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Polybrominated diphenyl ethers (PBDEs) are a category of brominated flame retardants, which were widely used
in industrial products since the 1970 s. Our previous studies indicated quinone-type metabolites of PBDEs (PBDEQs) cause neurotoxicity, however, their inherent toxicological mechanism remains unclear. Here, we first syn
thesized PBDE-Qs and corresponding reduced hydroquinone homologous (PBDE-HQs) with different pattern of
bromine substitution. Their nucleophilic and redox properties were investigated. PBDE-Qs react with reduced
glutathione (GSH) via Michael addition and bromine displacement reaction, whilst PBDE-HQs lack the ability of
reacting with GSH. Of note, the displacement reaction only occurs with bromine on the quinone ring of PBDE-Qs
but not phenyl ring. Next, electron paramagnetic resonance (EPR) analysis revealed the generation of SQ•− ,
along with their downstream hydroxyl radical (HO•) and methyl radical (•CH3) through a PBDE quinone/sem
iquinone/hydroquinone (Q/SQ•− /HQ) futile cycle. In addition, a structure-dependent cytotoxicity pattern was
found, the exposure of PBDE-Q/HQ with bromine substitution on the quinone ring resulted in higher level of
apoptosis and autophagy in BV2 cells. In conclusion, this work clearly demonstrated that the nucleophilic and
redox properties of PBDE-Qs/HQs are responsible for their neurotoxicity, and this finding provide better un
derstanding of neurotoxicity of PBDEs.
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1. Introduction
Polybrominated diphenyl ethers (PBDEs) are a category of bromi
nated flame retardants with good performance, which was widely used
in industrial products since the 1970 s (Alaee et al., 2003; Vuong et al.,
2018). Due to the unique physical and chemical properties of PBDEs and
their potential threats to human health, most of PBDEs congeners were
listed as persistent organic pollutants (POPs) by the Stockholm
Convention (Sharkey et al., 2020). PBDEs can easily enter environment
during their production, application and recycling (Hahladakis et al.,
2018). Although PBDEs have been restricted or banned for many years,
they were still detectable in environmental and biological samples
(serum, breast milk, placenta, etc.) (Yu et al., 2021; Zhao et al., 2021;
Zhang et al., 2017). Substantial researches have demonstrated various

toxicological effects that associated with the exposure of PBDEs (Li et al.,
2020; Cowell et al., 2018; Chen et al., 2020).
PBDEs may be metabolized by phase I enzyme to form mono (PBDEOHs) and dihydroxylated PBDE (PBDE-HQs) (Malmberg et al., 2005;
Krieger et al., 2016; Qiu et al., 2007; Stapleton et al., 2009). PBDE-OHs
were not only found in the blood samples of electronic waste disman
tling workers, but also pregnant women and newborns who were not
directly exposed to PBDEs (Yu et al., 2010; Qiu et al., 2009). Therefore,
the health threat of PBDE-OHs have aroused further concerns (Dinge
mans et al., 2011, 2010; Li et al., 2010; Cao et al., 2018). Despite the
extensive studies on the toxicity of PBDEs and PBDE-OHs, only a few
studies have focused on the toxicity of PBDE-HQs. It is worth noting that
PBDE-hydroquinones (PBDE-HQs with two hydroxyl groups at para
position), catechol metabolites (PBDE-HQs with two hydroxyl groups at
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Fig. 1. Chemical structures of PBDE-Qs and PBDE-HQs.

orthro position) may have stronger toxicity than PBDEs and PBDE-OHs
because they can be chemically or enzymatically oxidized to active
quinones (PBDE-Qs). Quinones-induced toxicities are mainly attributed
to two aspects. Firstly, quinones are Michael acceptors that can readily
react with nucleophiles such as glutathione (GSH), protein and DNA
(Bolton and Dunlap, 2017; Song et al., 2009). Our previous research has
proved that PBDE-Q exposure induces DNA and protein damage (Dong
et al., 2018). The covalent binding of PBDE-Q to DNA may contribute to
the etiology of PBDEs-induced cancer (Huang et al., 2015). Secondly,
quinones also possess redox activity (Bolton et al., 2000), which can
undergo one or two-electron reduction to form semiquinone radicals
(SQ•-) or hydroquinones, respectively. Quinone/semiquinone/hy
droquinone (Q/SQ•− /HQ) futile cycle will increase cellular reactive
oxygen species (ROS) level dramatically (Song et al., 2008a).
Therefore, we focused on the nucleophilic and redox properties of
PBDE-Qs and PBDE-HQs to explain their cytotoxicity. Because PBDEs
are well-known neurotoxins, BV2 cell was chosen as model cell line to
evaluate the neurotoxicity of PBDE-Qs and PBDE-HQs at different toxi
cological endpoints.

purchased from Dojindo Laboratories (Japan). Cell counting kit-8 (CCK8) was supplied by Genview (Shanghai, China). 2, 7-Dichlorodihydro
fluores-cein diacetate (DCFH-DA) and N-acetyl cysteine (NAC) were
supplied by Sigma-Aldrich (St. Louis, MO). Reduced GSH was purchased
from Sangon Biotech Co. Ltd. (Shanghai, China). GSH assay kit was
obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). Hoechst 33342 and caspase-3 activity kit were purchased from
Beyotime Institute of Biotechnology (Shanghai, China), Annexin VFITC/PI apoptosis detection kit was supplied by Yeasen Biotech Co. Ltd
(Shanghai, China). Acridine orange (AO) was obtained from Solarbio
(Beijing, China). Monodansyl cadaverine (MDC), diethylene
triaminepentaacetic acid (DTPA) and light chain 3B (LC3B) primary
antibody were purchased from Sigma-Aldrich (St. Louis, MO). β-Actin
primary antibody and Goat anti-rabbit IgG-HRP-conjugated secondary
anti-body was obtained from Sangon Biotech Co. Ltd. (Shanghai, China).

2. Materials and methods

2, 5-dibromo-1, 4-benzoquinone (0.25 mmol) was added to a solu
tion of 2,4-dibromophenol (0.4 mmol) in DMF (1.5 mL), Na2HPO4 (0.25
mmol) and K2CO3 (0.25 mmol) were introduced into the mixture. After
stirring overnight at room temperature, the reaction mixture was poured
into ice water. The crude product in organic layer was extracted with
ethyl acetate, then washed with water, dried over Na2SO4 and evapo
rated. triBr-PBDE-Q was purified by silica gel chromatography with
dichloromethane/hexane (1:1) as eluent. Purified sample was analyzed
by nuclear magnetic resonance (NMR, Bruker AVANCE-III), mass

2.2. Synthesis and characterization of 2-(2’,4’-bromophenoxyl)− 5bromo-benzoquinone (triBr-PBDE-Q)

2.1. Reagents
2, 4-Dibromophenol and sodium dithionite (Na2S2O4) and chloro
quine (CQ) were obtained from Aladdin (Shanghai, China). 2, 5Dibromo-1,4-benzoquinone was purchased from the TCI Co. Ltd.
(Shanghai, China). 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was
2
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Fig. 2. Scheme of PBDE-Qs react with GSH via Michael addition and bromine displacement reactions. (A) biBr-PBDE-Q (B) triBr-PBDE-Q.

spectrometry (MS, Bruker Impact-II) and high-performance liquid
chromatogram (HPLC, Waters e2695).
1
H NMR (400 MHz, CDCl3): δ 7.84 (d, J = 2.3 Hz, 1 H), 7.54 (dd, J =
8.6, 2.3 Hz, 1 H), 7.35 (s, 1 H), 7.05 (d, J = 8.6 Hz, 1 H), 5.79 (s, 1 H)
ppm. 13C NMR (100 MHz, CDCl3): δ 178.94, 178.11, 156.83, 148.61,
138.89, 136.87, 135.98, 132.63, 123.91, 120.82, 116.44, 110.78 ppm.
MS (ESI) m/z (relative intensity) = 437.7637 [M].

146.11, 143.77, 140.85, 136.35, 131.98. 121.69, 118.87, 117.95,
115.70, 104.9, 104.11 ppm. MS (ESI) m/z (relative intensity) =
439.7840 [M].
2.4. Reaction of PBDE-Qs with reduced GSH
The reaction of PBDE-Qs with reduced GSH was conducted as fol
lows: 200 μM GSH solution (dissolved in water) was reacted with 100
μM PBDE-Qs solution (dissolved in DMSO) in ammonium acetate (10
mM, pH = 7.0) at 37 ℃ for 1 h. Then, the mixture was analyzed by ESIMS via direct infusion in the positive ion mode.

2.3. Synthesis and characterization of PBDE-HQs
PBDE-HQs were obtained by further reduction of PBDE-Qs, referring
to previous research with minor modifications (de la Fuente et al.,
2003). Briefly, Na2S2O4 (0.4 mmol) dissolved in H2O (2 mL) was added
to 2-(2’,4’-bromophenoxyl)-benzoquinone (biBr-PBDE-Q, from our
previous publication (Dong et al., 2018)) or triBr-PBDE-Q (0.14 mmol)
dissolved in CHCl3 (2 mL) with vigorous stirring for 3 h. Then, the
mixture was washed with brine, dried over Na2SO4, concentrated in
vacuo, and the crude product was chromatographed on a silica gel
column (hexane/ethyl acetate, 3:1).
2-(2’,4’-Bromophenoxyl)-dihydroquinone (biBr-PBDE-HQ). 1H NMR
[400 MHz, (CD3)2CO]: δ 8.06 (s, 1 H), 7.90 (s, 1 H), 7.82 (d, J = 2.4 Hz,
1 H), 7.48 (dd, J = 8.8, 2.4 Hz, 1 H), 6.90 (d, J = 8.7 Hz, 1 H), 6.77 (d, J
= 8.8 Hz, 1 H), 6.63 (dd, J = 8.7, 2.8 Hz, 1 H), 6.48 (d, J = 2.9 Hz, 1 H)
ppm. 13C NMR [100 MHz, (CD3)2CO]: δ 154.27, 150.96, 142.70, 141.52,
135.28, 131.62, 118.79, 117.86, 114.40, 113.21, 112.48, 107.96 ppm.
MS (ESI) m/z (relative intensity) = 359.8755 [M].
2-(2’,4’-Bromophenoxyl)− 5-bromo-dihydroquinone
(triBr-PBDEHQ). 1H NMR [400 MHz, (CD3)2CO]: δ 8.37 (s, 1 H), 8.24 (s, 1 H), 7.68
(d, J = 2.4 Hz, 1 H), 7.34 (dd, J = 8.8, 2.4 Hz, 1 H), 7.05 (s, 1 H), 6.68 (d,
J = 8.8 Hz, 1 H),6.49 (s, 1 H). 13C NMR (100 MHz, CDCl3): δ 151.62,

2.5. Electron paramagnetic resonance (EPR) analysis
A Bruker EMXnano spectrometer was employed for EPR analysis.
PBDE-Qs (biBr-PBDE-Q and triBr-PBDE-Q) and PBDE-HQs (biBr-PBDEHQ and triBr-PBDE-HQ) were dissolved in DMSO, diluted with DTPA
(250 μM)-contained PBS (100 μM, pH = 7.4 or 10) to indicated con
centration. The operating parameters of EPR were as follows: 3430 or
3433 G center field; 20 or 100 sweep width; approximately 9.63 GHz
microwave frequency; 1.26 mW power; modulation frequency of 100
kHz; modulation amplitude of 1 or 0.1 G; 1.50 conversion time; time
constant, 1.28 ms. Spin trapping was performed with the addition of
DMPO (100 mM). All tests were performed at room temperature.
Spectral simulation of EPR spectra was performed using WinSim
program developed by Duling NIEHS. Correlation coefficients of simu
lated spectra were typically > 0.99.
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Fig. 3. EPR analysis of SQ•-, HO• and •CH3 radicals derived from PBDE-Qs/HQs. Reactions were carried out in DTPA (250 μM)-contained PBS (100 μM) at room
temperature. (A) EPR spectra and simulation spectra of SQ•- formed by 1 mM biBr-PBDE-Q or biBr-PBDE-HQ at pH 10. (B) EPR spectra and simulation spectra of SQ•formed by 1 mM triBr-PBDE-Q or triBr-PBDE-HQ at pH 10. (C) EPR spectra of SQ•- generated from the comproportionation reaction of 1 mM PBDE-Q and PBDE-HQ
mixed at 1:1 ratio at pH 7.4. (D) the relative intensity of SQ•- radicals were analyzed by the soft in the Bruker EMXnano spectrometer. Data were presented as mean
± SD (n = 3). Significant differences were presented as indicated. *p < 0.05, * *p < 0.01, and * **p < 0.001 compared with the control group. (E) EPR spectra of
DMPO/HO• (&) and DMPO/•CH3 (#) adducts generated by PBDE-Q reacting with H2O2 (5 mM) at pH 7.4. Reaction mixtures contained 100 mM DMPO.
Table 1
Hyperfine splitting of semiquinone radicals generated from simulation.

.

Compound

1

2

3

biBr-PBDE-Q
biBr-PBDE-HQ
triBr-PBDE-Q
triBr-PBDE-HQ

(OH)
(OH)
(OH)
(OH)

O
O
O
O

3.1
1.9
3.1
1.9

(H)
(H)
(H)
(H)

4

5

6

1’

2’

3’

4’

5’

6’

Line width

(OH)
(OH)
(OH)
(OH)

1.9 (H)
(Br)
1.9 (H)
(Br)

1.2 (H)
1.0 (H)
1.2 (H)
1.0 (H)

(OH)
(OH)
(OH)
(OH)

(Br)
(Br)
(Br)
(Br)

(H)
(H)
(H)
(H)

(Br)
(Br)
(Br)
(Br)

(H)
(H)
(H)
(H)

(H)
(H)
(H)
(H)

0.13
0.12
0.21
0.20

2.6. Cell culture and treatment

10, 20 μM) for 12 h. After incubated in DMEM containing 10% CCK-8
solution for 1 h, the absorbance of each wells were detected by Spec
traMax id5 microplate reader at 450 nm (Molecular Devices, USA).

BV2 cells, purchased from American Type Culture Collection
(ATCC), were cultured in DMEM containing 10% fetal bovine serum
(FBS), 100 U/mL penicillin and 100 μg/mL streptomycin at 37 ◦ C in a
5% CO2 humidified environment incubator.
BV2 cells were exposed to PBDE-Qs or PBDE-HQs (dissolved in
DMSO) for the indicated times, unless otherwise specified, the dose
concentration for cell experiments was 20 μM for 12 h. In the inhibition
experiments, NAC (5 mM) was pretreated with cells for 1 h.

2.8. Intracellular ROS levels
Intracellular ROS levels were detected using ROS-specific fluorescent
dye, DCFH-DA. Cells were treated with PBDE-Qs or PBDE-HQs (0, 10, 20
μM) for 3 h, then collected and washed with PBS to incubated with
DCFH-DA working solution (10 μM) at 37 ◦ C for 30 min. Fluorescence
was detected by flow cytometry (BD FACSMelody, USA).

2.7. Cell viability detection

2.9. Intracellular GSH levels

Cells were seeded in 96-well culture plates at a density of 2 × 104/
well for 12 h. Then, cells were exposed to PBDE-Qs or PBDE-HQs (0, 5,

Cells were exposed to PBDE-Qs or PBDE-HQs (0, 10, 20 μM) for 3 h,
4
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Fig. 4. Cytotoxicity and oxidative stress induced by PBDE-Qs/HQs. (A) For cytotoxicity assay, BV2 cells were exposed to PBDE-Qs and PBDE-HQs at 0, 5, 10 and
20 μM for 12 h, CCK-8 kit was used to analyze the cell viability. For DCFH-DA staining and GSH level measurement, PBDE-Qs/HQs were exposed to BV2 cells at 0, 10
and 20 μM for 3 h, (B) DCFH-DA staining and (C) GSH level. Data were presented as mean ± SD (n = 3). Significant differences were presented as indicated.
*p < 0.05, * *p < 0.01, and * **p < 0.001 compared with the control group.

then collected and washed by PBS. According to the manufacturer’s
protocol, GSH levels were detected using the GSH analysis kit. The
absorbance was measured at 405 nm using a microplate reader (Spec
traMax iD3, Molecular Devices, USA).

PBS, and incubated with MDC solution (50 μM) at 37 ◦ C in the dark for
30 min. The fluorescence was detected by BD FACS Vantage SE flow
cytometer.
2.14. Western blotting analysis

2.10. Confocal microscopy analysis

Cells were lysed in RIPA (Dingguo Biotech Co. Ltd., Beijing, China)
buffer containing 1% protease inhibitor and a phosphatase inhibitor
(PMSF), the protein concentration was determined by BCA protein assay
kit (Keygen Biotech, China). Proteins were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then trans
ferred to nitrocellulose membrane. After blocking nitrocellulose mem
brane with 5% skimmed milk powder for 3 h, samples were incubated
with the primary antibody overnight at 4 ◦ C and with the secondary
antibody at room temperature for 2 h. Finally, the target protein was
visualized using BeyoECL Star (Beyotime Biotechnology, Shanghai,
China).

Cells were planted on confocal dishes overnight at 37 ◦ C to adhere,
then were incubated with PBDE-Qs or PBDE-HQs for 12 h. Cells were
washed with PBS, incubated with Hoechst 33342 solution (5 μg/mL) for
10 min at room temperature or AO solution (1 μg/mL) at 37 ◦ C in the
dark. After dyeing, cells were washed with PBS for 3 times and visual
ized by a confocal fluorescent microscope (Nikon, N-SIM E, Japan).
2.11. Caspase-3 activity
BV2 cells were treated with PBDE-Qs or PBDE-HQs for 12 h. Caspase3 activities were determined with a caspase-3 activity assay kit, basing
caspase-3 can catalyze the substrate Ac-DEVD-pNAC to pNA. The
absorbance was measured at 405 nm using a microplate reader (Spec
traMax iD3, Molecular Devices, USA).

2.15. Immunofluorescent staining
Cells were planted on confocal dishes overnight at 37 ◦ C and treated
with PBDE-Qs or PBDE-HQs for 12 h. The cells were washed with PBS for
3 times, fixed in 4% paraformaldehyde containing 3% sucrose for 20
min. Then cells were blocked with 5% BSA for 1 h and incubated with
the primary antibody overnight at 4 ◦ C. Finally, after incubating with
Alexa Fluor 488-labeled goat anti-rabbit IgG (H + L) for 1 h, cells were
stained with DAPI (5 μg/mL) for 10 min. Then cells were washed with
PBS for 3 times and analyzed using a confocal fluorescent microscope.

2.12. Annexin V-FITC/PI apoptosis assay
BV2 cells were seeded in 6-well culture plates and treated with
PBDE-Qs or PBDE-HQs for 12 h. According to the manufacturer’s pro
tocol, cells were digested with EDTA-free trypsin and stained with
Annexin V-FITC/PI for 15 min in the darkness. The percentage of
apoptotic cells were analyzed by BD FACS Vantage SE flow cytometer
(BD Biosciences).

2.16. Statistical analysis

2.13. MDC staining assay

All data were generated by at least three independent experiments.
The statistical significance of the differences was evaluated by one-way
ANOVA, followed by least significant difference (LSD) multiple

Cells were treated with PBDE-Qs or PBDE-HQs for 12 h, washed with
5
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Fig. 5. The effects of PBDE-Qs/HQs on cell apoptosis. BV2 cells were treated with PBDE-Qs/HQs at 20 μM for 12 h. (A) Nucleus apoptotic morphology was observed
after Hoechst 33342 staining using confocal fluorescent microscopy. Scale bar = 10 µm. (B) Caspase-3 activity was detected by a commercial caspase-3 activity assay
kit. Data were presented as mean ± SD (n = 3). Significant differences were presented as indicated. *p < 0.05, * *p < 0.01, and * **p < 0.001 compared with the
control group. (C) Cell apoptosis ratio was determined by Annexin V/PI double-staining assay using flow cytometry.

comparison tests. The results were expressed as means ± standard de
viations (SD). The statistical significance was accepted at P < 0.05.

GSH. As shown in Fig. 2B and Fig. S12, a mono-GS hydroquinone,
Michael addition adduct 3 with m/z ratio of 745.8658 was found. This
hydroquinone can be oxidized and then reacts with a second GSH,
yielding a brominated di-GS adduct 4 with m/z ratio of 1048.2293
(Fig. S12). On the contrary, we deduced an adduct 5 with m/z ratio of
971.0249, which probably formed through a tandem displacement re
action and Michael addition reaction, Fig. 2B. Notably, both types of
reactions only occur in oxidized quinone compounds, because the higher
electron density of a hydroquinone would not be conducive for GSH
attack or the leaving of bromine. Therefore, it is not possible for a direct
transformation from adduct 3 to adduct 5. Interestingly, Michael addi
tion reaction reduced quinone to corresponding hydroquinone, there
after, a following oxidation is a must to perform the secondary
conjugation reaction (e.g., from adduct 1 to adduct 2, or adduct 3 to
adduct 4). Bromine displacement reaction keeps quinone form which
facilitate a consecutive conjugation reaction (e.g., from triBr-PBDE-Q to
adduct 5). A (GS)3-HQ adduct 6 (m/z 1276.0947) was found, which may
due to a consecutive addition of GSH via alternative Michael addition/
displacement reaction/oxidation. Several fragment ions (m/z 665.9563,
767.8477, 801.0888, 823.0707) were identified, and the proposed
pathway of their formation was described in the Fig. S12.

3. Results and discussion
3.1. PBDE-Qs react with GSH via Michael addition and displacement
reaction
The chemical structures of PBDE-Qs and PBDE-HQs were shown in
Fig. 1, their NMR, MS and HPLC data were shown in Figs. S1–S10 and
Table S1 in Supporting Information. Due to its nucleophilic character
istic, quinone moiety readily conjugates macromolecules. Here, we for
the first time illustrated the conjugation of PBDE-Qs with GSH. Two
types of reactions were involved, namely, Michael addition and halogen
displacement reaction. MS analysis revealed that two glutathionylated
(GS-) adducts were formed when biBr-PBDE-Q was incubated with GSH
(Fig. 2A and Fig. S11). Please note the position of GSH addition in
Michal addition reaction is uncertain. The two adducts are both in
reduced form that consistent with the reductive addition of 1 or 2 GSHs,
adduct 1 (m/z 665.9569) and adduct 2 (m/z 971.0379). We proposed
that adduct 2 is formed because of the oxidation of adduct 1, which
further reacts with one molecular of GSH. A fragment ion (m/z
687.9388) was observed, which was formed by the breaking of the ether
bond of adduct 2 and the phenolic hydroxyl group on the benzene ring
(Fig. S11). Of note, there is only Michael addition reaction, but not
displacement reaction, occurred in the reaction of biBr-PBDE-Q with
GSH, due to the absence of bromine on the quinone ring of biBr-PBDE-Q.
We next investigated the conjugation reaction of triBr-PBDE-Q and

3.2. EPR analysis
Q/SQ•− /HQ can convert into each other due to one or two electron
(s) transfer (Song et al., 2008a). Consequently, SQ•− radicals can
transfer one electron to oxygen generating superoxide radical (O•2 ) that
can quickly convert into hydrogen peroxide (H2O2) and ultimately form
6
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Fig. 6. The effects of PBDE-Qs/HQs on cell autophagy. BV2 cells were exposed to PBDE-Qs/HQs at 20 μM for 12 h. (A) AO staining was used to analyze the
accumulation of acidic vesicles (red fluorescence) using confocal microscopy. Scale bar = 10 µm. (B) Cells were stained with MDC to detect corresponding fluo
rescence intensity using flow cytometry. (C) The expression of autophagy marker protein LC3B was analyzed by Western blot. (D) LC3B-positive puncta formation in
BV2 cells was detected by Immunofluorescence assays. Scale bar = 10 µm. Data were presented as mean ± SD (n = 3). Significant differences were presented as
indicated. *p < 0.05, * *p < 0.01, and * **p < 0.001 compared with the control group.

hydroxyl radical (HO•) (Song and Buettner, 2010). Multiple routes for
the formation of SQ•- derived from chlorinated hydroquinones or qui
nones have been demonstrated in our previous work (Song et al.,
2008a). To investigate the redox potential of brominated PBDE-Qs and
PBDE-HQs, we for the first time investigated their properties on the
formation of related SQ•- and ROS.
As shown in Fig. 3A, biBr-PBDE-Q and biBr-PBDE-HQ showed sevenline spectrum in a pH 10 solution, and the spectrum was simulated with
aH3= 3.1 G, aH5= 1.9 G and aH6= 1.2 G hyperfine splitting of three
hydrogen atoms (Table 1). The identical SQ•- generated from biBr-PBDEQ and biBr-PBDE-HQ suggested its homology. Mechanistically, alkaline
condition not only stabilizes SQ•-, but also accelerates self-oxidation
reaction of hydroquinone to derive SQ•- and Q. In addition, alkaline
solution provides excess OH-, which provide two electrons to reduce
quinone from hydroquinone, and initiates the comproportionation of Q/
HQ that generates two molecules of SQ•- (Song et al., 2008a). Similarly,
an approximately 1:1:1:1 four-line spectrum was observed by intro
ducing triBr-PBDE-Q or triBr-PBDE-HQ to pH10 solution (Fig. 3B), with
splitting of aH3 = 1.9 G and aH6 = 1.0 G from two adjacent H atoms
(Table 1). Of note, hydrogen on the phenyl ring showed no contribution
on the splitting of SQ•- spectrum.
To further confirm their redox potential by transferring electrons

between Qs/HQs, we mixed equivalent Qs and HQs at neutral pH and
observed identical SQ•- radicals, as compared with Fig. 3A and B. This
result supported our previous finding that Qs yield one electron to HQs
to form two molecules of SQ•- via comproportionation reaction (Song
and
Buettner,
2010).
Interestingly,
SQ•derived
from
triBr-PBDE-Q/triBr-PBDE-HQ has three folds of intensity compare to
SQ•- derived from biBr-PBDE-Q/biBr-PBDE-HQ, Fig. 3D. According to
our previous finding, halogens exist on the quinone ring, but not phenyl
ring, contribute to the stability of SQ•- (Song et al., 2008b).
HO• is one of the most reactive ROS, which can be produced by Q
reacting with H2O2 (Zhu et al., 2007). When biBr-PBDE-Q was added to
a solution contains H2O2 and EPR spin trapping agent DMPO, typical
EPR signals of DMPO/HO• and DMPO/•CH3 were observed, Fig. 3E and
Fig. S13. Furthermore, the signal intensities of DMPO/HO• and
DMPO/•CH3 produced by triBr-PBDE-Q were higher than biBr-PBDE-Q.
3.3. Identify the effects of PBDE-Qs/HQs on cell toxicity and oxidative
stress
Our previous studies have demonstrated that Q/SQ•− /HQ futile
cycle related ROS accumulation in cell culture is responsible for their
cytotoxicity (Dong et al., 2014, 2015; W. Dong et al., 2018; W. J. Dong
7
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apoptosis induced by triBr-PBDE-Q was significantly higher than that of
biBr-PBDE-Q. Similar phenomenon was observed between
triBr-PBDE-HQ and biBr-PBDE-HQ groups.
3.5. Identify the effect of PBDE-Qs/HQs on cell autophagy
Autophagy is a dynamic autodigestion process in which cells degrade
damaged organelles and unfolded proteins (Zhang et al., 2016). Under a
variety of cell stress conditions (e.g., starvation, hypoxia, invasion of
pathogenic microorganisms, ROS elevation, etc.), autophagy can be
activated. In the process of autophagy, autophagosomes are formed and
then fused with lysosomes to form autolysosomes. Firstly, AO and MDC
staining were used for labeling autophagy-related acidic vacuole. AO
staining can penetrate cell membrane of living cells, nuclear DNA and
cytoplasmic RNA are stained to emit green fluorescence, acidic organ
elles such as autophagy lysosomes emit red fluorescence. MDC is an
eosinophilic stain, which preferentially accumulates in autophagic
vacuole with green fluorescence. As shown in Fig. 6A, the red fluores
cence of AO was elevated in all four compounds treated groups,
compared with the control group. In addition, PBDE-Q/HQ with
substituted bromine on the quinone ring showed stronger red fluores
cence intensity than the absence of bromine on the quinone ring.
Consistent with the results of AO staining, the MDC fluorescence in
tensities in triBr-PBDE-Q and triBr-PBDE-HQ groups were significantly
higher than biBr-PBDE-Q and biBr-PBDE-HQ groups, respectively,
Fig. 6B. To further verify that autophagy levels induced by these four
PBDE-metabolites were related to their structures, the expression levels
of LC3B, a well-known autophagy marker, were analyzed. As shown in
Fig. 6C, the expression levels of LC3B-II of cells treated with
triBr-PBDE-Q and triBr-PBDE-HQ increased significantly compared to
biBr-PBDE-Q and biBr-PBDE-HQ groups. Furthermore, immunofluores
cent assay further supports these findings (Fig. 6D). Finally, chloroquine
(CQ), a lysosomal inhibitor that can inhibit the fusion and degradation
of autophagosomes and lysosomes, was used by us to explore the effect
of PBDE-Qs/HQs on autophagic flux. Compared with PBDE-Qs/HQs
alone group, the level of LC3B-II expression was markedly increased
in CQ and PBDE-Qs/HQs cotreated BV2 cells (Fig. S14). These results
indicated that all PBDE-Qs/HQs induce autophagy in BV2 cells, and the
ability of autophagosome formation and LC3B conversion induced by
PBDE-Qs/HQs with substituted bromine on the quinone ring was greater
than the absence of bromine on the quinone ring.

Fig. 7. PBDE-Qs/HQs-induced cytotoxicity was reversed by antioxidant treat
ment. BV2 cells was pretreat with NAC (5 mM) for 1 h before treatment with
PBDE-Qs/HQs (20 μM) for 12 h, cell viability was determined by CCK-8 assasy.
Data were presented as mean ± SD (n = 3). Significant differences were pre
sented as indicated. *p < 0.05, * *p < 0.01, and * **p < 0.001 compared with
the control group.

et al., 2018; Fu et al., 2016; Shi et al., 2016; Wang et al., 2018). As shown
in Fig. 4A, the survival rate of BV2 cells decreased in a
concentration-dependent manner after exposed to PBDE-Qs and
PBDE-HQs for 12 h. In parallel with EPR result, the cytotoxicity of
triBr-PBDE-Q was significantly higher than biBr-PBDE-Q at the con
centration of 10 and 20 μM. Similarly, significant differences in cell
viability were found between triBr-PBDE-HQ and diBr-PBDE-HQ at the
concentrations of 5, 10 and 20 μM. Using a fluorescent probe DCFH-DA,
we found that all these four compounds rapidly stimulated the genera
tion of ROS (Fig. 4B), and the intracellular ROS level induced by
triBr-PBDE-Q (and triBr-PBDE-HQ) was significantly higher than
biBr-PBDE-Q (and diBr-PBDE-HQ). Indeed, significant depletion of GSH
was found in these four compounds exposed cells (Fig. 4C);
triBr-PBDE-Q (and triBr-PBDE-HQ) caused more severe GSH depletion
than biBr-PBDE-Q (and biBr-PBDE-HQ). These results indicated the
correlation of nucleophilic and redox property of PBDE-Qs/HQs and
cytotoxicity/intracellular oxidative stress.

3.6. PBDE-Qs/HQs-induced cytotoxicity is mediated by ROS
To better confirm that PBDE-Qs/HQs-induced cytotoxicity is asso
ciated with ROS accumulation, ROS scavenger NAC was used to against
PBDE-Qs/HQs-induced free radical and oxidative stress. As shown in
Fig. 7, the survival rates of PBDE-Qs/HQs-treated BV2 cells were
significantly reversed when pretreated with NAC for 1 h.

3.4. Identify the effect of PBDE-Qs/HQs on cell apoptosis
Substantial researches have demonstrated that apoptosis is involved
in PBDE-induced developmental neurotoxicity (Zhang et al., 2020,
2016; Tang et al., 2018). Therefore, the pro-apoptotic effect of
PBDE-Qs/HQs was investigated in BV2 cells. Firstly, the nuclear
morphology of the PBDE-Qs/HQs exposed cells was analyzed by Hoechst
33342 staining using confocal microscopy. As shown in Fig. 5A, the
nuclei of untreated cells showed weak and homogeneous blue fluores
cence and normal morphology shape. The nuclei of PBDE-Qs/HQs
exposed cells with bright blue fluorescence presented irregular or frag
mented distribution, which is a classic apoptosis-like morphology.
Caspase-3 plays an important role in the process of apoptosis (Tang
et al., 2019). In Fig. 5B, the exposure of four compounds were all acti
vated caspase-3, and triBr-PBDE-Q (and triBr-PBDE-HQ) showed higher
potential on the elevation of caspase-3 activity than biBr-PBDE-Q (and
diBr-PBDE-HQ). The eversion of phosphatidylserine to the cell mem
brane surface is one of the classic phenomena of apoptosis, hence
Annexin VFITC/PI double staining was utilized to quantify the propor
tion of apoptotic cells. As shown in Fig. 5C, the proportion of cell

4. Conclusion
In the current study, we synthesized PBDE-driven quinone and hy
droquinone metabolites, and investigated their nucleophilic properties
via the reaction with GSH. We distinguished the different reactivity of
(1) quinone ring and phenyl ring towards GSH via Michael addition and
(2) bromine on the quinone ring and phenyl ring on GSH via displace
ment reaction. In addition, we also explored their redox properties via
the ability of generation of free radical intermediates (SQ•-, HO• and
•
CH3). Using an in vitro BV2 cells model, we found a highly correlation
between PBDE-Qs/HQs-induced cytotoxicity with their redox and
nucleophilic activities. Together, these results provide new insights in
PBDE-Qs/HQs-induced neurotoxicity, which reflect the toxic mecha
nism of their precursors.
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