Journal of Hazardous Materials 308 (2016) 37-49

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Hazards of low dose flame-retardants (BDE-47 and BDE-32): Influence @Cmmk
on transcriptome regulation and cell death in human liver cells

Quaiser Saquib®:"*, Magsood A. Siddiqui®", Javed Ahmed?:", Abdullah Al-Salim®:°,
Sabiha M. Ansari¢, Mohammad Faisal ¢, Abdulaziz A. Al-Khedhairy?, Javed Musarrat €,
Hend A. AlWathnani€¢, Abdulrahman A. Alatar€, Saud A. Al-Arifi?

2 Zoology Department, College of Sciences, King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia

b AR. Al-Jeraisy Chair for DNA Research, Zoology Department, College of Sciences, King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia
¢ Department of Botany & Microbiology, College of Sciences, King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia

d Department of Agricultural Microbiology, Faculty of Agricultural Sciences, Aligarh Muslim University, Aligarh 202002, India

¢ Baba Ghulam Shah Badshah University, Rajouri 185131, Jammu and Kashmir, India

HIGHLIGHTS

First report on low dose molecular

toxicity of BDE-47 and BDE-32.

Both congeners induce DNA dam-
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HepG2 cells.
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ABSTRACT

We have evaluated the in vitro low dose hepatotoxic effects of two flame-retardants (BDE-47 and BDE-32)
in HepG2 cells. Both congeners declined the viability of cells in MTT and NRU cell viability assays. Higher
level of intracellular reactive oxygen species (ROS) and dysfunction of mitochondrial membrane potential
(AW¥m) were observed in the treated cells. Comet assay data confirmed the DNA damaging potential of
both congeners. BDE-47 exposure results in the appearance of subG; apoptotic peak (30.1%) at 100 nM,
while BDE-32 arrested the cells in G, /M phase. Among the set of 84 genes, BDE-47 induces downregulation
of majority of mRNA transcripts, whilst BDE-32 showed differential expression of transcripts in HepG2.
The ultrastructural analysis revealed mitochondrial swelling and degeneration of cristae in BDE-47 and
BDE-32 treated cells. Overall our data demonstrated the hepatotoxic potential of both congeners via
alteration of vital cellular pathways.
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1. Introduction

Polybrominated diphenyl ethers (PBDEs) have been extensively
used in the manufacturing of electrical appliances, textiles, carpets
and furniture industries [1]. PBDEs are additive flame-retardants
that are mixed into plastics, foam or sprayed onto fabrics. During
the use and lifetime of the product, PBDEs exhibited their ten-
dency to migrate from the material [2]. Such properties resulted
in the ubiquitous presence of PBDEs in indoor dust and air. As a
result, the possibility of their transfer into the wider environment
to contaminate ecosystem and food chains is higher [3]. In addi-
tion, the bioaccumulative and persistence characteristics of PBDEs
raised an increasing alarm over their potential adverse effects to
human health [1,4]. Recent human biomonitoring studies revealed
the presence of PBDEs in placenta and umbilical cord blood [5,6].
An increased level of PBDEs has been detected in human serum
samples and correlated with altered hormone level in the exposed
males [7].

BDE-47 is one of the prevalent congener found in both abiotic
and biotic environments [8]. Neurodevelopmental changes have
been attributed in children’s exposed to BDE-47 via fetal cord blood
[9]. Animal studies have revealed that BDE-47 had a toxic effect on
liver, reproductive and central nervous systems [10-12]. In vitro
exposure of A549, NCI-H358, Jurkat and mouse cerebellar granule
neurons with BDE-47 exhibited significant decline in cell viability,
mainly through overproduction of ROS and mitochondrial dys-
function [13-15]. HTR-8/SVneo cells treated with higher doses of
BDE-47 (15 and 20 wM) stimulated the release of inflammatory
cytokines (IL-6 and IL-8) [16]. Human neuroblastoma (SH-SY5Y)
cells exposed to higher concentrations (1, 5 and 10 pwmol/L) of
BDE-47 showed cytotoxicity, apoptosis and upregulation of DAPK,
caspase 3, 12 and cytochrome ¢ mRNA transcripts, which indicates
its neurotoxic potential [17]. At the similar concentrations (1,5 and
10 pmol/L), BDE-47 activated the mitochondrial apoptotic pathway
by upregulating p53, bax, cytochrome c and caspase 3 transcripts,
with simultaneous down regulation of bcl-2 and bcl-2/bax ratio in
SH-SY5Y cells [18]. At low doses, human neuroblastoma (SK-N-MC)
cells co-exposed with BDE-47 and BDE-99 exhibited synergistic
neurotoxic effects [19]. Interestingly, HepG2 cells treated with high
doses of BDE-47 (6.25-100 wM) showed an involvement of lyso-
somes in mitochondrial-apoptotic pathway [20].

As yet, the available data on BDE-47 toxicity are mainly derived
from studies at high doses and oriented towards its neurotoxic
effects. The study of environmentally relevant doses has been
the focus of National Institute of Environmental Health Sciences
(NIEHS) [21]. For in vitro study, the exposure concentrations at
nanomolar levels were recommended to investigate the toxic
effects of BDE-47 at an environmentally relevant concentration
[22]. In this relation, a single report on BDE-47 has demonstrated
that low doses of BDE-47 (10-19, 102 and 108 M) induces horme-
sis effects and activate DNA-PKcs/Akt pathway in HepG2 cells [23].
To the best of our knowledge, we did not encountered any study,
which has attempted to demonstrate the hepatotoxic effect of
PBDEs in nanomolar range, and to decipher cross talk between
toxicity and oxidative stress pathways. Therefore, the purpose of
this study is to test two PBDEs congeners (BDE-47 and BDE-32) for
their hepatotoxic potential in HepG2 cells at different time periods,
as well as to understand the activation of molecular pathways at
environmentally realistic concentrations. It should be noted that,
no study has been conducted so far on the toxicity of BDE-32. There-
fore, we are unable to quote any literature for BDE-32. Hence, in
this report, we assessed the effects of BDE-47 and BDE-32 on the
(i) cell viability, (ii) intracellular ROS production and mitochondrial
membrane potential (AWm), (iii) DNA strand breaks, (iv) cell cycle
dysregulation, and (v) transcriptomics of a set of 84 human stress
and toxicity pathway genes.

2. Materials and methods
2.1. Chemicals

2,2',4,4'-Tetrabromodiphenyl ether (BDE-47, CAS No. 5436-
43-1) (50 pg/mL in isooctane, 99.99% grade purity) and 2,4’,6-
tribromodiphenyl ether (BDE-32, CAS No. 189084-60-4) (50 g/mL
in isooctane, 99.99% grade purity) were purchased from AccuStan-
dard, Inc., USA. Dimethyl sulfoxide (DMSO) for molecular biology
(99.9%) (Cat. No. D8418), propiodium iodide (>94%) (Cat. No.
P4170), Nay-EDTA (99.9%) (Cat. No. E5134), Tris [hydroxymethyl]
aminomethane (99.9%) (Cat. No. 93362), RNAseA from bovine
pancreas (90 U/mg) (Cat. No. 83831), 2/,7’-dichlorofluorescin diac-
etate (DCFH-DA) (>97%) (Cat. No. D6883), rhodamine 123 (Rh123)
(>85%) (Cat. No. 83702), normal melting agarose (NMA) (Cat.
No. A6013, type I), low melting agarose (LMA) (Cat. No. A9414,
low gelling temperature), ethyl methanesulfonate (EMS) (Cat. No.
MO0880) and neutral red (>90%) (Cat. No. N7005), thiazolyl blue
tetrazolium bromide (MTT) (>=97%) (Cat. No. M5655), Dulbecco’s
modified eagle’s medium-high glucose (DMEM) (Cat. No. D5648),
Dulbecco’s phosphate buffered saline (PBS, Ca%*, Mg2* free) (Cat.
No. D5652) were purchased from Sigma Chemical Company, St.
Louis, MO, USA. Antibiotic-antimycotic solution (100X) (Cat. No.
15240-062), fetal bovine serum (FBS) (Cat. No. 26140-079) was pro-
cured from ThermoFisher Scientific, USA. All other chemicals were
of analytical grade unless otherwise stated. Culture wares and other
plastic consumables used in the study were procured commercially
from Nunc, Denmark.

2.2. Cell culture and BDE-47, BDE-32 exposure

Human liver hepatocellular carcinoma (HepG2) cells were
purchased from ATCC, USA. Cells were cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS), antibiotic-antimycotic
solution (100X, 1 mL/100 mL of medium), and incubated at 37°C
in a humidified atmosphere containing 5% CO-. Each batch of cells
was assessed for cell viability by trypan blue dye exclusion test and
batches showing more than 95% cell viability were used for exper-
iments. For BDE exposure, cells were first seeded in 96-well plates
at a concentration of 1 x 10%/100 p.L/well and left to attach for 24 h.
Ensuring the confluency of cells, the culture media were discarded,
and fresh medium containing various concentrations (25, 50 and
100 nM) of BDE-47 and BDE-32 were added to the cells and allowed
to grow for 3 and 6 days.

2.3. Thiazolyl blue tetrazolium bromide (MTT) assay

The MTT is a water-soluble, positively charged dye, which
becomes water-insoluble by the mitochondrial dehydrogenase sys-
tem, and actively penetrates the viable cells [24]. BDE-47 and
BDE-32 induced decline in cell viability was determined by MTT
assay following our previously described method [25]. In brief, cells
(1 x 10%) were exposed to BDE-47 and BDE-32 in the concentration
range of 25, 50 and 100nM for 3 and 6 days. After the exposure
time, MTT (5 mg/mL stock in PBS) was added in the volume of
10 wL/well in 100 pL of cell suspension, and the plate was incu-
bated for 4h at 37°C. At the end of incubation period, aqueous
medium was carefully aspirated and 200 L of DMSO was added in
each well and mixed gently. Microplate was then kept on a rocker
shaker for 10 min at room temperature and the purple color was
read on a microplate reader at 550 nm (Multiskan Ex, Thermo Sci-
entific, Finland). Untreated controls were also run under identical
conditions.



Q. Saquib et al. / Journal of Hazardous Materials 308 (2016) 37-49 39

2.4. Neutral red uptake (NRU) cell viability assay

The NRU assay relies on a weak cationic supravital dye, known to
actively penetrate the membranes of live cells by nonionic passive
diffusion and concentrates in the lysosomes [26]. Reduction in the
viability of HepG2 cells was determined by NRU assay following our
previously described procedure [25]. Briefly, cells were exposed to
BDE-47 and BDE-32 in the concentration range of 25,50 and 100 nM
for 3 and 6 days. After the exposure time, medium was aspirated
and cells were washed twice with PBS, and incubated for 3h in a
medium supplemented with neutral red (50 pg/mL). Medium was
washed off rapidly with a solution containing 0.5% formaldehyde
and 1% calcium chloride. Cells were subjected to further incubation
of 20 min at 37 °C in a mixture of acetic acid (1%) and ethanol (50%)
to extract the dye and the absorbance was read at 540 nm on a
microplate reader. The values were compared with control set run
under identical conditions.

2.5. Flow cytometric analysis of ROS and A¥m

Intracellular ROS generation was determined using a fluorescent
probe DCFH-DA [27]. However, AWm was determined by observ-
ing changes in the fluorescence intensity of mitochondrial-specific
cationic dye Rh123 [28]. In brief, cells treated with varying concen-
trations (25, 50 and 100 nM) of BDE-47 and BDE-32 for 3 and 6 days
were trypsinized and spin down at 3000 rpm for 5 min. The pellets
were aliquoted in two tubes and washed twice with cold PBS, fol-
lowed by the addition of PBS (500 L) containing DCFH-DA (5 pM)
and PBS (500 L) containing Rh123 (5 pg/mL) in aliquoted tubes.
All samples were incubated for 60 min at 37 °C in dark. Cells were
again washed twice with PBS and finally suspended with 500 L of
PBS. The fluorescence of 10,000 cells were recorded upon excitation
at 488 nm at FL1 Log channel through 525 nm band-pass filter on
Beckman Coulter flow cytometer (Coulter Epics XL/XI-MCL, USA).

2.6. Transmission electron microscopy (TEM) of HepG2 cells

BDE-47 and BDE-32 induced changes in mitochondrial struc-
ture was analyzed using TEM following our previously described
method [29]. In brief, cell pellets from control, BDE-47 and BDE-32
(100 nM, 6 days) were fixed in glutaraldehyde for 10 min, followed
by re-suspension of cells in 0OsO4 (1%) for 1h at 4°C. An additional
incubation of 1 h were given for each cell suspension in 2% aqueous
uranyl acetate solution pursued by the dehydration of cells using
ascending grade of ethanol. Cells were finally embedded in low vis-
cosity araldite resin and ultrathin sections of 80 nm were made for
TEM analysis under high vacuum (100 kV).

2.7. DNA damage analysis by comet assay

Comet assay was performed following the method described
previously by Saquib et al. [30]. HepG2 cells exposed for 3 days
with 25, 50 and 100nM of BDE-47 and BDE-32 were detached
and centrifuged at 3000 rpm for 3min. The cells (4 x 10%) from
untreated and treated groups were suspended in 100 pL of Ca2*
Mg?* free PBS and mixed with 100 L of 1% low melting agarose
(LMA). The cell suspension (80 L) was then layered on one-third
frosted slides, pre-coated with normal melting agarose (NMA) (1%)
and kept at 4 °C for 10 min. After gelling, 90 L of LMA (0.5% in PBS)
was added and left for solidifying on ice pack. The cells were lysed
in a lysing solution for overnight and subjected to electrophoresis
at 0.7V/cm for 30 min (300 mA, 24V) at 4°C followed by wash-
ing of slides with neutralization buffer. All preparative steps were
conducted in dark to prevent secondary DNA damage. The slides
were stained with 75 L of ethidium bromide (20 pg/mL) for 5 min
and the comet images were analyzed at 40x magnification using a

fluorescence microscope (Nikon Eclipse 80i, Japan) coupled with
charge coupled device (CCD) camera. Images from 50 cells (25
from each replicate slide) were randomly selected and subjected to
image analysis using Comet Assay IV software (Perceptive Instru-
ments, Suffolk, UK). The data were subjected to one-way analysis
of variance (ANOVA). Mean values of the tail length (jum), Olive tail
moment (OTM) and tail intensity (%) were separately analyzed for
statistical significance.

2.8. Cell cycle analysis

HepG2 cells treated with varying concentrations (25, 50 and
100 nM) of BDE-47 and BDE-32 for 3 and 6 days were trypsinized
and processed for cell cycle analysis following our previously
described method [25]. In brief, the harvested cells were cen-
trifuged at 3000 rpm for 5 min and pellets were fixed with 500 L
of chilled 70% ethanol, and incubated at 4°C for 1 h. After two suc-
cessive washes, cell pellets were again suspended in 500 L PBS
containing propiodium iodide (50 g/mL), 0.1% Triton X-100 and
0.5 mg/mL RNAase A. The cells were left for staining for 1h at 37°C
in dark. The red fluorescence of 10,000 events of propiodium iodide
stained cells were acquired at a laser excitation of 488 nm, and
620 nm band-pass filter using Beckman Coulter flow cytometer. The
data were analyzed by excluding the cell debris, characterized by a
low FSC/SSC, using Beckman Coulter flow cytometer (Coulter Epics
XL/XI-MCL, USA and System II Software, Version 3.0).

2.9. Isolation of total RNA and RT? profiler PCR array

PCR array experiments were done following our previously
described method [25]. In brief, total RNA was isolated separately
from 3 x 10° cells/well from control, and cells exposed to 100 nM of
BDE-47 and BDE-32 for 6 days using the commercially available kit
(RNeasy Mini Kit, Cat. No. 74106, Qiagen, USA). RNA purification
was done using the iPrep™ PureLink™ kit (Invitrogen, USA) by
Invitrogen® automated system following the manufacturer’s pro-
tocol. Purity of total RNA was verified by the use of a Nanodrop
8000 spectrophotometer (Thermo Scientific, USA) and the integrity
of RNA was visualized on 1% agarose gel using gel documenta-
tion system (Universal Hood II, BioRad, USA). The first-strand cDNA
synthesis was performed with 1 g of total RNA and 100 ng of oligo-
p(dT) 12-18 primer and MLV reverse transcriptase (GE Health Care,
UK) according to the manufacturer’s recommendations. Changes
in the relative gene expression of 84 genes responsible for human
stress and toxicity pathway were quantified using RT? Profiler™
PCR Array (Cat. No. PAHS-003 A, SABiosciences Corporation, Fred-
erick, MD) in a 96-well array format. cDNA equivalent to 1 pg of
total RNA was used for each array. The arrays were run on Roche®
LightCycler® 480 (96-well block) (IN, USA) following the recom-
mended cycling programs. Expression data obtained with BDE-47
and BDE-32 treatments were normalized to the average 2 Ct value
of five housekeeping genes (B2M, HPRT1, RPL13A, GAPDH and ACTB)
and expressed with respect to the untreated control. RT-PCR array
data were evaluated from at least three independent experiments
and the resultant 2 C; values were combined to calculate the aver-
age fold regulation values. Genes that were significantly different
for BDE-47 and BDE-32 versus control were determined by Students
t-test (p <0.05) by comparing the 2 Ct values for the triplicate trials
for each test sample with the 2Ct values for the control.

2.10. Statistical analysis

Data were expressed as mean+S.D. for the values obtained
from at least three independent experiments done in triplicate.
Statistical analysis was performed by one-way analysis of vari-
ance (ANOVA) followed by Dunnett’s multiple comparisons test
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(Sigma Plot 11.0, USA). The level of statistical significance chosen
was p<0.05, unless otherwise stated.

3. Results
3.1. Assessment of cell viability by MTT and NRU assays

HepG2 cells treated with 25, 50 and 100 nM of BDE-47 for 3
and 6 days exhibited significant reduction of 14.3%, 15.4%, 15.4%
and 11.6%, 26.7%, 28.6% cell viability in MTT assay (Fig. 1A). BDE-32
at the exposure concentrations of 25, 50 and 100 nM also showed
10.8%, 15.5%, 36.2% and 18.4%, 21.3%, 42.3% decline in the cell via-
bility after 3 and 6 days of incubation (Fig. 1B). In NRU assay, both
congeners exhibited a concentration and time dependent reduction
in cell viability. After 3 and 6 days of incubation, BDE-47 at 25, 50
and 100 nM showed 0.8%, 7%, 10.5% and 39.5%, 50.6%, 55.8% decline
in the viability of cells (Fig. 1C). BDE-32 after 3 and 6 days of incuba-
tion induces 7.4%, 15%, 42% and 19.2%, 38.3%, 45.11% decline in cell
viability at 25, 50 and 100 nM treatment concentrations (Fig. 1D).
The morphological analysis of BDE-47 and BDE-32 treated cells
explicitly demonstrated the toxicity, manifested as detachment of
the adherent cells at increasing concentrations of both congeners
(Fig. 1 in Supplementary data).

3.2. Intracellular ROS generation

Flow cytometric analysis revealed an increase in the intracellu-
lar ROS formation by BDE-47 and BDE-32. Compared to 100% DCF
fluorescence in control, HepG2 cells treated with 50 and 100 nM
of BDE-47 for 3 days showed significant 111% and 114% increase
in ROS generation. BDE-47 exposure for 6 days enhanced the ROS
formation at all concentrations (25, 50 and 100 nM) by 111%, 117%
and 114% (Fig. 2A). Likewise, ROS level was also elevated in cells
treated with varying concentrations of BDE-32 for 3 and 6 days.
Comparative to 100% fluorescence in control, BDE-32 (25, 50 and
100 nM) exposure for 3 and 6 days exhibited 114%, 116%, 115% and
121%, 127, 130% higher ROS generation in cells (Fig. 2B).

3.3. Effect of BDE-47, BDE-32 on A¥m and mitochondrial
structure

Our flow data showed a differential change in the AWm of cells
exposed to BDE-47. After 3 days, BDE-47 at the concentrations of
50 and 100 nM exhibited 11% and 12.4% decline in AWm. However,
after 6 days, the AWm were found increased by 39%, 43% and 42% at
25, 50 and 100 nM (Fig. 2C). On the other hand, BDE-32 exhibited
a concentration and time depend decline in AWm. Cells treated
with 25, 50 and 100 nM of BDE-32 for 3 and 6 days showed 7%,
10%, 13% and 18%, 20%, 27% decline in AWm, as compared to con-
trol (Fig. 2D). Considering the differences in fluorescence pattern
of Rh123, we further analyzed the structural changes in mitochon-
dria. Within the control cell, a bean-shaped mitochondria with a
highly folded inner membrane, exhibiting conspicuous cristae was
observed (Fig. 3A and B). In comparison, the BDE-47 treated cells
showed swollen mitochondria with degenerated cristae (Fig. 3C
and D). On the other hand, BDE-32 treated cells exhibited par-
tial degeneration of cristae. However, BDE-32 treatment did not
resulted in the swelling of mitochondria (Fig. 3E and F).

3.4. Effect of BDE-47 and BDE-32 on DNA

The representative comet images demonstrate the extent of
broken DNA liberated from the comet heads at increasing concen-
trations of both congeners (Fig. 41 and II). After 3 days, BDE-47 at
the highest concentration of 100 nM showed 6-fold higher OTM
value (p<0.01), as compared to control OTM (0.44 + 0.05) (Table 1).

Table 1
BDE-47 and BDE-32 induced DNA damage in HepG2 cells after 3 days of exposure,
analyzed using different parameters of alkaline comet assay.

Groups Olive tail moment Tail length(pum) Tail intensity (%)
(arbitrary unit)
Control 0.44+£0.05 43.71+2.11 3.95+0.15
EMS (2 mM) 8.23+1.33" 98.56+4.38" 12.36+1.127
BDE-47 (nM)
25 0.99+0.07" 50.29+0.98 5.92+0.22"
50 1.75+0.12" 57.51+1.13" 8.05+0.17
100 2.64+£0.10" 59.20+1.06 11.26 £0.30"
Control 0.38+0.06 42.40+1.75 3.17+0.24
EMS (2 mM) 7.93+£0.69" 88.26+3.88" 1845+1.8
BDE-32 (nM)
25 1.48+£0.24" 51.09+0.19° 9.40+0.68'
50 1.70+£0.38" 55.41+1.95° 9.60+0.70"
100 2414026 55.70+£5.51 12.60+£0.74 "

Datarepresent the mean + S.D. of three independent experiments done in duplicate.
EMS: ethyl methanesulphonate.
" p<0.05.
" p<0.01.

Relative to control OTM (0.38 +0.06), BDE-32 at the highest con-
centration of 100 nM exhibited 6.3-fold greater OTM value (p <0.01)
(Table 1). Nevertheless, the differences in distribution of DNA dam-
age exist in the cell population. Variation in distribution of DNA
damage by BDE-47 and BDE-32 exposure is shown in Fig. 411l and
I\"A

3.5. Dysregulation of cell cycle

The representative cell cycle images of HepG2 cells revealed that
BDE-47 treatment for 3 days arrests the cells in G, /M phase. After 6
days, the treated cells showed a gradual decline in G, /M peak with
subsequent appearance of subG; apoptotic peak at increasing con-
centrations (Fig. 5I). On the other hand, BDE-32 exposure resulted
in G2/M arrest in HepG2 cells both after 3 and 6 days of exposure
(Fig. 5I). An average data analysis of cell cycle revealed that BDE-47
(50 and 100 nM) exposure for 3 days induced significant 27.5+1.7%
and 25.94+0.9%(p<0.01 and p <0.05) increase in G, /M peak (Fig. 5II,
A). Subsequent incubation for 6 days resulted in the appearance
of 17.9+1.8% and 30.1 £1.0% (p<0.05 and p<0.01) of subG; peak
(Fig. 511, B). After 3 days, BDE-32 (50 and 100 nM) treatment showed
30.3+0.6%and 32.5 + 1.7% cells in G, /M phase. Moreover, 6 days of
treatment resulted in the increase in G,/M peak to 45.1 4+ 3.3% and
47.44+1.8%, respectively (Fig. 51, Cand D). No increase in apoptotic
peak was observed after 6 days of exposure with BDE-32.

3.6. BDE-47 and BDE-32 induced transcriptomic alterations

BDE-47 (100 nM) treated cells induce downregulation of major-
ity of genes related to seven different pathways. Within the DNA
damage and repair pathway, RAD50 and ERCC1 genes exhibited
maximal downregulation of 2.2 and 3.1-folds. In apoptosis signal-
ing pathway, CASP8, TNFRSF1A and NFKBIA genes were upregulated
to 1.2, 3.4 and 3.3-folds. Out of 17 genes in oxidative or metabolic
stress pathway, HMOX1, SOD2, PRDX1 and PTGS1 genes showed
upregulation of 3.3, 3.1, 1.1 and 1.0-folds. Within the same path-
way, CYP1A1 and CYP2E1 genes were downregulated to 2.9 and
1.8-folds. Among the inflammatory pathway, IL-6, IL1b, TNF and
NFKB1 genes were downregulated to 3.0, 3.1, 1.1 and 1.0-folds,
respectively (Fig. 6A).

HepG2 cells treated with BDE-32 (100nM) for 6 days exhib-
ited differential expression of genes. The corresponding heat map
suggested strong oxidative or metabolic stress, growth arrest
and senescence, activation of pro-inflammatory and heat shock
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Fig. 1. BDE-47 (A) and BDE-32 (B) induced reduction in cell viability analyzed by MTT assay. NRU assay showing BDE-47 (C) and BDE-32 (D) induced decline in HepG2

viability. *p <0.05, **p <0.01 versus control.

responses upon BDE-32 treatment. Among 19 genes for oxidative
or metabolic stress, CYP1A1 has exhibited a maximum of 11.3-fold
upregulation. Also, CYP2E1, SOD2 and HMOX1 genes were upregu-
lated by 5.2, 4.6 and 2.8-folds. Within the set of 7 genes responsible
for growth arrest and senescence, GADD45A, CDKN1A, DDIT3, MDM2
genes have exhibited 1.9, 3.4,2.3 and 1.1-folds upregulation. A max-
imum downregulation of 4.8-folds has been observed for TP53 gene.
Out of 12 pro-inflammatory genes, IL-6, IL1b, SERPINE1 were maxi-
mally upregulated to 2.0, 4.5 and 7.4-folds. EGR1, CCNC and CCND1
genes in proliferation and carcinogenesis were upregulated to 10.4,
1.3 and 1.2-folds. RAD50 and UNG were maximally down regulated
to 6.6 and 2.2-folds in DNA damage and repair pathway. Within
the apoptosis signaling pathway, CASP1, CASP10, TNFRSF1A and
TNFRSF10 were upregulated to 7.5, 1.6, 3.3 and 4.0-folds, respec-
tively (Fig. 6B).

4. Discussion

Due to the wider application of flame-retardants in household
and commercial products human exposure to PBDEs increased
exponentially over recent decades [31]. Based on the analysis of
2062 human serum samples in 2003-2004, BDE-47 was detected in
nearly all participants and ranked top among the measured PBDE
congeners [32]. Despite these facts, the hepatotoxic effects of BDE-
47 and the underlying mechanisms of toxicity are not well studied.
The MTT assay indicated that both BDE-47 and BDE-32 significantly
decreased the cell viability in a dose and time-dependent man-
ner. Comparative to BDE-47, BDE-32 exposure for 6 days induce
1.2-folds higher reduction in cell viability. Our MTT data is in accor-

dance with a recent report, which has demonstrated 29% and 53%
loss of HepG2 cell viability after 24 h of treatment with BDE-47.
However, the authors used much higher doses (50 and 100 wM) of
BDE-47 [20], as compared to the nM concentrations used in the cur-
rent study. Also, SH-SY5Y cells treated for 24 h with 4 and 8 g/mL
of BDE-47 exhibited significant decline of cell viability in MTT test
[33].In NRU assay, we found that BDE-47 and BDE-32, both induced
a concentration and time-dependent loss of cell viability. Contrary
to MTT assay results, BDE-47 showed more pronounced effect than
BDE-32, which could be attributed to a greater lysosomal damage,
as compared to the mitochondrial toxicity in MTT assay. Therefore,
BDE-47-induced alterations in sensitive lysosomal membrane may
lead to lysosomal fragility, which resulted in decreased uptake and
binding of neutral red dye, possibly via decreasing the activity of
lysosomal acid phosphatase in the cells [20]. Lysosomal destabi-
lization is also regarded as a prior event of mitochondrial injury
[34].

In order to confirm the mitochondrial dysfunction, flow cyto-
metric analyses were done with both congeners. Our AWm data
on biphasic fluorescence pattern of Rh123 in BDE-47 and BDE-32
treated cells is quite intriguing. We found that HepG2 cells treated
with BDE-47 for 3 days exhibited a declining pattern of Rh123 fluo-
rescence, which gradually increased after 6 days of incubation. On
the other hand, BDE-32 exposure resulted in decline of Rh123 flu-
orescence in a concentration and time-dependent manner. Rh123
due to the less lipophilic nature slightly perturbs the surface poten-
tial of membrane, and has similar kinetic constants for influx and
efflux from mitochondrial matrix. As a result, Rh123 is a good can-
didate to measure the actual mitochondrial membrane potential
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Fig. 2. Flow cytometric analysis of BDE-47 (A) and BDE-32 (B) induced ROS generation in HepG2 cells. Effect of BDE-47 (C) and BDE-32 (D) treatments on mitochondrial

dysfunction of HepG2 cells. *p <0.05, **p < 0.01 versus control.

[35]. A possible reason for fluorescence decline of Rh123 by BDE-
47 (3 days) and BDE-32 (3 and 6 days) treatments could be due to
the dissipation of AWm by disruption of proton-moving force or
the inner membrane permeability [25]. Our membrane potential
data is in agreement with previous findings suggested the loss of
AWm by BDE-47 in human fetal liver hematopoietic stem, Jurkat
and HepG2 cells [36,14,20].

However, an enhanced fluorescence of Rh123 in BDE-47 (6
days) treatment can be related with the mitochondrial property
to swell under overwhelming conditions viz. Ca** influx, pH and
cytochrome c release during apoptotic cell death. It is reported that
continuous opening of the pore in inner mitochondrial membrane
(IMM) referred to as the mitochondrial permeability transition
pore (MPPT), is followed by a release of Ca** from the mitochon-
drial matrix along with termination of oxidative phosphorylation.
These events initiate swelling of mitochondrial matrix by unfold-
ing the inner membrane before the rupture of outer mitochondrial
membrane [37]. When MPPT occurs, the associated channel opens,
protons and ions equilibrate freely across the inner membrane,
and osmotic disequilibrium ensues, which ultimately results in the
swelling of matrix space [38]. In our TEM data, we also found mito-
chondrial swelling with degenerated inner membrane or cristae
in BDE-47 treated cells, which supports this mechanism, and val-
idate the fact that the altered mitochondria can no longer retain
Rh123, as a result it leaks out from the mitochondrial membrane to
the cytoplasm. This relocalization from the mitochondria to cyto-
sol is an index of mitochondrial impairment with the disruption

of mitochondrial membrane [39]. Our observation is in line with
variation in mitochondrial morphology, indicating mitochondrial
swelling in HepG2 cells treated with vitamin B12 analog hydroxy-
cobalamin[c-lactam] [40]. On the other hand, the TEM analysis on
BDE-32 treated cells showed partial degeneration of inner mito-
chondrial membrane or cristae. However, no size variation has been
found in the mitochondria. These observations, substantially jus-
tify our above hypothesis of fluorescence decline in Rh123, owing
to disturbance of AWm in mitochondrial inner membrane. Over-
all, the ultrastructural analysis of mitochondria led us to conclude
that HepG2 mitochondria reacts differently to both congeners.
Nonetheless, future studies are warranted to reveal BDE-isomers
specific responses in mitochondrial structure and its related toxic-
ity. As a mitochondrial defect, the loss of AWm has been strongly
correlated with enhanced ROS generation in cells [41]. Thus, we
further analyzed the ROS generation in HepG2 cells. Earlier studies
have reported that high concentrations of BDE-47 could enhance
the production of ROS [17,14]. Compared to the untreated control,
BDE-47 and BDE-32 both showed significant overproduction of ROS
in a dose and time-dependent manner. These data are in agreement
with a single study on BDE-47 demonstrating ROS production in
HepG2 at nM range [20]. Although, BDE-47 at uM concentrations
has already been reported to produce ROS in HTR-8/SVneo, Jurkat
and SH-SY5Y cells [16,14,19]. Therefore, our data unequivocally
suggests the role of ROS in mitochondrial dysfunction.

It is commonly accepted that DNA is the potential target of ROS
attack. Our comet data demonstrates that both congeners induce
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Fig. 3. Ultrastructural analysis of HepG2 cells treated with BDE-47 and BDE-32. (A) HepG2 cell in DMEM medium alone (control) showing the normal mitochondrial
morphology. (B) Is the magnified view of the panel A mitochondria showing intact cristae. The BDE-47 (100 nM, 6 days) treated HepG2 cell in panel C showing swollen
mitochondria. Panel D is the magnified image of panel C mitochondria with denigrated cristae. BDE-32 treated HepG2 cell showing partial degeneration of cristae (panel E).
Panel F is the magnified view of mitochondria in panel E, no swelling has been observed in BDE-32 treatment. Arrows indicate mitochondria with damaged cristae.

significant DNA damage at nM concentrations. Compared to con-
trol, BDE-47 and BDE-32 at 100 nM showed 6 and 6.3-folds (p <0.01)
higher OTM values. In fact, BDE-32 induced more pronounced DNA
damage than BDE-47 in HepG2 cells. Wang et al. [23] found no DNA
damage in HepG2 cells after 24 h exposure with low doses (10~10,
10-9 and 10-8 M) of BDE-47. Contrary to these observations, we
found that HepG2 cells treated with 25, 50 and 100nM (p<0.01)
of BDE-47 for 3 days showed significant level of DNA damage.
Therefore, these observations reaffirm the possibility that cellu-
lar DNA repair machinery may have been adversely affected with
extended exposure of both congeners. Consequently, the unre-
paired DNA damage was detected in comet assay under alkaline
conditions. Nonetheless, our comet data is substantiated by ear-
lier report suggesting the DNA damaging properties of BDE-47 in
human neuroblastoma cells [33].

Aberrant cell proliferation and DNA damage are usually associ-
ated with abnormal progression of cell cycle [23]. Our cell cycle data
revealed that both congeners, after 3 days of treatment arrested the
cells in G;/M phase. However, BDE-47 exposure for 6 days showed
an increase in the subGq apoptotic peaks, while BDE-32 increased

the G, /M peak in treated cells. It is known that cellular DNA repair
mechanisms are highly conserved and extensive DNA damage may
lead to cell cycle arrest and cell death [42-44]. Most likely, in case
of 3 days treatment with BDE-47, the DNA damage induced at
lower concentrations were not repaired during the G,/M phase,
consequently, the cells become apoptotic after 6 days. However, for
BDE-32, an increase in G, /M peak suggests that the cellular repair
machinery were active to rectify the damage and prevent the cells
to become apoptotic. Further investigations are necessary to draw
firm conclusions to verify the exact pathways of such responses
in BDE-32 exposed HepGz2 cells. Our cell cycle data on BDE-47 is
corroborated well with earlier reports suggesting BDE-47 induced
apoptosis in cells [33,36].

Under the toxic conditions, damaged cells have the potential to
amend the expression of genes to deregulate signalling pathways
or reinstate checkpoint pathways [45]. In this relation, we analyzed
an array of 84 genes related to toxicity and stress pathways. On
a global scale, BDE-47 induce downregulation of genes, whereas
BDE-32 resulted in the differential expression of mRNA transcripts,
which suggest a distinct metabolic processing of both congeners by
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Fig. 4. Representative comet images showing DNA damage by BDE-47 (panel I) and BDE-32 (panel II) in HepG2 cells. Panel IIl and IV showing the frequency distribution of

varying level of damaged DNA in terms of tail length (um).

HepG2 cells. Nonetheless, BDE-47 and BDE-32 showed a common
behavior by downregulating nearly all genes in the DNA dam-
age and repair pathway, with maximal downregulation noticed
for ERCC1, RAD50 and ATM genes. ERCC1 is one of the key players
among 16 proteins responsible for nucleotide excision repair dur-
ing DNA double-strand breaks [46]. In addition, another important
gene responsible for base excision repair of DNA is RAD50, which
form MRN complex (MRE11/RAD50/NBS1) to identify and bind the
damaged DNA, unwind them and subsequently recruit and activate
ATM [47]. The activated ATM further phosphorylates several key
proteins including p53, which leads to cell cycle arrest, DNA repair
or apoptosis [48]. The under expression of above genes unequivo-
cally suggest that the DNA repair capacity of cells to rectify strand
breaks has been severely affected [49]. Altogether, the PCR array
data on the under expression of BDE-47 genes suggest a pleiotropic
effect in HepG2 cells. Our data is in agreement with previous report
suggesting the downregulation of array of genes related to different
pathways in human leukaemia K562 cells treated with Myristicin
[50].

Some of the genes (TNFRSF1A, CASP8 and NFKBIA) in apopto-
sis signalling pathways were upregulated by BDE-47 treatment.
TNFRSF1A belongs to the tumor necrosis factor receptor (TNFR) fam-
ily and its upregulation has been suggested to induce cell death
[51]. Upregulation of CASP8 expression has been linked to exe-
cute the apoptotic signaling mainly through extrinsic pathway [52].
Therefore, in view of the apoptotic (subG1) peak in cell cycle, we
presume that BDE-47 triggered the apoptosis mediated by TNFR
family member via extrinsic apoptotic pathway. In addition, we

also found that NFKBIA expression was up regulated, indicating
the involvement of NFKB pathway. These results suggest that the
NFKB pathway and related genes could be an important molecu-
lar mechanism by which BDE-47 induces apoptosis in HepG2 cells.
BDE-47 treated cells showed the down regulation of CYP1A1 and
CYP2E1 genes. The cytochrome 450s (CYP450s) protein superfam-
ily is mainly involved in the oxidation of endogenous, as well as
exogenous chemical substrates. CYP1A1 and CYP2E1 are among the
prominent nine isoforms of CYP450s, which are capable of metab-
olizing majority of drugs or toxins in humans [53]. We found that
IL1b, IL-6, TNF and NFKB1 genes were down regulated in the treated
cells, which may be attributed to the anti-inflammatory potential
of BDE-47. The down regulation of CYP1A1 and CYP2E1 is linked
with the inflammatory genes, as it is reported that IL-6 suppresses
the levels of the mRNAs for CYP1A1 in human hepatoma cell lines
[54]. On the other hand, IL1 reported to inhibit CYP1A1 expression
in hepatocytes [55]. The under expression of IL1b and IL-6 is also
regulated through the suppression of NFKB and MAPK pathways
[56,57]. Nonetheless, TNF plays an important role in immune cells
regulation, and its dysregulation has been implicated in a variety of
inflammatory diseases. Therefore, the immune mediators are capa-
ble of downregulating CYP450s gene expressions, and that some of
these effects may be specific for certain P450 isozymes or groups
of isozymes [58].

Oxidative stress has been considered as a critical reason for
the expressional regulation of CYP450s isoforms [59]. In this con-
text, the upregulation of oxidative and metabolic stress genes viz.
HMOX1, SOD2, PRDX1 and PTGS1 by BDE-47 suggests the activa-
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tion of protective mechanism to overcome the oxidative stress.
However, under the influence of severe toxicity of BDE-47, HepG2
antioxidant protective mechanisms were compromised and cells
became apoptotic, which is clearly evident by our flow cytometric
data. Consequently, the oxidative stress and failure of anti-oxidant
protective mechanism unequivocally suggests the role of ROS in
downregulating CYP1A1 and CYP2E1 expressions in BDE-47 treated
cells. Oxidative stress in general has been implicated for the inhi-
bition of CYP1A1 RNA expression, which could be a factor for
transcriptional repression of CYP1A1 gene [60]. In a recent study,
the aryl hydrocarbon receptor (AhR) gene expression was altered
in larvae of zebrafish treated with BDE-47 [61]. This interpreta-
tion is in line with the role of ROS in disrupting aryl hydrocarbon
receptor (AhR)-dependent expression of CYP1A1, which represents
aprotective negative feedback loop [62]. Hence, we also suspect the
putative role of ROS in damaging AhR of HepG2 cells in deregulating
the expression CYPP450 isoforms.

On the other hand, BDE-32 treatment resulted in the upregu-
lation of EGR1, MDM2, GADD45A and DDIT3 genes in HepG2 cells.
Induction of an early response gene (EGR1) may be directly related
to oxidative stress per se, it is rapidly induced by a broad spec-
trum of factors viz. environmental stress, DNA repair, DNA damage,
mitochondria and cell membrane impairment [63-66]. Therefore,
BDE-32 induced mitochondrial dysfunction, DNA damage and ROS
formation validate the overexpression of EGR1 in HepG2 cells. Also,
the EGR1 overexpression resembles previous finding demonstrat-
ing mitochondrial dysfunction in hepatoma cells treated with the
anti-HIV drug [67]. BDE-32 increased the expression of DDIT3 and
GADD45A transcripts, which can be correlated with the properties
of EGR1 to initiate DDIT3 and GADD45 family genes by binding to
5’-flanking regions, especially under stressed conditions [68-70].
BDE-32 exposure resulted in downregulation of TP53, one rea-
son for this downregulation could be the activation of NFKBI. It is
known that NFKB can suppress P53 levels by up regulating MDM2
expression mediated through B-cell CLL/lymphoma 3 (Bcl3) [71].
As oxidative stress increases, cellular response progresses from the
activation of antioxidant defense to inflammation and eventually
cell death [72,73]. The oxidative stress induced by BDE-32 is also
evidenced by an increase in the expression of HMOX1 and SOD2
genes. Activation of these genes represent a protective response
in rescuing the cells from cell death, which is clearly evident by
the absence of subG1 apoptotic peaks in our flow analysis. Our
data is in accordance with a recent report on human bronchial
epithelial cells exposed to organic extract of particulate matter
emissions, showing an elevated expression of HMOX1 and SOD2
genes [74]. We found that BDE-32 upregulated the inflamma-
tory cytokines (IL-6, IL1b, NFKB1), suggesting its pro-inflammatory
potential. These observations are in line with the activation of
IL-6, IL1b, CYP1A1 and NFKB genes in human bronchial epithe-
lial cells exposed to diesel engine exhaust particles [75]. IL-6 is a
well known responder to cellular injury, and helps to regulate the
acute phase inflammatory response [76,77]. Nevertheless, a cross
talk between CYP1A1 upregulation and activated pro-inflammatory
cytokines has been described previously [78]. CYP1A1 is known
to induce by the AhR-pathway, and its protein plays an essential
function in the biotransformation and detoxification of endoge-
nous and exogenous compounds [79]. Similarly, CYP2E1 has also
been reported to actively involve in the oxidative metabolic pro-
cessing of xenobiotics, drugs, steroid hormones and triglycerides
[80]. Hence, the activation of CYP1A1 and CYP2E1 genes suggests an
enhanced metabolism of BDE-32 in exposed cells. We presume that
the upregulation of CYP1A1, CYP2E1 and inflammatory cytokines
may have been mediated by the AhR, which is reported to upregu-
late the expression IL-1b and IL-6 genes [81,82]. Since BDE-32 lacks
proper scientific attention, the mechanism of AhR-based activa-
tion of CYP450s isoforms would be an important aspect of future

research. Moreover, BDE-32 exposure resulted in the upregula-
tion of CDKN1A gene. Under the stressed condition, upregulation of
CDKN1A and IL-6 genes have been linked to induce cell cycle arrest,
cell proliferation and growth arrest [83,84]. Therefore, upregula-
tion of both genes (CDKN1A and IL-6) corroborate well with BDE-32
induced G, /M arrest in HepG2 cells after 3 and 6 days.

5. Conclusions

The present study demonstrates that BDE-47 has induced heavy
oxidative stress, DNA damage and alters the mitochondrial mem-
brane function in HepG2 cells. These cellular anomalies were
beyond the repair capacity, thus apoptotic events were triggered
in HepG2 cells. An overall down regulation of genes in PCR array
suggested pleiotropic effect of BDE-47 to induced cell death. The
downregulation of inflammatory genes (IL1b, IL-6, TNF and NFKB1)
suggested the anti-inflammatory nature of BDE-47, which may be
linked with the downregulation of CYP450s isoforms in this study.
The downregulation of both CYP450s isoforms (CYP1A1 and CYP2E1)
indicate the possible role of BDE-47 to damage HepG2-AhR regula-
tory mechanism.

This first report on BDE-32 provide novel information on the
cellular toxicity and DNA damage, which may be attributed to the
excessive intracellular ROS generation and dysfunction of AWm
in HepG2 cells. Interestingly, we found cell cycle (G,/M) arrest in
cells, suggesting the vitality of repair system to rectify the DNA
damage. In order to preclude the apoptotic cell death, upregulation
of EGR1, MDM_2, GADD45A, DDIT3, HMOX1 and SOD2 genes plays
an important role in the BDE-32 treated cells. While, the upreg-
ulation of CYP1A1, CYP2E1 and inflammatory cytokines (IL-6, IL1b
and NFKB1) suggests the possible role of AhR mediated biotrans-
formation of BDE-32. Nonetheless, the over and under expression
of genes related to different cellular pathways suggested the likely
hood of cellular anomalies including impaired nucleotide excision
repair, homologous recombination or base excision repair by both
congeners. However, all these expressional analyses deserve fur-
ther investigations on the translational activation of proteins and
related biological meanings.
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