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With the listing of the of cycloaliphatic brominated flame retardants (CBFR) hexabromocyclododecane (HBCD)
as a persistent organic pollutant (POP) by the Stockholm Convention, much attention has been paid to the envi-
ronmental behaviors and biological effects of HBCD, as well as its potential alternatives, such as 1,2-dibromo-4-
(1,2-dibromoethyl) cyclohexane (TBECH) and 1,2,5,6-tetrabromocyclooctane (TBCO). In this study, the neuro-
toxicity of HBCD, TBECH, and TBCO in human SH-SY5Y cells were compared. The results showed that HBCD,
TBECH, and TBCO induced cytotoxicity, including dose–dependent cell viability decreases, cellmembrane perme-
ability increases, cytoskeleton development damage, and apoptosis induction, with the cytotoxicity in the order
of HBCD N TBCO N TBECH. The expression levels of apoptotic proteins (caspase-3, Bax, caspase-9, Bcl-2, and cyto-
chrome c (Cyt c)) followed the same order,which indicated that mitochondrial apoptotic pathwaymay be one of
the mechanisms responsible for their neurotoxicity. In order to study the mechanisms of cytotoxicity, CBFRs-
induced reactive oxygen species (ROS) and the intracellular calcium levels were determined. The ROS levels
were significantly elevated for three CBFRs treatment, suggesting that oxidative stress contributes to their cyto-
toxicity. The intracellular calcium concentrationswere significantly enhanced for HBCD and TBCO treatment, but
not for TBECH, indicating that in addition to ROS, cytotoxicity of HBCD and TBCOmay follow Ca2+-mediated ap-
optotic pathway. This study first compared the neurotoxicity of different CBFRs, providing valuable information
for their risk assessment.

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

Hexabromocyclododecane (HBCD) belongs to the family of cycloali-
phatic brominated flame retardants (CBFRs), and was widely applied in
textile coatings, polystyrene insulation foam, and high-impact polysty-
rene for electronic devices, thus resulting in its ubiquitous detection in
different environmental matrices, biota, and human tissues (Cao et al.,
2018; Fujii et al., 2018; Kim et al., 2018; Inthavong et al., 2017; Jo
et al., 2017). InMay 2013, HBCDwas listed in Annex A (POP for elimina-
tion) under the Stockholm Convention on Persistent Organic Pollutants
because of its environmental persistence, long distance transportation,
bioaccumulation and toxicity.

Restrictions on the production and application of HBCD have led to
the introduction of emerging brominated flame retardants (EBFRs)
into market as its alternatives. Two replacement compounds, 2-
dibromo-4-(1,2-dibromoethyl) cyclohexane (TBECH) and 1,2,5,6-
tetrabromocyclooctane (TBCO), have recently come to use as additive
flame retardants (Wang et al., 2019; Ruan et al., 2018; Sun et al.,
2016), which likely will result in increased usage and therefore in-
creased concentrations in the environment. In recent years, the number
of reports about the detection of TBECH and TBCO in environmentalma-
trices (Okonski et al., 2014; Cequier et al., 2014), biota (Zheng et al.,
2018; Sühring et al., 2016), and even in the serum of non-
occupationally exposed human beings (Guo et al., 2018) are gradually
increasing. For example, Zheng et al. (2018) found that TBECH levels
in the samples collected from Lake Taihu, South China, ranged from
1600 to 3740 pg/g in wolfish and from 441 to 1550 pg/g in rice field
eel. Sühring et al. (2016) analyzed the flame retardants in sediments
and benthic fish collected from the German Bight in the North Sea.
They found that the mean levels of TBCO in sediments and European
dabs were 1.4 ng/g dry weight and 12 ng/g wet weight, respectively.
TBECH was the predominant EBFRs detected in indoor air (mean value
173 pg/m3) and dust (mean value 21.4 ng/g) samples collected from
houses and offices in U.K. (Tao et al., 2016). High levels of TBECH in
the indoor air samples from Norway and Sweden were also detected,
and the median concentrations were 77.9 pg/m3 and 55 pg/m3, respec-
tively (Newton et al., 2015; Cequier et al., 2014). TBCO in samples of in-
door dust collected from northern California was at the level of 2 ng/g
dry weight (Dodson et al., 2012). The mean levels of TBECH in samples
collected froman e-waste recycling regionwere 0.0902 ng/g dryweight
(soil), 2.29 ng/g (dust), and 0.039 ng/m3 (air), while those of TBCOwere
0.0178 ng/g (soil), 7.37 ng/g (dust), 0.03 ng/m3 (air) (Hong et al., 2018).
The major routes of the uptake of brominated flame retardants by
humans are house dust ingestion and dietary intake (Sahlstrom et al.,
2015). Although limited information in publications, the available data
have confirmed the accumulation of TBECH and/or TBCO in human
body fluids (Fujii et al., 2018; Drage et al., 2017). For examples, the
work of Guo et al. (2018) showed that TBECH levels in serums of school
students near a petrochemical complex in South China ranged from 1.0
to 110 ng/g lipid, with the mean value of 34 ± 16 ng/g lipid. Cechova
et al. (2017) reported TBECH mean level in Dutch breast milk samples
was 0.04 ng/g lipid weight (lw).

It is well documented that HBCD has the potential to cause different
toxicological effects, such as hepatotoxicity (Bernhard et al., 2016),
endocrine-disruption (van der Ven et al., 2009), and impaired reproduc-
tive physiology (Ema et al., 2008). Similar to well-studied HBCD, the
complex and multimodal endocrine disruption potential of TBECH and
TBCO has been demonstrated (Liu et al., 2017; Marteinson et al., 2017;
Mankidy et al., 2014). In vitro experiment showed the potential of
TBCO to modulate endocrine function through interaction with estro-
gen and androgen receptors and to alter the synthesis of 17-β-estradiol
and testosterone (Mankidy et al., 2014). Results obtained by in vivo ex-
periments also showed that TBCO altered the abundances of transcripts
of genes along the hypothalamus–pituitary–gonad–liver (HPGL) axis in
gonads and liver and impaired the fecundity of Japanese medaka
(Oryzias latipes) (Saunders et al., 2015). TBECH in zebrafish (Danio
rerio) could bind to the androgen receptor, inducing androgenic activity
and causing negative effects on zebrafish physiology (Pradhan et al.,
2013). TBECH also displayed the potential to disrupt thyroid and sex
hormones in American kestrels (Falco sparverius) (Marteinson et al.,
2017), activate thyroid hormone pathway in chicken and herring gull
embryonic hepatocyte (Porter et al., 2014), and modulate thyroid axis
in juvenile brown trout (Salmo trutta) (Park et al., 2011).

It has been documented that HBCD in body can pass through the
blood barrier and accumulate in brain due to its lipophilic nature, caus-
ing neurotoxicity potentially. Results obtained by both in vivo and
in vitro experiments showed nerve cell apoptosis, and negative effects
on neurodevelopment and behavior under the exposure of HBCD (Shi
et al., 2019; Reffatto et al., 2018; Szabo et al., 2017; Al-Mousa and
Michelangeli, 2014). TBECH and TBCO have similar molecular structure
and hydrophobic characteristics to HBCD. They may cross the blood-
brain-barrier and accumulate into brain tissues (Kharlyngdoh et al.,
2015). However, limited information is available on their neurotoxicity.
It is essential to explore the toxicities of HBCD and its potential alterna-
tive products since the alternative products should have lesser adverse
effects on the health of humans andwildlife. Therefore, in this study, po-
tential neurotoxicity of HBCD, TBECH, and TBCO were compared.
Human SH-SY5Y cells were chosen as an in-vitro model because they
possess several phenotypic characteristics of human dopaminergic neu-
rons, and often be used as a cellular model to investigate neuronal cell
death (Zhang et al., 2013). A series of tests, including cell apoptosis
rates, cell cycle arrest, expression levels of mRNA and proteins, intracel-
lular reactive oxygen species (ROS) concentration,mitochondrial super-
oxide generation, and intracellular calcium concentration, were fulfilled
to compare the toxic effects of HBCD, TBECH, and TBCO. The results pro-
vide useful information for the risk assessments of HBCD potential
alternations.

2. Materials and methods

2.1. Chemicals and reagents

HBCD and TBECH were purchased from J&K Scientific Ltd. (Beijing,
China). TBCO was obtained from Accustandard, Inc. (New Haven, CT,
USA). Their purities were higher than 98%. Their physical and chemical
properties were described in Table S1. 2′,7′-dichlorofluorescein
diacetate (DCFH-DA), propidium iodide (PI), N-Acetyl-L-cysteine
(NAC), BAPTA-AM, RnaseA, pluronic F-127, DAPI, phalloidin-FITC, Triton
X-100, Hoechst 33342, protease inhibitor cocktail, RnaseA, and Annexin
V-FITC Apoptosis Detection Kit were purchased from Sigma-Aldrich Inc.
(St. Louis, MO, USA). TRIzol reagent, SDS-PAGE gel, and MitoSOX™ Red
mitochondrial superoxide indicator were purchased from Invitrogen
(USA). The PrimeScript™ RT Reagent Kit with gDNA Eraser and SYBR®
Premix Ex Taq™ II were purchased from Takara (Japan). The BCA Pro-
tein Assay Kit was purchased from Tiangen Biotech (China). Bax
(1:1000–1:10,000), caspase-3 (1:200), Bcl-2 (1:1000), and γ-H2AX
(1:1000) were obtained from Abcam (UK). Cyt c (1:1000) and
caspase-9 (1:1000) were obtained from Cell Signaling Technology
(USA). GAPDH (1:10,000), Goat Anti-Mouse IgG (H + L) Dylight 800
(1:800), and Goat Anti-Rabbit IgG (H+L)Dylight 800 (1:800)were ob-
tained from Bioworld Technology (USA).

2.2. Cell culture and exposure conditions

SH-SY5Y cells were purchased from American Type Culture Collec-
tion (ATCC, USA) andwere cultured in EMEM (ATCC, USA) and F12me-
dium (1:1) (Gibco, USA) containing 10% fetal bovine serum (FBS, Gibco,
USA) and 1% penicillin/streptomycin (Hyclone, USA) in 5% CO2 at 37 °C.
To conduct the experiments, cells were seeded onto 96- or 6-well plates
at 2–5 × 104 cells per well and adhered for 24 h at 37 °C. HBCD, TBECH,
and TBCO were dissolved in DMSO to prepare the desired stock solu-
tions. Cells were exposed to a series of TBECH, TBCO, and HBCD
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concentrations (0.1% DMSO solution), respectively, for viable time. 0.1%
DMSO was used as the control.

2.3. Determination of cytotoxicity

2.3.1. Cell viability assay
Cell viability was assessed using the CellTiter 96 AQueous Non-

Radioactive Cell Proliferation Assay kit (MTS-based, Promega, USA)
and were performed according to the manufacturer's instructions. SH-
SY5Y cells were seeded into 96-well plates. The cells were then treated
with TBECH (0.02, 0.05, 0.2, 2.5, 5.0, 10.0 μmol/L), TBCO (0.02, 0.05, 0.2,
2.5, 5.0, 10.0 μmol/L), andHBCD (0.001, 0.01, 0.1, 1.0, 2.5, 5.0 μmol/L) for
24 h. The fluorescence intensity was recorded on a microplate reader
(Thermo Fisher Scientific, USA) at an excitation wavelength of 570 nm
and emission wavelength of 585 nm. Six replicates were produced in
each treatment.

2.3.2. Cell membrane integrity assay
Cellmembrane integritywas evaluated by PI staining and the release

of lactate dehydrogenase (LDH) according to the manufacturers' in-
structions. SH-SY5Y cells were seeded onto a sterile chambered cover
slide (Thermo Fisher Scientific, USA) and cultured at 37 °C for 24 h.
The cells after HBCD (5.0 μmol/L), TBECH (5.0 μmol/L), and TBCO
(5.0 μmol/L) exposure were observed using a confocal microscope
(Leica Microsystems, Wetzlar, Germany). In the LDH assay, the cells
were seeded into 96-well plates for 24 h at 37 °C. Cells were treated
with HBCD (0.001, 0.01, 0.1, 1.0, 2.5, 5.0 μmol/L), TBECH (0.02, 0.05,
0.2, 2.5, 5.0, 10.0 μmol/L), and TBCO (0.02, 0.05, 0.2, 2.5, 5.0,
10.0 μmol/L), respectively, for 24 h. The release of LDH was measured
using CytoTox-ONE homogeneous membrane integrity assay kit (LDH-
based, Promega, USA). Six replicates were performed for each
treatment.

2.3.3. Cytoskeleton assay
SH-SY5Y cells were seeded onto a sterile chambered cover slide and

cultured at 37 °C for 24 h. The cytoskeleton and nuclei after HBCD
(5.0 μmol/L), TBECH (10.0 μmol/L), and TBCO (10.0 μmol/L) exposure
were observed using a confocal microscope (Leica Microsystems,
Wetzlar, Germany). The cytoskeleton was stained with phalloidin-FITC
(in green, λEx = 495 nm, λEm = 513 nm) and nuclei was stained with
DAPI (in blue, λEx = 364 nm, λEm = 454 nm).

2.4. Evaluation of apoptosis

2.4.1. Cell morphology and apoptosis analysis
SH-SY5Y cells were seeded onto a sterile chambered cover slide and

cultured at 37 °C for 24 h. The cells were exposedwith HBCD (5.0 μmol/
L), TBECH (10.0 μmol/L), and TBCO (10.0 μmol/L) for 24 h. The cellular
morphology of apoptosis was assessed applying themethod of Hoechst
33342 staining and was observed by confocal microscopy (Leica
Microsystems, Wetzlar, Germany).

SH-SY5Y cells were seeded into 6-well plates andwere treated with
HBCD (0.001, 0.01, 0.1, 1.0, 2.5, 5.0 μmol/L), TBECH (0.02, 0.05, 0.2, 2.5,
5.0, 10.0 μmol/L), TBCO (0.02, 0.05, 0.2, 2.5, 5.0, 10.0 μmol/L) for 24 h,
with three replicates for each treatment. Reagent A, purchased from
Beyotime (China), was used as a positive control. The total amount of
apoptotic cells was determined using Annexin-V FITC/PI dyes by flow
cytometry (Shi et al., 2019). Approximately 10,000 cells were analyzed
from each treatment.

2.4.2. Apoptosis-related mRNA expression analysis
The mRNA expression levels of caspase-3, Cyt c, Bax, Bcl-2, and X-

linked inhibitor of apoptosis (XIAP) were assessed by RT-qPCR. SH-
SY5Y cells were seeded into 6-well plates. After 24 h of growth, cells
were exposed with HBCD (5.0 μmol/L), TBECH (10.0 μmol/L), and
TBCO (10.0 μmol/L) for 24 h. Relative gene expression was appraised
using a LightCycler 480II qPCR instrument (Roche, Switzerland) using
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the house-
keeping gene. Primers sequences are shown in Table S2. The 2−ΔΔCT

method was used for quantity calculations. Three independent experi-
ments were performed (n = 3). The detailed procedures for these ex-
periments are described in the Supporting Information.

2.4.3. Apoptosis-related protein expression analysis
After treatment for 24 hwith HBCD (5.0 μmol/L), TBECH (10.0 μmol/

L), and TBCO (10.0 μmol/L), cells were lysed using RIPA lysis buffer
(Beyotime, China) and supernatants were obtained as whole cell ex-
tracts. The concentration of the protein samples was determined using
the Lowry method (Tiangen Biotech, China). The expression levels of
GAPDH, caspase-3, caspase-9, Cyt c, Bcl-2, and Bax protein were mea-
sured by Western blotting (Shi et al., 2019).

2.4.4. Cell cycle analysis
For the analysis of cell cycle, SH-SY5Y cells were seeded into 6-well

plates. After 24 h of growth, the cells were exposed to TBECH (0.02,
0.05, 0.2, 2.5, 5.0, 10.0 μmol/L), TBCO (0.02, 0.05, 0.2, 2.5, 5.0,
10.0 μmol/L), HBCD (0.001, 0.01, 0.1, 1.0, 2.5, 5.0 μmol/L), and H2O2

(0.01%). Cell distribution during different phases of the cell cycle was
detected by flow cytometry (Shi et al., 2019). Approximately 10,000
cells were analyzed from each treatment.

2.4.5. DNA damage analysis
Total proteins were extracted from cells exposed to TBECH

(10.0 μmol/L), TBCO (10.0 μmol/L), and HBCD (5.0 μmol/L) for 24 h. A
biomaker of oxidative DNA damage, γ-H2AX, was measured using
western blot analysis.

2.5. Determination of oxidative stress

2.5.1. Intracellular ROS levels
Intracellular ROS levelsweremeasured usingDCFH-DA, a commonly

used fluorogenic dye for the quantification of intracellular ROS levels (Li
et al., 2018). SH-SY5Y cells were seeded into 6-well plates. After 24 h of
growth, the cells were incubated with media containing 25 μmol/L
DCFH-DA at 37 °C for 30 min. After the cells were treated with TBECH
(0.02, 0.05, 0.2, 2.5, 5.0, 10.0 μmol/L), TBCO (0.02, 0.05, 0.2, 2.5, 5.0,
10.0 μmol/L), and HBCD (0.001, 0.01, 0.1, 1.0, 2.5, 5.0 μmol/L) for 3 h
and 24 h, intracellular ROS levels were determined by flow cytometry
(Shi et al., 2019). 0.01% H2O2 was used as the positive control. Approx-
imately 10,000 cells were analyzed from each treatment. Three repli-
cates of the samples were analyzed. Moreover, ROS inhibitor was
utilized to interpret the relationship between ROS and apoptosis. After
the cells were preincubated with and without 1.0 mmol/L NAC, the
cell viability was measured as described above. 1.0 mmol/L NAC has
been demonstrated to effectively eliminate ROS in SH-SY5Y cells while
showing no toxicity (Shi et al., 2019).

2.5.2. Mitochondrial superoxide generation
Mitochondrial superoxide generation in cells treated with HBCD

(0.01, 0.1, 1.0, 2.5, 5.0 μmol/L), TBECH (0.05, 0.2, 2.5, 5.0, 10.0 μmol/L),
and TBCO (0.05, 0.2, 2.5, 5.0, 10.0 μmol/L) for 3 h was measured by
flow cytometry usingMitoSOX™ Redmitochondrial superoxide indica-
tor (Shi et al., 2019). As a positive control, 0.01%H2O2was used. Approx-
imately 10,000 cells were analyzed from each treatment.

2.6. Analysis of intracellular calcium ion concentrations

SH-SY5Y cells were seeded into 6-well plates. After cells were ex-
posed to HBCD (0.01, 0.1, 1.0, 2.5, 5.0 μmol/L), TBECH (0.05, 0.2, 2.5,
5.0, 10.0 μmol/L), and TBCO (0.05, 0.2, 2.5, 5.0, 10.0 μmol/L), the intracel-
lular concentration of Ca2+ were analyzed by flow cytometry using
Fluo-3/AM probe (Invitrogen, USA). Approximately 10,000 cells were
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analyzed from each treatment. Moreover, Ca2+ inhibitor was utilized to
interpret the relationship between Ca2+ and apoptosis. After preincu-
bated with 1.0 μmol/L BAPTA-AM, the cells were exposed to TBCO,
TBECH, and HBCD. The cell viability was analyzed as described above.

2.7. Determination of cellular ATP levels

SH-SY5Y cells were seeded into 6-well plates. The cells were treated
with different concentrations of HBCD (0.01, 0.1, 1.0, 2.5, 5.0 μmol/L),
TBECH (0.05, 0.2, 2.5, 5.0, 10.0 μmol/L), and TBCO (0.05, 0.2, 2.5, 5.0,
10.0 μmol/L) for 24 h. Then cellular ATP level was assessed by a micro-
plate reader using an ATP Assay Kit (Beyotime, China). H2O2 (0.01%, v/
v) was used as a positive control.

2.8. Statistical analysis

All data were verified to be in accordance with normal distribution
by using the Shapiro-Wilk test or Q-Q plots. And the homogeneity of
the variance was checked using Levene's test. The results are shown as
means ± standard deviations. Significant differences between treated
groups and solvent controls were analyzed by one-way analysis of
Fig. 1. Cytotoxicity in SH-SY5Y cells after exposure to HBCD, TBECH, and TBCO for 24 h. (A–B
Extracellular LDH evaluation for HBCD, TBECH, and TBCO-exposed cells. #P b 0.05 indicates sig
variance (ANOVA) with the significance set at P b 0.05. Tukey–
Bonferroni's post hoc test was performed. Statistical analysis was com-
pleted using SPSS software 17.0 and Graph prism software.
Figures were plotted with Origin 8.5.
3. Results

3.1. Cytotoxicity of TBECH, TBCO, and HBCD

3.1.1. Cellular viability
Significant decreases in cell viability were found when the concen-

trations N 0.01 μmol/L for HBCD, 0.05 μmol/L for TBCO, and 0.2 μmol/L
for TBECH (Fig. 1A and B). With the concentrations of HBCD, TBECH
and TBCO increasing, the cell viability decreased in a dose-dependent-
manner. When the cells were exposed to HBCD, TBECH and TBCO at
5.0 μmol/L, the cell viabilities were 44.0 ± 2.2%, 83.7 ± 2.2%, and
72.1 ± 1.4% of the control, respectively. These data suggested that the
toxicities of the three compounds followed the order HBCD N TBCO N

TBECH.
) Cell viability was determined after exposure of cells to HBCD, TBECH, and TBCO. (C–D)
nificant difference among groups. *P b 0.05, compared with control.
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3.1.2. Cell membrane integrity
The effect of HBCD, TBECH and TBCOon cellmembrane integritywas

evaluated by PI staining and extracellular LDH release from cytoplasm.
The results showed a significant increase in PI-stained (positive) cells
under the treatments of HBCD (5.0 μmol/L), TBECH (5.0 μmol/L), and
TBCO (5.0 μmol/L) for 24 h (Fig. S1).

HBCD, TBECH and TBCO induced dose-dependent increases of LDH
leakage (Fig. 1C and D). Significant increases of LDH leakage were
found at exposure concentrations higher than 0.001 μmol/L for HBCD,
while higher than 0.2 μmol/L for TBCO and TBECH. It indicated that
the three CBFRs could cause membrane leakage. When the exposure
concentration was 5.0 μmol/L, LDH release levels were 1.8 (HBCD), 1.3
(TBECH), and 1.4 (TBCO) times higher than that of the control.

3.1.3. Cytoskeleton
The effects of the three CBFRs on cytoskeleton were studied by ex-

posing cells to HBCD (5.0 μmol/L), TBECH (10.0 μmol/L), and TBCO
(10.0 μmol/L) for 24 h. Treatment of HBCD, TBECH and TBCO resulted
in obvious disassembly of actin fibers and reduced density of actin
meshwork (Fig. S2), suggesting an impaired cytoskeleton.

3.2. Apoptosis

3.2.1. Cell morphology and apoptosis
After treated with HBCD (5.0 μmol/L), TBECH (10.0 μmol/L), and

TBCO (10.0 μmol/L) for 24 h, the cells showed the characteristic features
of cell volume shrinkage, irregularmorphological change, and apoptotic
bodies, while these features of the control cells were not observed
(Fig. S3).
Fig. 2.Apoptosis in SH-SY5Y cells induced by the exposure to HBCD, TBECH, and TBCO. (A) Apop
Phase distribution of cells stainedwith Annexin V-FITC and PI. (B–C) Dose-response of HBCD, TB
among groups. *P b 0.05, compared with control.
Through the flow cytometry analysis, the representative flow plots
were obtained (Fig. 2A–C). The normal, early apoptotic and late apopto-
tic cells appeared in Q3 (Annexin-V−/PI−), Q4 (Annexin-V+/PI−),
and Q2 (Annexin-V+/PI+), respectively. The total amount of apoptotic
cells was the sum of Q2 + Q4. With the exposure concentrations of
HBCD, TBECH, and TBCO increasing, the percentage of Q3 decreased,
whereas those of Q2 + Q4 increased. The finding that the apoptotic
cells were much higher than the necrotic cells (Q1) suggested that cell
apoptosis was the dominant toxicities induced by three CBFRs. The ap-
optotic cells in the positive control were 2.9 times higher than that of
the negative control. When the exposure level was 5.0 μmol/L, the per-
centages of Q2 + Q4 were 2.3 (HBCD), 1.4 (TBECH), and 1.8 (TBCO)
times higher than that of the control.
3.2.2. The expression levels of apoptosis-related mRNA
The expression levels of several important genes related to cell apo-

ptosis were compared (Fig. 3A). Compared with control, the expression
levels of caspase-3, Cyt c, Bax, Bcl-2, and XIAP were up-regulated in the
treatment groups. Under the treatment of HBCD, TBECH, and TBCO,
when compared with control, caspase-3 mRNA expression levels were
up-regulated by 2.0-, 1.3-, and 1.7-folds in cells respectively, Cyt c
were significantly increased by 1.7-, 1.4-, 1.5-folds, respectively. Bax ex-
pression levels were increased by 2.1-, 1.4-, 1.6-folds of control in cells
treated with HBCD, TBECH, and TBCO, respectively. Similarly, exposure
to HBCD, TBECH and TBCO resulted in the up-regulated expression
levels of Bcl-2 and XIAP, two anti-apoptotic genes, by 2.7-, 1.3-, 1.6-
folds, and 2.0-, 1.3-, 1.6-folds, respectively.
totic rate of SH-SY5Y cells treatedwith HBCD, TBCO, and TBECH based on flow cytometry.
ECH, and TBCO on apoptotic rate of SH-SY5Y cells. #P b 0.05 indicates significant difference
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3.2.3. The expression of apoptosis-related protein
Total protein mass in SH-SY5Y cells decreased to 82.6 ± 1.0% and

93.2 ± 0.8% of the control following HBCD and TBCO exposure, respec-
tively, while that of TBECH treatment was 102.9 ± 1.4% of the control
(Fig. 3B). The key components of the mitochondria-dependent path-
way, caspase-3, caspase-9, Cyt c, Bax and Bcl-2 were examined. The ex-
pression levels of caspase-3, caspase-9, Cyt c, and Bax protein increased
significantly under HBCD (5.0 μmol/L), TBECH (10.0 μmol/L), and TBCO
(10.0 μmol/L) treatments, which followed the order HBCD N

TBCO ≥ TBECH (Figs. 3C and S4). The ratios of Bcl-2 to Bax decreased
to 90.7 ± 1.5% of the control under HBCD treatment, whereas those of
TBECH and TBCO treatment increased to 132.5 ± 3.0% and 117.3 ±
0.6% of the control, respectively.

3.2.4. Cell cycle
Cell cycle was analyzed under the treatment of HBCD, TBECH, and

TBCO (Fig. 4A and B). The rate of cells in the sub-G1 phase of in the pos-
itive control (0.01%H2O2)was 5.7 times higher than that of the negative
control. HBCD treatment at 1.0–5.0 μmol/L significantly increased the
cells in the sub-G1 phase of the cell cycle (P b 0.05). TBECH and TBCO
treatments at 0.02–5.0 μmol/L did not alter the rate of cells in the sub-
G1 phase, whereas significant increases in the sub-G1 phase were
foundwhen the exposure concentrations of TBECH and TBCO increased
to 10.0 μmol/L (P b 0.05). The percentage of cells in sub-G1 phase in
HBCD (5.0 μmol/L), TBECH (10 μmol/L) and TBCO (10 μmol/L)-treated
groups were 5.3, 2.1, and 2.7 times that of the negative control,
respectively.
Fig. 3.Analysis ofmRNA and protein expression levels inHBCD, TBECH, and TBCO-treated SH-SY
TBECH, and TBCO treatment. (B) Relative total proteinmass in SH-SY5Y cells after exposure to H
HBCD, TBECH, and TBCO-treated SH-SY5Y cells. Significant differences (P b 0.05) among group
3.2.5. DNA damage
Phosphorylated histone H2AX levels in cells were analyzed in order

to study CBFRs-induced DNA damage. As shown in Fig. 4C and D, signif-
icant increases in the protein expression levels of γ-H2AX for the HBCD,
TBECH, and TBCO-treated groups. The expression levels of γ-H2AX in
HBCD, TBECH and TBCO-treated groups were increased by 1.8, 1.2 and
1.4 folds of that of the control, respectively.

3.3. Oxidative stress

Intracellular ROS levels were analyzed under the treatment of HBCD
(0.001–5.0 μmol/L), TBECH (0.02–10.0 μmol/L), and TBCO
(0.02–10.0 μmol/L) for 3 h (Fig. 5A and B) and 24 h (Fig. 5C and D).
The intracellular ROS level in the positive control (0.01% H2O2) was
1.8 times higher than the negative control.When the treatment concen-
trations were higher than 1.0 μmol/L for HBCD, 5.0 μmol/L for TBECH,
and 10.0 μmol/L for TBCO, the intracellular ROS levels in treatment
groups were significantly higher than that of control (P b 0.05). The
ROS levels were 1.4, 1.3, and 1.2 times that of the control, respectively,
when the exposure levels were 5.0 μmol/L for HBCD, 10.0 μmol/L for
TBECH and 10.0 μmol/L for TBCO. The intracellular ROS levels did not
change significantly between 3 h- and 24 h-exposure, except that the
ROS level in HBCD-treated group for 24 h was 1.3 times that of 3 h.

The results of MitoSOX™ Red mitochondrial superoxide assay also
showed that HBCDhad themost remarkable effect onmitochondrial su-
peroxide level (Fig. 5E and F). The level of mitochondrial superoxide in
the positive control (0.01% H2O2) was 3.2 times higher than the
5Y cells. (A) RT-qPCR analysis of selected apoptotic genes in SH-SY5Y cells followingHBCD,
BCD, TBECH, and TBCO (n=3). (C)Western blot analysis of selected apoptotic proteins in
s are indicated by different letters.
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negative control. Exposure to HBCD and TBECH caused dose-dependent
increases in the mitochondrial superoxide levels. Under the treatment
of HBCD and TBECH at the 5.0 μmol/L and 10.0 μmol/L, the mitochon-
drial superoxide levels were approximately 2.1 and 1.2 times that of
the control, respectively. However, no changewas observed in themito-
chondrial superoxide level of TBCO-treated group.

The presence of ROS scavenger NAC significantly relieved the toxic
effects of three CBFRs (Fig. 6). Cell viabilities in treated groups with
NAC were 76.9 ± 2.7% (5.0 μmol/L HBCD), 95.4 ± 1.3% (10 μmol/L
TBECH), and 76.0 ± 2.3% (10 μmol/L TBCO) of the control, respectively,
while those without NAC were 44.0 ± 2.2% (5.0 μmol/L HBCD), 83.1 ±
0.6% (10 μmol/L TBECH), and 62.1 ± 0.7% (10 μmol/L TBCO) of the con-
trol, respectively.
3.4. Intracellular calcium ion level

Intracellular Ca2+ levelswere analyzed usingflow cytometry follow-
ing the treatment to HBCD, TBECH, TBCO for 6 h and 24 h. As shown in
Fig. 7A–D, significant increases of intracellular Ca2+ levels were
Fig. 4.Cell cycle arrest andDNAdamage in SH-SY5Y cells induced by the exposure to HBCD, TBEC
TBECH, and TBCO. #P b 0.05 indicates significant difference among groups. *P b 0.05, comparedw
protein expression in HBCD, TBECH, and TBCO-treated SH-SY5Y cells. Significant differences (P
observed for HBCD and TBCO-treated cells, but not for TBECH-treated
cells. Under the treatment of 5.0 μmol/L, the intracellular Ca2+ levels
were 2.0 (TBCO) and 1.7 (HBCD) times that of the control. No significant
difference of intracellular Ca2+ level was found between different expo-
sure time.

In the presence of Ca2+ influx inhibitor BAPTA-AM, cytotoxic effects
induced by HBCD and TBCO were partially attenuated (Fig. 8). Cell via-
bilities in treated groups with BAPTA-AM were 63.3 ± 0.6% (5.0 μmol/
L HBCD), 85.7 ± 3.5% (10 μmol/L TBECH), and 92.4 ± 1.0% (10 μmol/L
TBCO) of the control, respectively, while those without BAPTA-AM
were 44.0 ± 2.2% (5.0 μmol/L HBCD), 83.1 ± 0.6% (10 μmol/L TBECH),
and 62.1±0.7% (10 μmol/L TBCO) of the control, respectively. No signif-
icant difference of cytotoxic effects was observed for TBECH treatment
with and without BAPTA-AM.
3.5. Cellular ATP level

HBCD, TBECH, and TBCO significantly reduced cellular ATP content
(Fig. 7E and F). Under the treatment of HBCD (5.0 μmol/L), TBECH
H, and TBCO. (A-B) Cell cycle distribution of SH-SY5Y cells culturedwith orwithoutHBCD,
ith control. (C)γ-H2AX protein detection usingwestern blot analysis. (D) Rate of γ-H2AX
b 0.05) among groups are indicated by different letters.



Fig. 5. Oxidative stress in SH-SY5Y cells cause with the exposure to HBCD, TBECH, and TBCO. (A–D) Intracellular ROS production in cells after exposure to HBCD, TBECH, and TBCO for 3 h
and 24 h (n=3). (E–F)Mitochondrial superoxide production in cells exposed toHBCD, TBECH, and TBCO for 3 h (n=3). #P b 0.05 indicates significant difference among groups. *P b 0.05,
compared with control.

8 X. Shi et al. / Science of the Total Environment 739 (2020) 139650
(10.0 μmol/L), and TBCO (10.0 μmol/L), the cellular ATP contents were
34.8 ± 2.9%, 93.4 ± 0.9%, and 81.7 ± 1.9% of the native control, respec-
tively. The level of cellular ATP in the positive control (0.01% H2O2) was
3.8 ± 0.9% of the control.
4. Discussion

Like HBCD, TBECH and TBCO are also CBFRs. They are considered to
be potential replacements for HBCD. Although the levels of TBECH and



Fig. 6. Effects of HBCD, TBECH, and TBCOwith orwithout 1mMNAC on the viability of SH-SY5Y cells after 24 h exposure. TheMTS assaywas used. All values are expressed as mean± SD.
For each concentration, six replicates were incubated. Three sets of experiments were performed. #P b 0.05, CBFRs + NAC treatment groups compared with CBFRs treatment groups.
*P b 0.05, compared with control.
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TBCO in the environment are lower than those of HBCD currently, it is
estimated that the production volumes of TBECH and TBCOmay drasti-
cally elevate in the near future (Stojak et al., 2019; Sun et al., 2016),
which might result in increasing amounts entering the environment.
To assess whether a substance can replace an existing flame retardant,
it is essential to evaluate its environmental behavior, as well as its eco-
logical and toxic effects. So far, limited toxic studies mainly focused on
the endocrine effect of TBECH and TBCO (Kharlyngdoh et al., 2018;
Saunders et al., 2013, 2015), there is insufficient data to properly assess
their neurotoxicity, which has been demonstrated to be caused by
HBCD (Shi et al., 2019; Reffatto et al., 2018; Reistad et al., 2006).

In this study, the potential neurotoxicities of TBECH and TBCO were
evaluated in SH-SY5Y neuroblastoma cells. The toxic effect of HBCDwas
included in order tomake comparison. All the three CBFRs caused dose-
dependent inhibition of cell viability, disassembly of actinfibers, and en-
hancement ofmembrane permeability (Figs. 1 and S1–S2), demonstrat-
ing the neurotoxicity of the three CBFRs. Breitholtz et al. (2008)
reported that HBCD and TBECH caused the death of copepod Nitocar
spinipes, with the 96 h LC50 of 820 mg/L and 654 mg/L, respectively,
suggesting that the acute toxic effect of TBECH on the copepod Nitocar
spinipes is more severe than that of HBCD. So far, information of
TBECH and TBCO neurotoxicity is quite limited. The work of Stojak
et al. (2019) is perhaps the only available research on the neurotoxic ef-
fect of TBECH, which showed that β-TBECH inhibited the electrical ac-
tivity of rat Purkinje neurons. It is impossible to direct compare the
neurotoxic order of the three CBFRs from data obtained by other re-
searchers using the same biologicalmodel due to the lack of relevant re-
port. Results obtained by this study showed the significant decreases in
cell viability when the exposure concentrations were higher than
0.01 μmol/L (6.42 ng/mL) for HBCD, 0.05 μmol/L (21.39 ng/mL) for
TBCO and 0.2 μmol/L (85.56 ng/mL) for TBECH, which suggested that
the neurotoxicity of three CBFRs followed the order of HBCD N TBCO N

TBECH.
Apoptosis is an autonomous cellular deathmodel under genetic con-

trol (Lee et al., 2005). In our previous work, treatment with HBCD dia-
stereoisomers resulted in SH-SY5Y cell apoptosis, which is featured by
apoptotic bodies, cell shrinkage, and the increases of several cell
apoptosis-related genes and proteins expression levels, including
caspase-3, caspase-9, Cyt c, Bax, Bcl-2, and XIAP (Shi et al., 2019).
These apoptotic features were also found in this study when the cells



Fig. 7. Changes in the intracellular Ca2+ concentrations and ATP levels inHBCD, TBECH, and TBCO-treated SH-SY5Y cells. (A–D) SH-SY5Y cells treatedwith HBCD, TBECH, and TBCO for 6 h
and 24 hwere incubatedwith Fluo-3/AM and examined for fluorescence intensity. (E–F) Relative cellular ATP production in SH-SY5Y cells following HBCD, TBECH, and TBCO exposure for
24 h. #P b 0.05 indicates significant difference among groups. *P b 0.05, compared with control.
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were treated by TBECH and TBCO (Figs. 2–3 and S3–S4). These findings
indicated that neurotoxicity of TBECH and TBCO in SH-SY5Y cells might
follow a similar apoptotic pathway to HBCD. Induction of apoptosis has
been shown to be associated with a rapid and substantial inhibition of
protein synthesis in several cell types (Clemens et al., 2000). Diminished
activity of protein and RNA production is an adaptive/compensatory
mechanism for cell survival under exogenous and endogenous stresses
(Chen et al., 2016). In this study, HBCD was the most significant



Fig. 8. Effects of HBCD, TBECH, and TBCO with or without 1 μmol/L BAPTA-AM on the viability of SH-SY5Y cells after 24 h exposure. The MTS assay was used. All values are expressed as
mean ± SD. For each concentration, six replicates were incubated. Three sets of experiments were performed. #P b 0.05, CBFRs + BAPTA-AM treatment groups compared with CBFRs
treatment groups. *P b 0.05, compared with control.

11X. Shi et al. / Science of the Total Environment 739 (2020) 139650
decreases in total protein mass, which decreased to 82.6 ± 1.0% of the
control (Fig. 3B), consistent with the order of their cytotoxicity. Caspase
activation plays a central role in the execution of apoptosis. Caspase-3,
caspase-9, and Cyt c are key components of the mitochondria-
dependent pathway, which is a primary apoptotic signaling pathway
(Zhou et al., 2019). In addition, apoptosis is also regulated by the expres-
sion of genes of the Bcl-2 family, including both proapoptotic (such as
Bax) and antiapoptotic (such as Bcl-2) members (Chaudhary et al.,
1999). In the nervous system, Bax and Bcl-2 genes dominate in regulat-
ing of themitochondrial apoptotic pathway by coordinating caspase ac-
tivation through the release of apoptogenic factors, such as Cyt c. The
ratio of Bcl-2/Bax expression levels is also an indicator of apoptosis
(Wang et al., 2015). The elevation of caspase-3, caspase-9, Cyt c expres-
sion levels, and the changes of Bcl-2/Bax ratios found in this work sug-
gested that apoptosis induced by HBCD, TBECH and TBCO might
follow the mitochondrial-initiated pathway. Compared with the con-
trol, Bcl-2/Bax ratio decreased when the cells were treated with HBCD,
while those treated with TBECH and TBCO were significant increased.

In order to further explore the mechanism response for HBCD,
TBECH and TBCO toxicity, the levels of intracellular ROS and mitochon-
drial superoxide were monitored. The results showed that the
intracellular ROS levels in HBCD, TBECH, and TBCO treated cells in-
creased obviously (Fig. 5). The presence of antioxidant NAC significantly
reduced the cytotoxicity induced by three CBFRs (Fig. 6). The above
findings indicated the contribution of oxidative stress to the cytotoxicity
of three CBFRs. However, it was found that intracellular ROS levels in
TBCO treated cells were much lower than those of HBCD and TBECH.
Moreover, the mitochondrial superoxide induced by TBCO was not ob-
served. These data suggested that the oxidative stress induced by
TBCOwas not as serious as HBCD and TBECH. The orders of intracellular
ROS and mitochondrial superoxide levels were discordant with that of
their toxic effects, which implied that besides generation of ROS, there
might be other factors responsible for the cell toxicity, especially for
TBCO.

Al-Mousa and Michelangeli (2012) reported that HBCD could acti-
vate the apoptotic pathway through exaggerated temporal increases
in intracellular Ca2+ levels. In this study, significantly increases of intra-
cellular Ca2+ levelswere found forHBCDand TBCO treatment,while not
for TBECH treatment (Fig. 7). Moreover, the intracellular Ca2+ levels
under the treatment of TBCO were much higher than those of HBCD.
In the present of Ca2+ inhibitor, the cytotoxicity induced by HBCD and
TBCO was attenuated (Fig. 8). These data indicated that that imbalance
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of Ca2+ homeostasis contributed to the cytotoxicity for TBCO andHBCD.
When compared the attenuation of cytotoxicity in the presence of ROS
scavenger NAC and Ca2+ inhibitor BAPTA-AM, it was found that the
cell viabilities were attenuated to 76.9 ± 2.7% and 63.3 ± 0.6%, respec-
tively, for HBCD treatment, while those were 76.0 ± 2.3% and 92.4 ±
1.0% for TBCO treatment. These data suggested that both generation of
ROS and Ca2+ homeostasis disequilibrium are mechanisms for HBCD
cytotoxicity, while Ca2+ induced apoptosis is more likely mechanism
for TBCO cytotoxicity than ROS generation.

5. Conclusion

In conclusion, our study verified the toxic effects of three CBFRs,
HBCD, TBECH and TBCO in human SH-SY5Y neuroblastoma cells. The
toxic effect of HBCD was greater than those of TBECH and TBCO. Mito-
chondrial apoptotic pathway appeared to be one of themechanisms re-
sponsible for the neurotoxicity. Three CBFRs treatment led to oxidative
stress. In addition, HBCD and TBCO treatment caused Ca2+ homeostasis
imbalance. Generation of ROS and Ca2+ homeostasis disequilibrium are
mechanisms of toxic effect for HBCD, while Ca2+-mediated apoptosis
playsmore important role in inducing cytotoxicity than ROS generation
for TBCO. Our study for the first time compared the neurotoxicity of dif-
ferent CBFRs, providing the scientific basis for the risk assessments of
the typical CBFRs.
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