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Due to frequent detection in environment as well as in the human body, the adverse effects of decabromodiphenyl ether (BDE209) have been extensively studied in the past few years. However, information regarding the inhalation toxicity of BDE209 to humans is currently limited. In this study, the
cytotoxicity, cell damage, and inﬂammation markers including IL-6, IL-8, and TNF-a in the Beas-2B cell
line induced by BDE209 were measured using a central composite design. Results showed that as
BDE209 concentrations (5e65 mg mL1) and exposure time (6e30 h) were increased, cell viability sharply
decreased from 99.7% to 29.7% and LDH activity increased from 0.1% to 13.1%. Furthermore, expression of
IL-6, IL-8 and TNF-a transcripts were enhanced from 4.7 to 29.1 fold, 3.4e68.9 fold, and 2.8e47.0 fold,
respectively, and the concentration of IL-6 and IL-8 proteins increased from 5.4 to 16.7 pg mL1 and 71.0
e550.0 pg mL1, respectively. Results indicate that BDE209 exposure can inhibit cell viability, increase
LDH leakage, and upregulate the transcript (mRNA) and protein levels of inﬂammatory markers of IL-6
and IL-8 in Beas-2B cells. Moreover, these effects were both dose- and time-dependent, and dose and
time had a synergistic effect e enhancing toxicity when in combination. Cell density affected both LDH
activity and IL-8 release but had little effect on cell activity and IL-6 release in the Beas-2B cells. In
contrast, TNF-a protein was not detected but its mRNA expression level was upregulated. This study will
provide a reference for human health risk assessment, especially for the toxic damage that BDE209
exposure can elicit in the respiratory tract.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
Since pentabromodiphenyl ether and octabromodiphenyl ether
were prohibited, decabromodiphenyl ether (BDE209) had become
the most widely used polybrominated diphenyl ether (PBDE) ﬂame
retardant around the world (Verslycke et al., 2005; Li et al., 2018; Li
et al., 2015). However, due to its persistence, bioaccumulation and
toxicity, BDE209 was also banned by Stockholm Convention last
year. Indeed, BDE209 currently accounts for over 82% of total PBDE
usage across the globe (Sarkar and Singh, 2017; Martellini et al.,
2016). As such, BDE209 has been very popular to use as an experimental compound in the study of the environmental behavior and
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biological effects of PBDEs. For example, BDE209 was previously
found to be the only dominant PBDE congener in the particulate
matter in an electronic waste (e-waste) dismantling workshop in
China (An et al., 2011b). In a survey of the air, dust and window
wipes in 63 homes in Canada, also it was found that the highest
PBDE concentrations were generally BDE209 (Venier et al., 2016).
Due to its long half-life, BDE209 has accumulated in environmental
matrices (i.e. water, soil, atmosphere and organisms) (Ma et al.,
2017; Chu and Letcher, 2017; Costa et al., 2016) and in human beings (including the serum, placenta, and fetal cord blood) (Tang and
Zhai, 2017; Jeong et al., 2018), raising signiﬁcant concerns about the
effects of BDE209 on the environment and human health (Xiong
et al., 2015; Wu et al., 2017b).
Previous studies have shown that BDE209 could induce toxicity
in both wildlife and humans. For example, exposure to BDE209 can
induce mitochondrial dysfunction and cell death in rat liver
(Pereira et al., 2017). And the addition of BDE209 to nanoscale zero-

662

Y. Zhang et al. / Environmental Pollution 243 (2018) 661e669

valent iron exposure signiﬁcantly affected reproduction in earthworms (Eisenia fetida) (Liang et al., 2017). BDE209 exposure has also
been shown to induce various toxic effects in human beings
including neurotoxicity, immune toxicity, reproductive toxicity, and
hepatotoxicity (Martin et al., 2017; Den Hond et al., 2015; Liang
et al., 2017; Zhang et al., 2013). BDE209 exposure increased levels
of reactive oxygen species (ROS) and induced cell apoptosis in
Neuro-2a cells through two pathways: the mitochondrial signaling
pathway and the death-receptor signaling pathway (Chen et al.,
2016). A study in human men showed that BDE209 could alter
hormone levels and increase the risk of subfertility (Den Hond
et al., 2015). Typically, the inhalation of air and atmospheric particles is an important exposure pathway for organic pollutants,
especially at sites with heavy air pollution, such as chemical manufacturers and e-waste disassembly sites (An et al., 2011b). However, the effects of BDE209 exposure via inhalation, and the
associated respiratory problems in humans are rarely investigated.
Therefore, it is necessary to explore the toxicity of BDE209 to the
human respiratory system.
The human lung epithelial cell (Beas-2B) is a more widely
accepted model cell for assessing the effects of external pollutants
on the respiratory system. Indeed, previous studies have used Beas2B cells to better understand the responses of the human respiratory system to atmospheric organic aerosols (i.e. cell viability and
inﬂammatory cytokine IL-8 expression) (Yu et al., 2017), and for air
quality risk assessments (for arsenic, nickel, benzene, ﬁne and
coarse particulate matters) (Teoldi et al., 2017). The Beas-2B cell line
has also been used to study the effects of PM2.5 extracts on cytokine expression. Toxicological assays showed that both IL-8 and
MCP-1 (monocyte chemotactic protein-1) were inhibited at the
aqueous extracts at 20% and 50% (Gioda et al., 2011). In addition,
Koike et al. examined the effects of PBDEs in air and dust on Beas2B cells and showed that BDE71 (pentabromodiphenyl ether) and
BDE79 (octabromodiphenyl ether) but not decabromodiphenyl
ether (BDE83R) exposure could damage respiratory cells by
inducing an increase in inﬂammatory cytokines IL-6 and IL-8 (Koike
et al., 2014). However, the effects of inhalation of BDE209 (the most
used PBDE in China) on lung Beas-2B cells have yet to be elucidated.
Other factors, such as exposure time and dose, and any synergistic
or antagonistic effects between them, also need to be considered in
the toxicological assessment of these contaminants. Therefore, it is
necessary to determine the inﬂuences of exposure concentration,
exposure time and their combinations on cytotoxicity. Often a
single-factor-at-a-time optimization method is used, where one
factor is changed and all other variables are kept static. However,
there are two signiﬁcant drawbacks to this approach. One is that
this approach is time-consuming and laborious, and the other is
that the interactions between these various variables are absent. To
overcome these shortcomings, the central composite design (CCD)
based on response surface methodology (RSM) can be employed.
The CCD is a compilation of statistical and mathematical techniques
including factorial design and regression analysis, that can be
employed to study the inﬂuence of various factors for various
purposes (Rajendran et al., 2017; An et al., 2011a; Ou et al., 2017;
Fakhri et al., 2017). It is carried out through a sequence of designed
experiments to predict the response values and perform regression
analysis on the results (Chen et al., 2014).
In this study, the cytotoxicity, oxidative stress and inﬂammatory
cytokine responses in Beas-2B cells induced by BDE209 exposure
were investigated. CCD was applied to describe the interactions of
different variables (e.g. dose and time) on cell activity, lactate dehydrogenase (LDH) activity, and release of IL-6, IL-8 and TNF-a. The
results of the study will help characterize the toxicity of BDE209 to
Beas-2B cells and will also facilitate human health risk assessment.

2. Materials and methods
2.1. Experimental design
The CCD model, based on RSM, was adopted to study the cytotoxicity of BDE209 (98% purity, Sigma-Aldrich) exposure to Beas-2B
cells (from State Key Laboratory of Respiratory Disease, Guangzhou
Medical University, China). In the experimental design, three
important factors that affect cytotoxicity including BDE209 concentration (A), cell density (B) and exposure time (C) were chosen
as the variables of the function at low value (1), central (0) and
high (þ1) levels. The variables and levels involved in the design in
this study are summarized in Table S1. Accordingly, 20 experiments
included 8 (2n, n represents the factors of CCD experimental
design.) full factorial points, 6 axial points and 6 center points
designed (Fig. S1), as described in our previous work (Zu et al.,
2013). Five responses were selected as cell viability (Y1), LDH activity (Y2), inﬂammatory cytokine IL-6 (Y3), IL-8 (Y4) and TNF-a
(Y5). Three-dimensional response surface plots and contour plots
were constructed by drawing the responses to the Z-axis and
plotting them against any two independent variables.

2.2. Cell culture
Beas-2B cells were cultured in Dulbecco's Modiﬁed Eagle Medium Nutrient Mixture F-12 (DMEM/F-12, Gibco), containing 5%
fetal bovine serum (FBS, Gibco) and a 1% double antibody mixture
(Pen Strep containing 10000 Units mL1 Penicillin and
10000 mg mL1 Streptomyvin, Gibco), at 37  C and 5% CO2 in a
humidiﬁed incubator. After 2e3 d of incubation, cells covered
approximately 80% of the petri dishes (100 mm). The media was
then discarded, and the cells were washed twice with sterile
phosphate buffered solution (PBS), trypsinized and transferred to
sterile centrifuge tubes. Cells were then centrifuged at 1000 g for
5 min. The supernatant was discarded and harvested cells were resuspended in DMEM/F-12 complete culture medium.

2.3. BDE209 exposure
BDE209 was dissolved in dimethyl sulfoxide (DMSO, SigmaAldrich) to prepare stock solutions at concentrations of 1, 4, 7, 10
and 13 mg mL1. After counting, for cytotoxicity assays, the above
exponentially growing cells were seeded into 6-well plates
(35 mm) at the CCD experimental design required cell density in a
3 mL complete culture medium per well. After culturing the Beas2B cells for 24 h, the media was discarded, and the cells were
washed twice with sterile PBS. Cells were then cultured with the
same volume of DMEM/F-12 medium for 4 h to synchronize the cell
cycle and keep the cells growth in the same state. Then, the medium was discarded again and DMEM/F-12 medium containing
0.1% FBS was added. At the same time, 15 mL of each of the BDE209
stock solutions was added into the corresponding well. The ﬁnal
exposure concentrations of BDE209 were 5, 20, 35, 50 and
65 mg mL1. The ﬁnal DMSO working concentration was 0.5%. After
exposure to BDE209 for 6, 12, 18, 24 and 30 h, supernatants were
collected for analysis of cellular response, including cytotoxicity
(LDH activity, Y2), inﬂammatory cytokines IL-6 (Y3), IL-8 (Y4) and
TNF-a (Y5). The harvested cells were then re-suspended in complete culture medium to evaluate cell viability (Y1). All experiments
were carried out in triplicate, and control wells received only 0.5%
DMSO. The experimental design framework for Beas-2B cellular
damage induced by BDE209 exposure is shown Fig. S2.
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2.4. Cell viability assay

3. Results and discussion

The Cell Counting Kit-8 (CCK-8, from Jiancheng Bioeng. Inst.
Nanjing, China) was used to evaluate cell viability. Assays were
carried out as previously described (Wu et al., 2017a). Brieﬂy, the 6well plate cultured cells were trypsinized and re-suspended after
centrifugation. For each treatment, an aliquot of 100 mL cell suspension was added into each microplate well, and then the plate
was incubated for 24 h at 37  C and 5% CO2. Then, 10 mL of CCK-8
solution was added into each well and incubated for 2 h. Absorbance was measured at 450 nm using a microplate reader (Thermo
Fisher Scientiﬁc, Varioskan Lux).

3.1. Beas-2B cell viability induced by BDE209 exposure

2.5. LDH activity
The amount of LDH released from cells into the medium supernatant was measured as an indicator of cytotoxicity, as previously references described (Cai et al., 2017; Zavala et al., 2017). An
LDH Cytotoxicity Detection Kit (from Roche, Mannheim, Germany)
was used to assess the cytotoxicity elucidated by BDE209 exposure
in Beas-2B cells. An 100 mL aliquot of cell medium was used to
measure LDH activity, according to the manufacturer's instruction.
Absorbance was measured at 490 nm, according to the ﬁlters
available, using an ELISA reader. To determine the percentage of
cytotoxicity, the average absorbance values of the experimental
replicates were calculated. All experimental procedures and
calculation methods were performed according to the manufacturer's instructions.
2.6. mRNA expression and protein levels of inﬂammatory cytokines
IL-6, IL-8 and TNF-a
Total RNA was isolated from the different groups of treated cells
using RNAiso Plus kit (TaKaRa) and cDNA was reverse transcribed
using a PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa) and
a CFX96 Real-Time PCR System (Bio-Rad). The reverse-transcription
program was as follows: 37  C for 15 min, 85  C for 5 s, and then 4  C.
For quantitative real-time polymerase chain reaction assays (RTqPCR), a SYBR® Premix Ex Taq™ II kit (TaKaRa) was used and analysis
was performed using a CFX96 Real-Time PCR System (Bio-Rad). The
PCR reaction program was as follows: initial pre-denaturation at
95  C for 30 s, then PCR cycling at 95  C for 5 s and 60  C for 30 s.
After cycling 40 times, the PCR cycle was changed to 95  C for 10 s
and 60  C for 30 s. Finally, the melt curve step was performed as
follows: 65  C for 5 s, then a gradual increase to 95  C at 0.5  C increments. Gene-speciﬁc primers (Table S2) were designed to
recognize transcripts for human IL-6, IL-8 and TNF-a. Fold changes
were calculated using the method of geometrical average of 2DDCT
for every target relative to the reference genes GAPDH.
The culture medium samples of Beas-2B cells after exposure
with BDE209 were used for ELISA detection and concentrations of
inﬂammatory cytokines IL-6, IL-8 and TNF-a were measured using
BD OptEIA Human IL-6, IL-8 and TNF-a ELISA kits (BD Biosciences,
USA), following the manufacturer's instruction.
2.7. Statistical analysis
All experiments were performed in triplicate to ensure reproducibility and statistical signiﬁcance. All data presented here is an
average of these triplicate measurements. The cytotoxicity of
BDE209 to Beas-2B cells was assessed using Design-Expert V8.0.6.1.
PCR data analysis was performed using the Bio-Rad CFX Manager
3.0 software. All data analyses were executed using IBM SPSS Statistics 13.0 software. Statistical signiﬁcance was assessed at
p < 0.05.
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Previous studies have shown that exposure to PBDEs leads to
cell damage and death (van Drooge et al., 2017; Souza et al., 2016;
Tang et al., 2018). However, recently, researchers have been more
concerned about the neurotoxicity and immunotoxicity of these
compounds (Cechova et al., 2017; Jiang et al., 2017). The respiratory
toxicity of these compounds has just begun to be studied in recent
years (La Guardia et al., 2017; Canbaz et al., 2017). Although it is the
most widely used PBDE around the world, the mechanism of
BDE209 cytotoxicity in human pulmonary epithelial cells remains
unclear. The concentration range of BDE209 was chosen according
to other reported studies (Chen et al., 2016; Hu et al., 2007) and our
preliminary study (An et al., 2011b) about Guiyu, an e-waste recyP
cling site in South China.
PBDE concentrations were
3
27e2975 ng m in the atmosphere at different e-waste dismantling workshops. More importantly, BDE209 was the most dominant congener accounting for 80% in sampling sites of the park (An
et al., 2011b). CCD design is a multi-factor and ﬁve-level experimental design, which is simple, less number of tests, and repeatability test in the center point to improve the test accuracy.
Nonlinear mathematical model is used to ﬁt the model, the composite correlation coefﬁcient is higher, and the predicted value is
closer to the true value. On the other hand, it can predict the synergy or antagonistic effect of different factors on response value.
Therefore, to understand the toxic effects of BDE209 exposure on
Beas-2B cell viability, twenty groups of experiments with the CCD
experimental design were performed, including three inﬂuencing
factors at ﬁve levels and ﬁve responses. The actual values by
experiment and the theoretical values by design expert software of
response Y1 (cell viability) are all summarized in Table S3. Cell
viability by CCK8 detection ranged from 29.73% to 99.70%. Good
linear correlation (R2 ¼ 0.955) between the actual and predicted
values by the model for the cell viability indicated that this model
could explain the experimental data very well, as shown in Fig. S3.
The maximum decreasing cell viability (70%) was appeared when
BDE209 concentrations reached 50 mg mL1 within 24 h of exposure. Longer exposure time and higher exposure concentrations
resulted in lower cell viability (Fig. S4). The results indicated that
concentration and exposure time were the main two factors lead to
Beas-2B death in BDE209 exposed cells. Curcic et al. previously
reported that the intermediate (5 mg mL1) and highest
(10 mg mL1) concentrations of BDE209 caused signiﬁcant decreases in cell viability of the human colon carcinoma cell line
(approximately 20% and 40% decreases, respectively) after 72 h
exposure (Curcic et al., 2014). The difference between these ﬁndings and our work is that in this study, the highest BDE209 concentration (65 mg mL1) was higher than the concentrations
reported in Curcic et al., (2014), which may be due to differences
between the cell line selected by curicic and the Beas-2B cell line
we selected. Furthermore, in this study, BDE209 concentration,
exposure time, and cell density were taken into account when
determining the effects of BDE209 on the survival of Beas-2B cells.
Statistical regression analysis was performed on the experimental results using Design expert software. A mathematical
regression model was established between the response Y1 (cell
viability) and three independent variables including factor A
(BDE209 concentration, mg mL1), B (cell density,  105 cells well1)
and C (exposure time, h) and was as follows:
Y1 ¼ 68.78e11.00A þ 0.82B-13.76C þ 2.73ABþ5.60ACþ6.59BC3.56A2-1.52B2-2.59C2
(1)
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To assess the quantitative effects of the three variables, the
analysis of variance (ANOVA) of the quadratic regression model was
performed using the Fisher's statistical test (Table S4). The F value
reﬂects the inﬂuence of each variable on cellular response
including the linear effects of A, B and C, the interaction effects of
AB, BC and AC and the effects of squared factors A2, B2 and C2. The
larger the F value, the greater the impact of this factor on the
response. The p-value explains the signiﬁcance of variables. pValues less than 0.05 or 0.01 indicates that the factor is signiﬁcant
or very signiﬁcant. Additionally, the positive and negative signs of
the regression coefﬁcients demonstrate the synergistic (positive) or
antagonistic (negative) effect of each independent variable.
Through this analysis the following results were obtained: the lack
of ﬁt for all models were signiﬁcant, indicating that the ﬁtted
quadratic equation corresponded with cell viability and the mathematical model was valid. From the positive and negative signs of
regression coefﬁcients and the F values of the different factors, we
found that the three factors inﬂuencing response of cell viability
decreased
in
the
following
way:
exposure
time
(F ¼ 108.04) > BDE209 concentration (F ¼ 68.99) > cell density
(F ¼ 0.38). Moreover, both exposure time and BDE209 concentration signiﬁcantly inhibited Beas-2B cell viability, while cell density
did not signiﬁcantly affect Beas-2B cell viability. In conclusion, we
found that BDE209 was toxic to Beas-2B cells, rapidly reducing cell
viability in a dose- and time-dependent manner. It has been previously found that BDE209 is an endocrine disruptor with large
molecular structure and exhibits its cytotoxic effects over a range of
concentrations with chronic exposure in the human colon carcinoma cell line (SW 480), when ingested in contaminated food/
water (Curcic et al., 2014). Hu et al. observed BDE209 at a range of
10e100 mmol L1 elicited a decrease in viability of human hepatoma cells in a dose- and time-dependent manner (Hu et al., 2007).
It had also been reported that BDE209 can induced declines in cell
viability of rat primary hippocampal neurons in a dose-dependent
manner after exposure for 24 h (Zhang et al., 2010). Overall, these
studies found that there is a linear effect between BDE209 concentration and exposure time, and the squared effect of them all
had very signiﬁcant antagonistic effects on cell viability. Comparatively, our results showed that both BDE209 concentration and
exposure time are important factors in the toxicological response of
Beas-2B cells in PBDE exposures. Therefore, it is very essential to
study the effects of the interaction of these factors on cell viability.
The response surface plot is a three-dimensional stereogram
composed of response and any two independent variables, which
can intuitively reﬂect the impact of independent variables on the
toxicological response. Therefore, to better understand the relationship between the response Y1 (cell viability) and the independent variables (A: BDE209 concentration; B: cell density; C:
exposure time), three-dimensional response surface plots and twodimensional contours were developed. As shown in Fig. S4, a coeffect of dose-, time- and dense-dependent on Beas-2B cell
viability were found, and the cell viability gradually weakened with
the increase of BDE209 concentration and exposure time. Moreover, cell viability increased with the increase of cell density within
a range of 1e5 (  105 cells/well). However, the effect was weaker
than the other two factors, which was consistent with the results of
the previously mentioned multiple factorial regression models.
3.2. LDH activity from Beas-2B cells after BDE209 exposure
LDH is an intracellular enzyme that catalyzes the interconversion of lactic acid and acetone, and it is present in the cytoplasm of
all tissue cells in animals, plants, and prokaryotes. LDH can leak
from damaged cells when the cell membrane is broken. The
integrity of cellular membranes can be predicted by the detection

of LDH in cellular culture according to reported method (Hickey
et al., 2018; Vergaro et al., 2016). Therefore, many researchers use
LDH activity in the cell culture medium as a marker of cytotoxicity
(Cai et al., 2017; Du et al., 2018; Rigoni et al., 2016; Zavala et al.,
2017), which can represent the number of dead and damaged
cells. In this study, to test the cytotoxic effect of BDE209 on Beas-2B
cells, LDH activity evaluated as the response (Y2) in the CCD
experimental design. Good correlation (R2 ¼ 0.985) between the
actual and theoretical values indicated that the LDH model
explained the experimental results very well (Fig. S5). The experimental data are summarized in Table S5. We found that the
detected LDH activity ranged from 0.11% to 13.11%, indicating that
BDE209 exposure indeed had cytotoxic effects on Beas-2B cells,
compromising cell membrane integrity. Previous studies have
shown that these changes are associated with the alterations in cell
proliferation and the later destruction of cell membrane integrity
(Dergham et al., 2012; Wu et al., 2017a). Furthermore, similar
conclusions in previous studies with BDE209 exposure causing the
leakage of LDH by oxidative stress in the rat pheochromocytoma
cell line (PC12) (Liu et al., 2017).
Furthermore, the mathematical regression model using Design
expert software between the response Y2 of LDH activity and three
independent variables was established as follows:
Y2 ¼ 8.40 þ 1.13A þ 1.31B þ 2.73C þ 0.76ABþ1.05AC0.07BCþ0.13A2-1.55B2-0.65C2

(2)

The negative and positive signs of regression coefﬁcients indicate the antagonistic (negative) or synergistic (positive) effect of
each variable. The absolute value of the regression coefﬁcient
represents the degree of inﬂuence of the factor on the response of
LDH activity, and signiﬁcant differences were evaluated using
ANOVAs (Table S6). We found that the lack of model ﬁt was all very
signiﬁcant, indicating that the ﬁtted quadratic equation corresponded to LDH activity and the mathematical model was valid.
The F values of the factors indicated that response of LDH activity
was affected as follows: exposure time (F ¼ 362.54) > cell density
(F ¼ 83.33) > BDE209 concentration (F ¼ 62.07), and the three independent variables were all very signiﬁcant. Additionally, the
interaction effect between BDE209 concentration and cell density,
BDE209 concentration and exposure time on the response of LDH
activity were also found to be synergistic effect and both of them
are very signiﬁcant. This is similar to what has previously been
reported, with BDE209 exposure increasing LDH leakage in a timeand concentration manner on ﬁsh cell line (RTG-2) (Jin et al., 2010).
Importantly, in this study, besides the contaminant concentration
and exposure time, cell density was also found to be a very
important factor affecting the leakage of LDH in Beas-2B cells.
Therefore, in the cytotoxicity experiment, the density of cells must
be strictly controlled so the toxicity test is not affected. Similar
results have been previously reported. Indeed, Kim and Gilbert
found that MgeTi particles cannot exhibit cytotoxicity if there are
more cells present (e.g. if cell density is higher) (Kim and Gilbert,
2018).
The three-dimensional response surface plots and twodimensional contours (Fig. S6) were analyzed to better understand the relationship between LDH activity and the three independent variables. The results showed that the LDH activity
gradually increased with the increase of BDE209 concentration and
exposure time, and both of them had a greater effect on LDH
leakage when the cell plating density was around 3  105 cells/well.
Increasing the density of the cells had fewer toxicity, since it will
decrease the BDE209 available to reach each cell. Research has
shown that cell density is an important factor of cytotoxicity (Wu
et al., 2013). These results indicated that the cell damage induced
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by BDE209 in Beas-2B cells was not only affected by the exposure
time but also by the cell plating density.
3.3. Protein levels and mRNA expression of cytokines IL-6, IL-8 and
TNF-a
Previous studies have shown that many diseases begin with
 n et al., 2016; Kotas and
inﬂammatory reactions (Manzano-Leo
Medzhitov, 2015), however, the mechanism of cytokines involved
in the human pulmonary inﬂammatory have not been clear so far. It
has been reported that IL-6 is a cytokine that has multiple actions
on cell proliferation, tumorigenesis and tumor suppressive functions (Sapochnik et al., 2017). In contrast, IL-8 is a highly active
cytokine (neutrophil chemokine) and its can promote pulmonary
inﬂux of large quantities of neutrophils leading to cell and tissue
injury (Williams and Chambers, 2014). TNF-a is another inﬂammatory cytokine, produced mainly by macrophages and activated
in B cells and T cells, and has been inextricably linked with a variety
of inﬂammation- and immune-related diseases (Silva et al., 2016;
Zelova and Hosek, 2013). To further analyze the mechanism of
cytotoxicity elicited by BDE209 exposure in BEAS-2B cells, transcript and protein abundance of three inﬂammatory cytokines IL-6,
IL-8 and TNF-a were used as the responses of Y3, Y4 and Y5 in CCD
experiments. The experimental values listed in Table 1 indicated
that the protein levels of IL-6 and IL-8 in the supernatant by ELISA
kits were detected ranged from 5.42 to 16.65 pg mL1 and
70.8e549.9 pg mL1, respectively, while no TNF-a was detected in
cell supernatant. This indicated that the BDE209 exposure induced
expression of inﬂammatory cytokines of IL-6 and IL-8 in Beas-2B
cells. Indeed, the amount of IL-8 was 20e30 times higher than
that of IL-6. Similar conclusions have also been obtained by other
research with BDE71 and BDE79 indicate that these compounds can
promote the expression of inﬂammatory cytokines IL-6 and IL-8 in
Beas-2B cells, possibly through the activation of protein kinases or
stimulation of related nuclear receptors (Koike et al., 2014). However, in this study, we found that TNF-a production was not
enhanced (as we did not ﬁnd it in the cell culture supernatant). This
indicates that BDE209 exposure may inhibit cytokine TNF-a production. Watanabe et al. also found that TNF-a expression in the
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bronchoalveolar lavage ﬂuid also decreased signiﬁcantly after
BDE209 exposure in offspring mice (Watanabe et al., 2010).
Therefore, cytokine TNF-a might be inhibited by BDE209 exposure
in BEAS-2B cells, although the speciﬁc reasons for this effect are still
unclear.
We found that there was a good linear relationship (R2 ¼ 0.971)
between the actual and the theoretical values of IL-6 and IL-8 obtained in the CCD models (Fig. 1). A mathematical regression model,
developed using Design expert software, was established as
follows:

Fig. 1. The linear relationship between the actual values and the theoretical values of
cytokines. (a) IL-6 and (b) IL-8 (response value Y3 and Y4).

Table 1
Compared with experimented values of cytokines IL-6 (Y3), IL-8 (Y4) and TNF-a (Y5) which predicted values from CCD design.
Run

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Factors

Responses

A

B

C

Y3: IL-6 (pg mL1)

Y4: IL-8 (pg mL1)

Actual

Predicted

Actual

Predicted

Actual

Predicted

35
20
35
35
50
20
65
35
35
50
35
20
35
35
35
35
50
5
20
50

1
4
5
3
2
4
3
3
3
4
3
2
3
3
3
3
2
3
2
4

18
24
18
18
24
12
18
18
18
12
30
24
18
18
18
6
12
18
12
24

6.42 ± 0.19
7.55 ± 0.39
8.73 ± 0.24
8.94 ± 0.06
14.02 ± 0.86
5.44 ± 0.15
16.65 ± 0.35
9.04 ± 0.23
9.07 ± 0.10
8.36 ± 0.24
13.84 ± 0.67
9.27 ± 0.18
9.01 ± 0.04
9.12 ± 0.14
9.09 ± 0.29
6.34 ± 0.09
7.25 ± 0.27
5.97 ± 0.31
5.42 ± 0.22
14.93

6.39
7.75
7.85
8.97
14.13
5.79
15.86
8.97
8.97
9.65
14.15
8.43
8.97
8.97
8.97
5.57
7.51
6.30
5.50
15.30

82.70 ± 3.49
245.80 ± 11.07
196.60 ± 9.56
160.50 ± 5.21
459.40 ± 10.06
117.30 ± 8.13
381.47 ± 13.04
158.50 ± 7.79
153.50 ± 6.68
205.40 ± 9.37
549.90 ± 17.58
286.00 ± 12.14
152.10 ± 4.90
153.80 ± 5.59
145.50 ± 10.02
82.10 ± 7.28
90.20 ± 5.59
107.40 ± 5.28
70.80 ± 8.37
520.00 ± 21.40

107.96
227.81
210.44
160.50
434.83
102.77
401.91
160.50
160.50
198.03
580.94
254.27
160.50
160.50
160.50
90.16
69.09
126.09
58.58
493.12

e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e

e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e

A: BDE concentration, mg/ml; B: Cell density,  105 cells/well; C: Exposure time, h.

Y5: TNF-a (pg mL1)
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Y3 ¼ 8.97 þ 2.39A þ 0.36B þ 2.14C þ 0.47ABþ0.92AC0.24BCþ0.53A2-0.46B2þ0.22C2

Table 2
Analysis of variance of quadratic model of IL-6 (Y3) and IL-8 (Y4).
Source

Model
A
B
C
AB
AC
BC
A2
B2
C2
Lack of ﬁt

Y3

(3)

Y4

F value

p value

F value

p value

41.38
176.36
4.11
141.89
3.34
13.14
0.91
13.54
10.35
2.42
251.17

<0.0001**
<0.0001**
0.07
<0.0001**
0.0977
0.0047**
0.3632
0.0043**
0.0092**
0.1511
<0.0001**

69.31
116.43
16.07
368.60
5.50
22.13
3.82
25.76
0.00
73.69
46.13

<0.0001**
<0.0001**
0.0025**
<0.0001**
0.0410*
0.0008**
0.0792
0.0005**
0.9504
<0.0001**
0.0003**

Y4 ¼ 160.50 þ 68.96A þ 25.62B þ 122.69C þ 21.19ABþ42.51AC17.66BCþ25.87A2-0.33B2þ43.76C2
(4)
The deviations associated with model ﬁtting and the corresponding statistical analysis indicated that the IL-6 and IL-8 curve
regression equations were correlated with the exposure parameters (Table 2). From the F values, BDE209 concentration and exposure time were concluded to be the most important factors
inﬂuencing the secretion of inﬂammatory cytokines IL-6 and IL-8.
Cell density had an effect on the release of IL-8 but had no effect
on the release of IL-6. Additionally, the interaction effect between

Fig. 2. The response surface plots and contours of IL-6 content. (a) A (BDE209 concentration) and B (  105 cells/well) in ﬁxed C (exposure time, 18 h); (b) A (BDE209 concentration)
and C (exposure time) in ﬁxed B (3  105 cells/well); (c) B (  105 cells/well) and C (exposure time) in ﬁxed A (BDE209 concentration, 35 mg mL1).
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Fig. 3. The response surface plots and contours of IL-8 content. (a) A (BDE209 concentration) and B (  105 cells/well) in ﬁxed C (exposure time, 18 h); (b) A (BDE209 concentration)
and C (exposure time) in ﬁxed B (3  105 cells/well); (c) B (  105 cells/well) and C (exposure time) in ﬁxed A (BDE209 concentration, 35 mg mL1).

BDE209 concentration and cell density, between BDE209 concentration and exposure time, and the squared effect of BDE209 concentration and exposure time, were synergistic effect and very
signiﬁcant. The interaction effect between cell density and exposure time as well as the squared effect of cell density was antagonistic effect but not signiﬁcant for IL-6 and IL-8.
To better understand the relationship between the cytokine
responses (IL-6 and IL-8) and the independent variables, threedimensional response surface plots and two-dimensional contours were developed (Figs. 2 and 3). Results indicated that IL-6 and
IL-8 protein in the supernatant leaked from the Beas-2B cells
gradually increased with the increase of BDE209 concentration and

exposure time. Excessive amounts of cells (i.e. cell density) promoted the release of IL-8 but had no effect on the release of IL-6.
To further quantitively validate the above obtained results,
mRNA levels of inﬂammatory cytokine IL-6, IL-8 and TNF-a in Beas2B cell after BDE209 exposure were examined using RT-qPCR. Results (Table 3) showed that mRNA levels of IL-6, IL-8 and TNF-a
were all upregulated after BDE209 exposure, at the following
concentration ranges: 1.7e29.1, 1.9e28.9 and 3.1e47.0, respectively.
These results indicated that the inﬂammatory cytokines IL-6 and IL8, and TNF-a could be induced in Beas-2B cells in response to
BDE209 exposure. These results seem to contradict what was seen
in the protein analysis, since TNF-a expression was upregulated. We
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Appendix A. Supplementary data

Table 3
mRNA expression levels of IL-6, IL-8 and TNF-a
Run

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Factors

Gene expression levels (multiple)

A

B

C

IL-6

IL-8

TNF-a

35
20
35
35
50
20
65
35
35
50
35
20
35
35
35
35
50
5
20
50

1
4
5
3
2
4
3
3
3
4
3
2
3
3
3
3
2
3
2
4

18
24
18
18
24
12
18
18
18
12
30
24
18
18
18
6
12
18
12
24

1.69 ± 0.27
13.03 ± 0.95
13.24 ± 0.50
10.31 ± 1.06
23.43 ± 1.72
18.77 ± 0.91
24.76 ± 2.42
10.50 ± 0.74
11.06 ± 0.36
21.21 ± 1.36
29.11 ± 2.53
16.68 ± 0.66
10.14 ± 1.15
10.87 ± 1.76
10.94 ± 0.43
6.63 ± 0.17
20.09 ± 1.16
7.36 ± 0.65
8.04 ± 0.11
17.27 ± 0.93

3.39 ± 0.30
10.40 ± 0.81
11.35 ± 0.71
12.35 ± 1.09
12.94 ± 1.05
19.61 ± 1.91
16.53 ± 0.87
12.79 ± 1.86
13.24 ± 0.32
24.48 ± 1.20
28.91 ± 2.22
11.24 ± 0.47
12.31 ± 0.60
12.27 ± 0.59
12.61 ± 1.64
1.92 ± 0.37
8.65 ± 0.32
9.32 ± 0.40
3.56 ± 0.40
25.37 ± 0.58

4.37 ± 0.22
18.59 ± 1.01
8.77 ± 0.28
16.34 ± 1.10
31.27 ± 1.89
13.64 ± 0.83
18.34 ± 1.24
16.17 ± 1.23
16.68 ± 1.02
28.51 ± 2.46
46.96 ± 0.37
11.21 ± 1.47
17.09 ± 0.88
16.85 ± 0.36
17.27 ± 0.65
3.13 ± 0.28
28.48 ± 1.07
2.75 ± 0.30
11.93 ± 0.97
43.71 ± 2.05

A: BDE concentration, mg/ml; B: Cell density, 105 cells/well; C: Exposure time, h.

speculate that it is because the impeding process of protein translation. BDE209 stimulates the formation of a new intermediate,
which may regulate ﬁnal protein synthesis. The ﬁrst conﬁrmed
microRNA was found in nematodes, and it induces mRNA translation inhibition in an unknown manner, thereby inhibiting protein
synthesis (Pasquinelli and Ruvkun, 2002). On the other hand, the
result may indicate a regulated pathway of BDE209 toxicity, and
TNF-a may play a key regulatory role in this pathway. However, the
expression of TNF-a is inﬂuenced by many factors, such as the
regulation of upstream or downstream factors or other binding
receptors. Previous studies showed that TNF-a played an inﬂammatory role by binding to either or both of two membrane-bound
receptors, TNFR1 and TNFR2, which could induce cell death or
cell proliferation and also signiﬁcantly affect the effect of TNF-a on
cells (Bystrom et al., 2018). Thus, further studies are necessary to
investigate the mechanism of BDE209-induced inﬂammation in
Beas-2B cells in the near future.
4. Conclusion
BDE209 concentration and exposure time were found to be
important factors in the determination of Beas-2B cell cytotoxicity
in response to BDE209 exposure. From the delineation of 3D dosetime-toxicity, the following results were obtained indicating that
BDE209 induced Beas-2B cell damage, resulting in oxidative stress
and inﬂammatory response. The cell viability decreased and the
activity of LDH in the medium was enhanced. The mRNA and
protein levels of inﬂammatory cytokines IL-6, IL-8 were upregulated, whereas the mRNA levels of TNF-a were upregulated but its
protein levels not the case. This toxicity was found to be both doseand time-dependent. Moreover, BDE209 concentration and exposure time were signiﬁcantly synergistic, in regards to these toxicological responses. Furthermore, cell density only affected LDH
activity and IL-8 release and had very little effect on cell activity and
IL-6 release in Beas-2B cells exposed to BDE209.
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