity following BDE-153
treatment, demonstrated that oxidative/nitrosative stress
occurred and the antioxidation systemwas impaired in the cerebral
cortex and primary neurons in rats, and the neurotoxicity could be
attenuated by the ROS or NO scavenger in primary neurons.
Fig. 6. Intervention effects of NAC or N-LLA on the neurotoxicity of BDE-153 in primary neur
b: Primary neuron apoptosis rate (%) when pretreated with inhibitors, Panel c: Primary neuro
content (ng/L) when pretreated with inhibitors, Panel e: Primary neuron NGF content (ng/L
pretreated with inhibitors, Panel g: Primary neuron NT-3 content (ng/L) when pretreated
inhibitors, Panel i: Primary neuron ChaT activity (ng/L) when pretreated with inhibitors, a
P< 0.05 vs. to the DMSO group in primary neurons; #: P< 0.05 vs. to the only 20 mM BDE-
The neurotoxicity of BDE-153 had been demonstrated as
cognitive dysfunction, disrupted spontaneous behavior, hippo-
campus neuron apoptosis, depressed neurotrophin contents, and
inhibited cholinergic enzymes in adult rats’ cerebral cortex in our
previous publications (Zhang et al., 2013, 2017b, 2018). Oxidative/
nitrosative stress is the result of a disequilibrium in oxidant/anti-
oxidant which results from continuous increase of ROS and RNS
production, an impaired antioxidant system, or both (Sener et al.,
2003). In the present study, oxidative/nitrosative stress occurred
inside neuronal cells following BDE-153 treatment, as indicated by
the increased levels of ROS, MDA, NO, and nNOSmRNA and protein,
and the decreased SOD activity and GSH level in the cerebral cortex
and primary neurons in rats. On the other hand, the antioxidant
defense systems were notably impaired, as manifested by the sig-
nificant decreased SOD activity, GSH level, and the significant
suppressed Prx I and Prx II mRNA and protein levels. Oxidative
stress had occurred in primary cultured rat hippocampus neurons
treated by BDE-209 (Chen et al., 2010), and in multiple cell lines
(L02, Jurkat, Hep G2, and SH-SY5Y) following BDE-47 or BDE-47
metabolites treatment, which appeared as increased ROS level,
and decreased SOD activity and GSH level (Zhong et al., 2011; Yan
ons. Panel a: Primary neuron LDH leakage (U/L) when pretreated with inhibitors, Panel
n BDNF content (ng/L) when pretreated with inhibitors, Panel d: Primary neuron GDNF
) when pretreated with inhibitors, Panel f: Primary neuron NT-3 content (ng/L) when
with inhibitors, Panel h: Primary neuron NT-4 content (ng/L) when pretreated with
nd Panel i: Primary neuron AchE activity (nmol/L) when pretreated with inhibitors.*:
153 group in primary neurons.



Fig. 7. Intervention effects of NAC or N-LLA on oxidative and nitrosative stress in primary neurons following BDE-153 treatment. Panel a: Primary neuron SOD activity (U/mL) when
pretreated with inhibitors, Panel b: Primary neuron NO content (mmol/L) when pretreated with inhibitors, Panel c: Primary neuron MDA content (nmol/mL) when pretreated with
inhibitors, Panel d: Primary neuron Prx I content (ng/L) when pretreated with inhibitors, Panel e: Primary neuron Prx II content (ng/L) when pretreated with inhibitors. *: P< 0.05
vs. to the DMSO group in primary neurons; #: P < 0.05 vs. to the 20 mM BDE-153 treated group in primary neurons.
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et al., 2011; Liu et al., 2015; Jiang et al., 2012). ROS are capable of
initiating and promoting oxidative damage as persistent lipid per-
oxidation (LPO) (Reiter et al., 2001; Kovacic and Cooksy, 2005),
which is known to cause cellular injury via inactivation of mem-
brane enzymes and receptors, depolymerisation of polysaccharide,
as well as protein cross-linking and fragmentation (Luqman and
Rizvi, 2006). MDA and SOD have often been clinically treated as
matching indicators. SOD is a main free radical scavenger and is
considered to be the first line of defense against deleterious effects
of ROS since it accelerates the dismutation of superoxide radicals
(O2�) to H2O2, whereas MDA reflects the degree of cell damage
caused by free radicals since MDA is an end-product of LPO
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(Yelinova et al., 1996).
GSH is a major endogenous antioxidant, and catalyzes the

conjugation of reduced glutathione with a variety of exogenous
compounds such as toxic carbonyl-, peroxide-, and epoxide-
containing metabolites within cells produced by oxidative stress
(Beckett and Hayes, 1993; Hayes and Pulford, 1995). In the CNS, the
decrease in GSH concentration is associated with the decline in
cognition and other brain functions (Currais and Maher, 2013;
Mandal et al., 2015), and to increase the GSH concentration in brain,
which has become a promising approach for the treatment of brain
disorders (Gu et al., 2015). Prx, an unusual antioxidant protein,
contains an active site cysteine that is sensitive to oxidation
induced by ROS, with crucial roles in protecting cells against
oxidative stress and promoting longevity. Prx is used as a
biomarker of oxidative stress (Poynton and Hampton, 2014).
Mammalian cells express 6 Prx isoforms (Prx I-VI), which are
localized to various cellular compartments. Among them, Prx I and
Prx II enzymes are mostly present in the cytosolic fraction, play
important roles in eliminating H2O2, intracellular ROS, and lipid
peroxides inside cells (Bae et al., 2007; Kim et al., 2000), and
maintain hippocampus synaptic plasticity against oxidative dam-
age (Kim et al., 2011). Prx I gene deficient mice have less reducing
activity and are more susceptible to the damage induced by ROS
in vivo thanwild-typemice (Uwayama et al., 2006). The decrements
in GSH concentration, Prx I and Prx II mRNA and protein expres-
sions, along with the depressed SOD activities, generally indicate
the impaired antioxidation systems following BDE-153 treatment.

Nitrosative stress, closely related to oxidative stress, is caused by
overproduction of RNS, the product of superoxide (O2�) and NO
radical combination, generates peroxynitrite (Halliwell, 1997). NO
is a short-lived gas molecule, freely diffuses through aqueous and
lipid environments, acts as a neurotransmitter and exists in mul-
tiple physiologic and pathologic functions in the mammalian CNS,
such as regulating synaptic plasticity via interacting with cyclic
GMP (cGMP) (Pigott and Garthwaite, 2016; Haj-Dahmane et al.,
2017), neuronal inflammation and neurodegeneration (Shefa
et al., 2017; Anaeigoudari et al., 2016). NO is generated from L-
arginine under the NOS catalysis, which are composed of 3 isoforms
including neuronal NOS (nNOS), inducible NOS (iNOS), and endo-
thelial NOS (eNOS). Then nNOS isoform is predominant in the CNS,
and plays a key role in spatial memory formation in rats (Gocmez
et al., 2015). The present study indicates that both NO contents
and nNOS mRNA and protein expressions were significantly
increased in the cerebral cortex and primary neurons in rats
following BDE-153 treatment, which are consistent with the in-
creases of NOS activity and NO contents in HepG2 cells following
BDE-47 treatment (Hu et al., 2009). NO content is increased in
primary cultured neonatal rat hippocampus neurons following
BDE-209 treatment (Chen et al., 2010). Aberrant NO levels in the
CNS inhibit neurite outgrowth of neurons (Scheiblich and Bicker,
2016), promote mitochondrial dysfunction and cell apoptosis in
neuronal cells (Xu et al., 2017), mediate nuclear factor-kB activation
and ischemic-related brain damage (Greco et al., 2011), and cause
neurodegeneration (Moncada and Bolanos, 2006). High levels of
NO production by nNOS activation induce mitochondrial cyto-
chrome c (Cyt-c) release and Bcl-2 down-regulation, lead to
apoptosis in PC12 cells (Jiang et al., 2014). And these effects could be
effectively inhibited by a highly selective nNOS inhibitor (Jiang
et al., 2014).

In this study, preincubation with the N-LLA (NO scavenger) or
NAC (ROS scavenger) partially reversed the neurotoxic effects of
BDE-153 in primary neurons, as demonstrated by the declined LDH
leakage and cell apoptosis, and the increased neurotrophin con-
tents and cholinergic enzyme activities. The finding is consistent
with that found in HepG2 or Jurkat cells following BDE-47
treatment (Yan et al., 2011; Hu et al., 2009). Moreover, pre-
incubation with either N-LLA or NAC reduced the MDA and NO
contents, simultaneously enhanced the SOD activity and Prx I and
Prx II levels. The finding indicates the crosstalk between oxidative
and nitrosative stress. It was shown that Prx play crucial roles
against nitrosative stress by catalyzing the reduction of peroxyni-
trite (Abbas et al., 2013). To some extent, oxidative and nitrosative
stress were regarded as two branches in the same tree, they
interacted with each other via the interlinking molecules, initiated
ROS/RNS signaling via the gene network, responsive proteins and
post-translational modification (Molassiotis and Fotopoulos, 2011).

In summary, we examined the neurotoxic effects (LDH leakage,
cell apoptosis, neurotrophin contents, and cholinergic enzyme ac-
tivity) in rat's cerebral cortex and primary neurons following BDE-
153 treatment, detected the changes of oxidative stress (ROS and
MDA contents), nitrosative stress (NO content, nNOS mRNA and
protein), and antioxidation (SOD activity, GSH level, and Prx I and
Prx II mRNA and protein) in vivo and in vitro. We also utilized NO or
ROS scavenger to pretreat primary neurons in vitro, and examined
the variations of above neurotoxic effects, oxidation, nitrosation,
antioxidation in neurons following BDE-153 treatment. In the end,
findings from the present study indicated that both oxidative and
nitrosative stress involved in the neurotoxicity of BDE-153, and
antioxidation could be the potential targeted intervention.
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