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 BDE-47 induced hormesis effect in HEK293 cells.
 BDE-47 caused cell apoptosis and ROS overproduction in HEK293 cells.
 Bcl-2 family might be the regulator of cell apoptosis in HEK293 cells.
 The disturbance in energy metabolism was induced by BDE-47 exposure.
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a b s t r a c t
Polybrominated diphenyl ethers (PBDEs) are widely used as brominated ﬂame-retardants in a variety of
industrial products. Among these PBDEs, 2,20 ,4,40 -tetra-bromodiphenyl ether (BDE-47) is one of the most
predominant congeners inducing multiple toxicities, including hepatotoxicity, neurotoxicity, cytotoxicity, genotoxicity, carcinogenecity and immunotoxicity in human body. In this study, the cytotoxicity of
BDE-47 in human embryonic kidney cells (HEK293) was investigated by a set of bioassays, including cell
proliferation, apoptosis, oxidative stress and metabolic responses as well as gene expressions related to
apoptosis. Results showed that BDE-47 induced an inverted U-shaped curve of cell proliferation in
HEK293 cells from 106 to 104 M. Cell apoptosis and ROS overproduction were detected at 105 M of
BDE-47 (p < 0.05). In addition, the expressions of Bcl-2 family-encoding genes (Bad, Hrk and Bcl-2)
increased signiﬁcantly in 104 M group (p < 0.05). Metabolic responses indicated that BDE-47 mainly
caused disturbance in energy metabolism marked by differentially altered ethanol, glutathione, creatine,
aspartate, UDP-glucose and NAD+. The increased lactate/alanine ratios indicated the higher reductive
state induced by BDE-47 in all exposures conﬁrmed by the overproduction of ROS.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
As a major class of brominated ﬂame retardants (BFRs), polybrominated diphenyl ethers (PBDEs) are extensively used in many
products including rubbers, textiles, polymers and appliances
(Alaee et al., 2003; Hites, 2004; Hale et al., 2006). PBDEs can be leached out easily without chemical binding in the products. Because
of their persistence and bioaccumulation, PBDEs have been
detected in various environmental media, wildlife and human
⇑ Corresponding author. Tel.: +86 535 2109189; fax: +86 535 2109000.
E-mail address: ﬂi@yic.ac.cn (F. Li).
http://dx.doi.org/10.1016/j.chemosphere.2015.01.055
0045-6535/Ó 2015 Elsevier Ltd. All rights reserved.

tissues (de Wit, 2002; Schecter et al., 2007; Yogui and Sericano,
2009; Chen and Hale, 2010; de Wit et al., 2010; Bradman et al.,
2012; Jakobsson et al., 2012).
The 2,20 ,4,40 -tetra-bromodiphenyl ether (BDE-47), as a PBDE
congener, has been suggested to be the predominant congener in
biota and sediments from the Bohai Sea, North China (Jin et al.,
2008; Wan et al., 2008; Pan et al., 2010). In addition, BDE-47 is
one of ﬁve main PBDE congeners (BDE-47, -99, -100, -153
and -154) in human tissues (U.S.EPA, 2010). Thus, there are
increasing concerns over BDE-47, especially their adverse effects
on environment and human health.
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Some in vitro studies have revealed that BDE-47 could cause
toxic effects, such as developmental neurotoxicity, hepatotoxicity,
reproduction toxicity, immunotoxicity and endocrine disruption
(Lema et al., 2008; Song et al., 2009; Kodavanti et al., 2010; An
et al., 2011; Erratico et al., 2011; Zhong et al., 2011; Chen et al.,
2012). Apoptosis is a form of self-regulated cell death and a major
manifestation of cytotoxicity of contaminants (Kerr et al., 1972).
Oxidative stress which could result in cell apoptosis and DNA damage was thought to be the potential mechanism for cytotoxicity of
contaminants (Tagliaferri et al., 2010; Pellacani et al., 2012). Until
now, there have been substantial evidences indicating that BDE47 could induce cell apoptosis and intracellular oxidative stress
in many human cell types (He et al., 2008; Shao et al., 2008;
Kawashiro et al., 2009; Yan et al., 2011). He et al. (2008) reported
that BDE-47 induced cytotoxicity and genotoxicity in SH-SY5Y
cells, including inducing LDH leakage, ROS overproduction, cell
apoptosis and DNA damage. An et al. (2011) suggested that BDE47 could induce DNA damage by mediating oxidant/antioxidant
balance and the expression of CYP1 family in L02 cells.
In traditional toxicological studies, one or several biomarkers
are usually chosen to assess the cytotoxicity of BDE-47 such as
apoptosis and ROS production to test for oxidative stress or speciﬁc
expressed proteins and genes to test for certain toxicities (Crump
et al., 2008; Zhong et al., 2011; Wang et al., 2012). However, a single biomarker only indicates a certain toxic effect, which usually
lacks a global view on cytotoxicity of BED-47. Thus, it is necessary
to use global toxicological biomarkers which can be identiﬁed by ‘‘omic’’ approaches. Metabolomics, as an emerging ‘‘-omic’’
approach, focuses on the small molecular weight metabolites that
are the end products of metabolism in biological samples, such as
tissues and cells (Dondero et al., 2006; Wu et al., 2008). The characterization of the metabolome can provide an insight into the toxicological mechanisms of contaminants on the metabolism of
organisms (Ji et al., 2013; Wu et al., 2013).
Although there are few studies on the level of BDE-47 in human
kidney, a number of studies have detected BDE-47 in kidneys of
other mammals and birds (Chen et al., 2007; Huwe et al., 2008;
Liang et al., 2008). In addition, the nephrotoxicity of BDE-47 has
been reported in vivo and in vitro models (Emond et al., 2010;
Hakk et al., 2010). It is of great importance to investigate the cytotoxicity of contaminants on kidney cell lines. In this study, the toxicological effects of BDE-47 in human embryonic kidney cells
(HEK293) were characterized by cell proliferation, apoptosis, and
oxidative stress response as well as gene expressions related to
apoptosis. Furthermore, NMR-based metabolomic approach was
used to detect the metabolic responses in HEK293 cells. These toxicological biomarkers might be used to elucidate the toxicological
effects of BDE-47 in HEK293 cells.
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CA, USA). All other reagents used were of analytical grade. All
experiments were carried out in at least triplicate.
2.2. Cell culture and treatment
The HEK293 cell lines were kindly provided by Dr. Lian Peiwen
(Yantai Yuhuangding Hospital of Qingdao University Medical College, China). Cells were cultured in DMEM media supplemented
with 10% FBS and 1% Penicillin–Streptomycin Solution at 37 °C in
a humidiﬁed atmosphere with 5% CO2. When cells grew to 80%
conﬂuence, the media were discarded, and treated medium containing BDE-47 was added. The control group was cultured in
DMEM with 0.1% DMSO (v/v) only.
2.3. Cell proliferation assay
Cells were seeded in 96-well plates at a concentration of 5  104
cells per well and left to attach for 24 h. Cells were then treated
with different concentrations of BDE-47 (concentration gradient
was selected: 1010, 109, 108, 107, 106, 105, 104 and
103 M) in 100 lL of medium for another 24 h. Afterwards, 20 lL
of CCK-8 reagent was added to each well which was incubated
for 4 h at 37 °C. Then, the absorbance of each well at 450 nm was
measured by a multiskan spectrum microplate spectrophotometer
(Inﬁnite M200, TECAN, Männedorf, Switzerland).
2.4. Assessment of apoptosis and ROS
According to the results of the cell proliferation assay, three different concentrations of BDE-47 (106, 105 and 104 M) were
selected to assess apoptosis and ROS. After treated for 24 h, cells
were harvested with 0.25% Trypsin and washed twice with cold
PBS. Then cells were centrifuged at 2000g for 5 min at 4 °C and
the supernatant was discarded.
Apoptotic cells were identiﬁed and quantiﬁed using the
Annexin V-FITC/PI detection kit. Approximately 106 cells from each
group were suspended in 500 lL of binding buffer. Cells were incubated with 5 lL of Annexin V-FITC at 18 °C for 5 min in the dark,
and then 5 lL of PI was added and incubated for another 5 min
in the dark, the stained cells were immediately analyzed by a ﬂow
cytometer (FACSAria, Becton Dickinson, Franklin Lakes, NJ, USA).
Data were analyzed with Cell Quest Software (Becton Dickinson,
Franklin Lakes, NJ, USA).
The intracellular ROS was determined by ﬂuorescent probe
DCFH-DA. Similarly, the 106 cells from each group were suspended
in 500 lL of PBS. Then cells were incubated with 5 lL of DCFH-DA
at 18 °C for 1 h in the dark. The stained cells were immediately
analyzed by ﬂow cytometry with the excitation and emission wave
length at 488 and 530 nm, respectively. Data were analyzed with
Cell Quest Software.

2. Materials and methods
2.5. Quantitative Real-time PCR of apoptosis-related gene expressions
2.1. Chemicals and reagents
Dulbecco’s Modiﬁed Eagle’s Medium (DMEM), Fetal Bovine
Serum (FBS), Phosphate Buffered Saline (PBS), Penicillin–Streptomycin Solution and Trypsin were obtained from Hyclone (Logan,
Utah, USA). Dimethyl sulfoxide (DMSO) was purchased from MP
Biomedicals (Santa Ana, CA, USA). BDE-47 (99.5%) was purchased
from Chem Service (West Chester, PA, USA) and was dissolved in
DMSO to prepare stock solution (0.2 M). Cell counting kit-8 (CCK8) was purchased from Dojindo (Kumamoto, Japan). Annexin VFITC/PI detection kit was purchased from Beyotime (Shanghai,
China). 2,7-dichloroﬂuorescein diacetate (DCFH-DA) was purchased from Sigma–Aldrich (China). SYBR Green Real-time PCR
Master Mix was purchased from Applied Biosystems (Foster City,

In order to investigate the possible mechanisms of apoptosis
caused by BDE-47, several apoptosis-related gene expression levels
were quantiﬁed by quantitative real-time PCR technique. The target genes included Bax, Bad, Bcl-2 and Hrk. The constitutive expression gene, HPRT1, was used as endogenous control to normalize
mRNA expression levels of the target genes. The primer sequences
were listed in Table 1.
After treated with three different concentrations of BDE-47
(106, 105 and 104 M) for 24 h, total RNA was isolated in TRIzol
reagent from the HEK293 cells following the manufacturer’s directions (Invitrogen, Carlsbad, CA, USA). The ﬁrst-strand cDNA was
synthesized according to M-MLV RT Usage information (Promega,
Madison, WI, USA). The ﬂuorescent quantitative real-time PCR
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2.9. Spectral pre-processing and pattern recognition analysis

Table 1
RT-PCR primer sequences.
Gene name

Forward primer (50 -30 )

Reverse primer (50 -30 )

HPRT1
Bax
Bad
Bcl-2
Hrk

TGACACTGGCAAAACAATGCA
GCGTCCACCAAGAAGCTGAG
GCTCCACATCCCGAAACT
TGAACCGGCATCTGCACAC
CGGCAGGCGGAACTTGTA

GGTCCTTTTCACCAGCAAGCT
ACCACCCTGGTCTTGGATCC
GGCGGAAAACCCAAAACT
CGTCTTCAGAGACAGCCAGGAG
GCTCCAGGCGCTGTCTTTAC

was performed on an ABI 7500 Real-Time Detection System to
investigate the mRNA expressions (Applied Biosystems, Foster City,
CA, USA). The PCR ampliﬁcations were carried out in triplicate in a
total volume of 25.0 lL containing 12.5 lL of 2  SYBR Green Master Mix, 4.0 lL of 1:20 diluted cDNA, l.0 lL of each primer and
6.5 lL of PCR-grade water. The PCR program was 94 °C for 7 min,
followed by 40 cycles of 10 s at 95 °C, 30 s at 60 °C. After the PCR
program, data were analyzed with the ABI 7500 SDS software
(Applied BioSystems, Foster City, CA, USA). The expression levels
of ﬁve apoptosis-related genes were analyzed by the 2DDC T
method as previously described (Livak and Schmittgen, 2001;
Duarte and Jones, 2007).

2.6. Preparation of cell samples for NMR
After treated with three different concentrations of BDE-47
(106, 105 and 104 M) for 24 h, cells were harvested with 0.25%
Trypsin and washed twice with cold PBS. After centrifugation at
2000g for 5 min at 4 °C, the supernatant was discarded. Then, cells
were immediately ﬂash-frozen in liquid nitrogen. Frozen cell were
lyophilized and weighed before metabolite extraction. Each group
contained eight biological replicates.

2.7. Metabolite extraction
Polar metabolites in the cells were extracted by the modiﬁed
extraction protocol as described previously (Wu et al., 2008).
Brieﬂy, the dried cell pellet (ca. 10 mg dry weight) was homogenized and extracted in 40 mL g1 of methanol, 52.5 mL g1 of water
and 20 mL g1 of chloroform. The methanol/water layer with polar
metabolites was transferred to a glass vial and dried in a centrifugal concentrator. The extracts were subsequently re-suspended in
600 lL of phosphate buffer (100 mM Na2HPO4 and NaH2PO4,
including 0.5 mM TSP, pH 7.0) in D2O. The mixture was vortexed
and then centrifuged at 3000g for 5 min at 4 °C. The supernatant
(550 lL) was then pipetted into a 5 mm NMR tube prior to NMR
analysis.

2.8. 1H NMR spectroscopy
Metabolite extracts of HEK293 cells were analyzed on a Bruker
AV 500 NMR spectrometer performed at 500.18 MHz (at 25 °C) as
described previously (Liu et al., 2011). One-dimensional (1-D) 1H
NMR spectra were obtained using a 11.9 ls pulse, 6009.6 Hz spectral width, mixing time 0.1 s, and 3.0 s relaxation delay with standard 1D NOESY pulse sequence, with 256 transients collected into
16 384 data points. Datasets were zero-ﬁlled to 32 768 points, and
exponential line-broadenings of 0.3 Hz were applied before Fourier
transformation. All 1H NMR spectra were phased, baseline-corrected and calibrated (internal reference: 2,2,3,3-d(4)-3-(trimethylsilyl) propionic acid sodium salt (TSP) at 0.0 ppm) manually
using TopSpin (version 2.1, Bruker).

All one dimensional 1H NMR spectra were converted into a data
matrix using the custom-written ProMetab software in Matlab version 7.1 (The MathsWorks, Natick, MA, USA) (Zhang et al., 2011a,
b). Each spectrum was segmented into bins with a width of
0.005 ppm between 0.2 and 10.0 ppm. The bins of residual water
peak between 4.70 and 5.20 ppm were excluded from all the
NMR spectra. The total spectral area of the remaining bins was normalized to unity to facilitate the comparison between the spectra.
All the NMR spectra were generalized log transformed (glog) with
a transformation parameter k = 2.0  109 to stabilize the variance
across the spectral bins and to increase the weightings of the less
intense peaks (Parsons et al., 2007). Before pattern recognition
analysis, the data sets were mean-centered.
Pattern recognition analysis was performed with the software
SIMCA-P+ (V11.0, Umetric, Sweden). The unsupervised pattern recognition method, principal component analysis (PCA) was used to
reduce the dimensionality of the data and summarize the similarities and differences between multiple NMR spectra (Xu, 2004).
One-way analysis of variance (ANOVA) was conducted on the PC
scores from each group to test the statistical signiﬁcance
(p < 0.05) of separations. Furthermore, the supervised multivariate
data analysis methods, partial least squares discriminant analysis
(PLS-DA) and orthogonal projection to latent structure with discriminant analysis (O-PLS-DA), were sequentially carried out to
uncover and extract the statistically signiﬁcant metabolite variations related to BDE-47 exposures, as described previously (Feng
et al., 2013). Metabolites were identiﬁed following the tabulated
chemical shifts (Fan, 1996) and by using the software, Chenomx
(Evaluation Version, Chenomx Inc., Edmonton, Alberta, Canada).
2.10. Statistical analysis
Statistical analysis of data was performed by one-way analysis
of variance (one-way ANOVA) using SPSS 16.0 statistical software.
The p values less than 0.05 were considered statistically signiﬁcant.
3. Results and discussion
3.1. Cytotoxicity responses of BDE-47 in HEK293 cells
CCK-8 was used to evaluate the cell proliferation ability. As
shown in Fig. 1, after 24 h treatment, 106 and 105 M BDE-47
exposure showed a signiﬁcant promotion of cell proliferation
(p < 0.01), while BDE-47 at 104 and 5  104 M could signiﬁcantly
inhibit HEK293 cell proliferation (p < 0.01). Based on the results,
the concentration range of 106–104 M BDE-47 was chosen for
the following experiments in which an inverted U-shaped curve
of cell proliferation was detected.
The HEK293 cells were treated with three concentrations of
BDE-47 (106, 105 and 104 M) for 24 h, then apoptosis and ROS
were measured by ﬂow cytometry. Compared with the DMSO control, the treatment with BDE-47 at 105 and 104 M signiﬁcantly
increased (p < 0.05) apoptosis ratio (Fig. 2A). As shown in Fig. 2B,
a signiﬁcant increase of ROS production was observed in HEK293
cells with 105 M BDE-47 treatment compared with that in control
group (p < 0.01), while ROS level in the 104 M group decreased
signiﬁcantly (p < 0.01).
In this study, the cell proliferation assay revealed that BDE-47
induced hormesis effect in HEK293 cells exposed to the concentration range of 106–104 M (p < 0.01). Similar results were observed
in human neuroblastoma cells (He et al., 2008). Thus, the cytotoxicity and its relevant mechanism of BDE-47 in this concentration
range should be focused on. Further analysis on cell apoptosis
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Table 2
Effect of BDE-47 on apoptosis-related gene expression levels in HEK293 cells.
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Control
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1.13 ± 0.20
1.00 ± 0.17
1.15 ± 0.12
1.37 ± 0.26

1.00 ± 0.03
1.06 ± 0.06
0.98 ± 0.03
1.61 ± 0.01*

1.01 ± 0.04
1.42 ± 0.34
1.52 ± 0.25
2.34 ± 0.38*

1.01 ± 0.06
1.21 ± 0.07
1.25 ± 0.05
2.26 ± 0.08*

p < 0.05 is considered signiﬁcant between control and BDE-47 treatment.
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Fig. 1. Effect of BDE-47 on HEK293 cells proliferation. Cells were incubated in the
absence (DMSO, control) or presence of BDE-47 (1010, 109, 108, 107, 106, 105,
104 and 5  104 M) for 24 h. Cell proliferation is expressed as percentages of the
value for the control group, which is set at 100%. Data are presented as
mean ± standard deviation of triplicate experiments. The levels of signiﬁcances
are set at ⁄p < 0.05, ⁄⁄p < 0.01 vs. control.

showed that BDE-47 could cause cell apoptosis at 105 and 104 M
(p < 0.05), so that apoptosis was postulated to be one of the important reasons for the decrease of cell proliferation.
ROS can cause cytochrome C release from mitochondria, which
induces cell apoptosis (Zorov et al., 2006). A signiﬁcant increase of
ROS production was observed in the 105 M group (p < 0.01),
which was in accordance with the result of apoptosis. However,
it is interesting that ROS level in the 104 M BDE-47-exposed group
decreased signiﬁcantly (p < 0.01). The dead cell ratio was
accounted for 7.3%, which was larger than other groups. This might
cause ROS not be detected.
Bcl-2 family is an important regulator of cell apoptosis (Petros
et al., 2004). In the present study, four Bcl-2 family-encoding genes
were chosen, including Bcl-2 (which is anti-apoptotic), Bax, Bad and
Hrk (which are pro-apoptotic). As shown in Table 2, the expressions of Bad, Hrk and Bcl-2 increased signiﬁcantly in 104 M group
(p < 0.05). It was suggested that Bad and Hrk could dimerize with
Bcl-2, so that Bax was released to induce apoptosis (Yang et al.,
1995; Inohara et al., 1997). Cell apoptosis might be a result of combined action of Bad, Hrk and Bcl-2 in this study.

Ratio of apoptosis (%)

25

As a well-established system biology technique, metabolomics
has been widely used to elucidate chemical-induced toxicological
effects and the underlying mechanisms (Liu et al., 2011;
Williams et al., 2011). In this work, we performed NMR-based metabolomics to elucidate the dose responses of BDE-47 (106, 105
and 104 M) to HEK293 cell lines.
Fig. 3 indicated the representative 1H NMR spectra of cell
extracts from control and BDE-47-exposed groups. The identiﬁed
metabolites in the 1H NMR spectra were labeled in Fig. 3. Different
classes of metabolites were identiﬁed including amino acids (isoleucine, leucine, valine, alanine, threonine, aspartate, glutamate,
glycine, etc.), organic acids (lactate, succinate, creatine and fumarate), organic osmolytes (dimethylamine, dimethylglycine and
myo-inositol) and energy storage compounds (ATP and uridine
diphosphate glucose (UDP-glucose)).
PCA was conducted on all the NMR spectral datasets with signiﬁcant (p < 0.05) separations between control and BDE-47exposed groups along PC1 axis and/or PC2 axis (Fig. 4), suggesting
that these BDE-47 exposures induced signiﬁcant metabolic differences in HEK293 cells. In details, the highest concentration
(104 M) of BDE-47-treated group was signiﬁcantly separated from
control and the two lower dosage (106 and 105 M) groups along
PC1 axis in the scores plot (Fig. 4). However, there was no signiﬁcant separation between the two lower dosage (106 and 105 M)
groups along PC1 axis but along PC2 axis, which implied there
were both similar and differential effects of BDE-47 at 106 and
105 M to HEK293 cells. These ﬁndings conﬁrmed the doseresponsive effects induced by BDE-47 at these selected concentrations (106, 105 and 104 M).
To detect the metabolic response to BDE-47 exposures, the
orthogonal projection to latent structure with discriminant analysis (O-PLS-DA) was performed on the corresponding NMR data
from the pair-wise HEK293 cell groups (control vs. each BDE-47
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A

3.2. Metabolic responses of BDE-47 in HEK293 cells

*
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5
0

ROS (compared with control)
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B
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Fig. 2. Effect of BDE-47 on apoptosis ratio and ROS production of HEK293 cells. (A) Effect of BDE-47 on apoptosis ratio of HEK293 cells. (B) Effect of BDE-47 on ROS production
of HEK293 cells. Cells were incubated in the absence (DMSO, control) or presence of BDE-47 (106, 105 and 104 M) for 24 h. ROS levels are expressed as percentages of the
value for the control group, which is set at 100%. Data are presented as mean ± standard deviation of triplicate experiments. The levels of signiﬁcances are set at ⁄p < 0.05,
⁄⁄
p < 0.01 vs. control.
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Fig. 3. Representative 1-dimensional 500 MHz 1H NMR spectra of HEK293 extracts
from (A) control, (B) 106 (C) 105 and (D) 104 M BDE-47-treated groups. Keys: (1)
isoleucine, (2) leucine, (3) valine, (4) ethanol, (5) threonine, (6) lactate, (7) alanine,
(8) acetate, (9) glutamate, (10) glutathione, (11) glutamine, (12) succinate, (13)
aspartate, (14) asparagine, (15) dimethylamine, (16) dimethylglycine, (17) creatine,
(18) choline, (19) phosphocholine, (20) myo-inositol, (21) taurine, (22) glycine, (23)
UDP-glucose, (24) ATP, (25) fumarate, (26) tyrosine, (27) histidine, (28) phenylalanine and (29) NAD+.

treatment). The O-PLS-DA scores and loadings plots derived from
the NMR data of pair-wise groups were shown in Fig. 5. All OPLS-DA resulted in obvious separation between control and each
BDE-47 treatment with reliable Q2 values (>0.75) revealing the signiﬁcant metabolic responses of BDE-47 exposures (Fig. 5A, C and
E). The signiﬁcant metabolites responsible for the separations were
shown in the corresponding loadings plots (Fig. 5B, D and F). The
low concentration (106 M) of BDE-47 increased the levels of
valine, ethanol, lactate and alanine, and decreased the levels of glutathione, aspartate, creatine, UDP-glucose and NAD+ (Fig. 5B). As
shown in the loadings plot (Fig. 5D), the medium concentration
(105 M) of BDE-47 induced some similar metabolic responses,
including the increased ethanol and decreased glutathione, aspartate, creatine, UDP-glucose and NAD+, compared with those metabolic responses from the low dosage group. However, the depleted
myo-inositol was uniquely observed in the medium concentration
(105 M) of BDE-47-treated cell samples. For the high concentration (104 M) of BDE-47 exposure, glutathione, aspartate, creatine,
UDP-glucose and NAD+ were signiﬁcantly decreased, which was
similarly observed in both low and medium concentrations (106

Fig. 4. Mean principal component analysis (PCA) scores plot of PC1 versus PC2 for
1
H NMR spectra of HEK293 cell extracts from control, 106, 105 and 104 M BDE47-treated groups. The classes are presented as mean ± standard deviation (as
associated standard error) of PC scores for each group.

and 105 M). However, the branched chain amino acids (BCAAs),
glutamate, glutamine, dimethylamine, phosphocholine, glycine,
tyrosine and phenylalanine were uniquely increased in the high
concentration of BDE-47-treated samples.
Ethanol is a production of the anaerobic cell respiration process,
and the increased ethanol in the low and medium BDE-47 dosage
(106 and 105 M) groups might mean that these two concentrations of BDE-47 caused a reduction in alcohol dehydrogenase activity in the glycolysis process (Wu et al., 2006). Glutathione is an
important antioxidant preventing damage to important cellular
components caused by reactive oxygen species such as free radicals and peroxides. The decreased glutathione probably meant
the increased production of reactive oxygen species induced by
BDE-47 exposures and subsequent excessive consumption of glutathione in HEK293 cells. Creatine is a nitrogenous organic acid
naturally occurring in vertebrates and supplying energy to all cells
by increasing the formation of adenosine triphosphate (ATP). The
depletion of creatine could suggest the enhanced energy demand
induced by these three concentrations of BDE-47. Aspartate is a
metabolite involved in gluconeogenesis that is a metabolic pathway resulting in the generation of glucose from non-carbohydrate
carbon substrates such as pyruvate, lactate, glycerol, and glucogenic amino acids. UDP-glucose is involved in nucleotide sugars
metabolism as an activated form of glucose and catalyzed by
enzymes called glucosyltransferases (Rademacher et al., 1988). In
addition, it is a precursor of glycogen and can be converted into
UDP-galactose and UDP-glucuronic acid, which can then be used
as substrates by the enzymes that make polysaccharides containing galactose and glucuronic acid. Therefore, the decreased aspartate and UDP-glucose meant the disturbance in energy
metabolism caused by these three BDE-47 exposures, combined
with the decreased creatine in HEK293 cells. NAD+ is the oxidizing
form of nicotinamide adenine dinucleotide (NAD) that is involved
in redox reactions catalyzed by oxidoreductases. Here, reduced
compounds such as glucose and fatty acids are oxidized, thereby
releasing energy. This energy is transferred to NAD+ by reduction
to NADH, as part of beta oxidation, glycolysis, and the citric acid
cycle. Clearly, the depletion of NAD+ also implied the disturbance
in energy metabolism induced by all the three BDE-47 exposures.
In the low concentration (106 M) of BDE-47-treated group, the
increase of lactate indicated the reduced utilization of pyruvate in
citric acid cycle and an increase in anaerobic cell respiration. Phosphocholine is made in a reaction catalyzed by choline kinase converting ATP and choline into phosphocholine and ADP. The
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Fig. 5. OPLS-DA scores derived from 1H NMR spectra of HEK293 cell extracts from control () and BDE-47-treated groups (j), (A) 106, (C) 105 and (E) 104 and
corresponding coefﬁcient plots (B), (D) and (F). The color map shows the signiﬁcance of metabolite variations between the two classes (control and BDE-47 treatment). Peaks
in the positive direction indicate metabolites that are more abundant in BDE-47-treated groups. Consequently, metabolites that are more abundant in the control group are
presented as peaks in the negative direction. Keys: (1) valine, (2) ethanol, (3) lactate, (4) alanine, (5) glutathione (6) aspartate, (7) creatine, (8) UDP-glucose, (9) NAD+, (10)
myo-inositol, (11) unknown (3.48 ppm), (12) branched chain amino acids: isoleucine, leucine and valine, (13) glutamate, (14) glutamine, (15) dimethylamine, (16)
phosphocholine, (17) glycine, (18) tyrosine and (19) phenylalanine. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

elevation of phosphocholine implied the enhanced conversion of
ATP and choline to phosphocholine and ADP in the high concentration (104 M) BDE-47-treated samples. Some amino acids were signiﬁcantly increased in both low and high concentrations of (106
and 104 M), which indicated a stimulation of protein catabolism
in response to BDE-47 exposure, which was related to the cellular
membrane permeability (Mingeotleclercq et al., 1995). Previous
studies reported that the ratio of lactate/alanine can be served to
be an indicative of cellular redox state (Oliveira et al., 2011; Rato
et al., 2012). A lower ratio of lactate/alanine means the lower
reductive/higher oxidative state for the cells. In our study, the
increased lactate/alanine ratios were observed in all BDE-47-treated groups, which indicated the higher reductive state induced
by BDE-47 in HEK293 cells. Interestingly, the ratios of lactate/alanine in three BDE-47 treatments were highly consistent with the
productions of ROS, which suggested that BDE-47-induced ROS

caused the higher reductive state in HEK 293 cells. Myo-inositol
is related to cellular membrane permeability, therefore the depletion of myo-inositol possibly implied a stress-response of cellular
membrane in HEK293 cells to the exposure of the medium concentration (105 M) of BDE-47 (Grifﬁn et al., 2003). However, myo-inositol was not altered in both low and high concentrations of BDE47 treatment, which could imply the hormesis effect of BDE-47
to HEK293 cells.
4. Conclusions
In this study, the cytotoxicity of BDE-47 in HEK293 cells was
studied by an integrated traditional toxicological and metabolomic
approach. It was suggested that BDE-47 could cause the hormesis
effect in HEK293 cells. Cell apoptosis and ROS overproduction were
induced by BDE-47 and the Bcl-2 family was regarded as the regu-
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lator of cell apoptosis in HEK293 cells. The metabolic response
indicated that the disturbance in energy metabolism, stimulation
of protein catabolism and stress-response of cellular membrane
were caused by BDE-47 exposures in HEK293 cells.
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