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h i g h l i g h t s
� Effect of PBDE-209 on the anti-oxidative defense system, structure and function (ATP enzyme activity) of hRBCs is assessed.
� Affected activity (content) of SOD, CAT, GSH-Px, GSH, MDA in hRBCs cause decline in function of antioxidant defense system.
� The PBDE-209 can result in the cytoplasmic projections and structure deformation of the hRBCs.
� The relative ATPase activity can be decreased by the PBDE-209.
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a b s t r a c t

This work presents the effect of decabrominated diphenyl ether (PBDE-209) on the anti-oxidative de-
fense capacity, and ATPase activity (structure and function) of human red blood cells (hRBCs). The results
show that the PBDE-209 influences the activity and content of typical biomolecules (SOD, CAT, GSH-Px,
GSH and MDA) in hRBCs, causing a decline in the function of the antioxidant defense system. The PBDE-
209 with a concentration of 10 mmol/L resulted in the cytoplasmic projections and structure deformation
of the hRBCs. When its concentration exceeds 25 mmol/L, the relative ATPase activity was decreased to
20% of the initial activity. Since the discovered effects of PBDE-209 on hRBCs are in cell level, this study
may offer some information to advise the related in vivo cytotoxicity works.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Polybrominated Diphenyl Ethers (PBDEs) are organobromides
widely used as flame retardants in industry (Darnerud et al., 2001).
The PBDEs can easily enter the environment through volatilization,
exudation, etc., resulting in severe pollution (Siddiqi et al., 2003).
Since the PBDEs are difficult to degrade naturally and have high
lipid-solubility, they can be biologically accumulated andmagnified
in food chain. In recent years, PBDEswith noticeable concentrations
nd Technology, Harbin Insti-
eihai, 264209, PR China.
have been observed in environmental media (up to mg/kg dry
weight and mg/L levels) (Chen et al., 2012; Newton et al., 2015),
animals (up to mg/kg lipid weight and mg/L levels) (Shang et al.,
2016; Van den Steen et al., 2007), and human body (such as
blood, fat tissue and breast milk, at mg/kg lipid weight level, higher
for occupational exposure, tens or even hundreds of the general
population) (Herbstman et al., 2010; Leonetti et al., 2016; Nguyen
et al., 2016; Shen et al., 2010). The main detected PBDEs homo-
logues are PBDE-47, PBDE-99, PBDE-100, PBDE-153, PBDE-154,
PBDE-183 and PBDE-209, where their ecological toxicity and po-
tential hazard to human health have attracted widespread
attention.

Previous studies have reported that the PBDEs are toxic to the
liver activity (Zhou et al., 2002), thyroid and reproduction systems

mailto:zhenxingchi@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2017.04.032&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
http://dx.doi.org/10.1016/j.chemosphere.2017.04.032
http://dx.doi.org/10.1016/j.chemosphere.2017.04.032
http://dx.doi.org/10.1016/j.chemosphere.2017.04.032


Z. Chi et al. / Chemosphere 180 (2017) 312e316 313
(Yu et al., 2015), nervous system (Costa et al., 2014) and immune
system (Lv et al., 2015). Though some highly-toxic PBDEs have been
banned in many countries, other PBDEs with relatively lower
toxicity, such as BDE-209, are still largely produced and used in the
world (Chen et al., 2012; Akortia et al., 2016). Although the con-
centration of PBDEs in the human blood is generally low in most
places, it has been reported that the concentrations of PBDEs in the
human blood of workers can reach significantly high levels in many
heavily polluted areas (Jin et al., 2009; Makey et al., 2016).

Red blood cells (RBCs) are the largest number of cells in blood
which play important roles of O2/CO2 transport, blood-pH control
and body immunity (D’Alessandro et al., 2010). It is important to
study the influences of PBDEs on RBCs for a comprehensive un-
derstanding of the toxicology of PBDEs, on which few studies have
been reported. An early study reported by Tjarnlund et al. has
showed that the PBDEs can affect the hematocrit in the blood of
rainbow trout but has no significant influence on its hemoglobin
content (Tjarnlund et al., 1998). In 2010, Van den Steen et al. have
reported that the PBDEs have no significantly influence on the
hematological indicators (hemoglobin content and hematocrit) of
female starlings (Sturnus vulgaris) (Van den Steen et al., 2010). Since
their results showed that the PBDEs do not affect the RBCs activity
much based on the animal studies, the toxicity of PBDEs to the RBCs
of human may be underestimated. To the best of our knowledge,
the toxicity of PBDEs to the RBCs of human has not been studied in
cell levels yet.

In this paper, the effects of PBDEs on the structure and function
of human RBCs are studied in cell levels. The toxicity of PBDEs is
assessed regarding the activity of human RBCs during blood
transportation. This work may provide some theoretical guidance
for risk assessment or early diagnosis of PBDEs in the environment.

2. Materials and methods

2.1. Reagents and apparatus

EDTA-K2 (Tianjin Kermel Chemical Reagent Co., Ltd.) stabilized
blood samples were obtained from Weihai Blood Center (Weihai,
China). A solution of PBDE-209 was prepared by dissolving
2,20,3,30,4,40,5,50,6,60-decaBDE (Shanghai Yubo Biotech Co., Ltd.) in
normal saline to achieve different concentrations. Glutaraldehyde,
isoamyl acetate, ethanol, osmium tetroxide, and PBS buffer (pH 7.4)
were purchased from Sigma.

All UVevisible absorption spectra and absorption value were
measured on a UV-2450 spectrophotometer (SHIMADZU, Kyoto,
Japan). Automatic balance centrifuge (LDZ4-2, Jiangsu Jintan
Medical Instrument Factory) was used for centrifugation. Vortex
mixer (vortex-6) was purchased from Kylin-Bell Lab Instruments
Co., Ltd. Digital dry bath incubator (HB-100, Hangzhou Bioer
Technology Co., Ltd) was used to control temperature of the
samples.

Ethics statement: The study was approved by the Ethics Com-
mittee of Weihai Blood Center (Weihai, China).

2.2. In vitro cytotoxicity of PBDE-209 to hRBCs

2.2.1. In vitro measurements of typical biomolecules in hRBCs
The antioxidant defense capacity of hRBCs was showed by

measuring the activity and content of hRBC-related biomolecules,
according to the protocol reported by Chi et al. (2014). The hRBC-
related biomolecules were SOD (superoxide dismutase), CAT
(catalase), GSH-Px (glutathione peroxidase), GSH (glutathione) and
MDA (malondialdehyde), where their relative activity or content
was measured using the detection kits (Nanjing Jiancheng Bioen-
gineering Institute). In a typical measurement, the fresh blood
sample (1 mL) was washed by PBS solution (2 mL) for three times
with centrifugation for 10 min at 1500 rpm. The purified hRBCs
sample was diluted to 5 mL with PBS solution. 1 mL of the diluted
hRBCs sample was mixed with 1 mL PBDE-209 solution of different
concentration (0, 10, 20, 30, 40, 50 and 60 mmol/L) by votexing, and
then incubated at 37 �C for 2 h. After centrifugation for 10 min at
1500 rpm, the supernatant of the hRBCs sample was discarded and
the sample was refilled with pure water to achieve hemolysis for
the activity measurement. 0.1 mL of the hemolytic blood sample
was used tomeasure the activities of SOD, CAT and GSH-Px, and the
relative contents of GSH and MDA, respectively, regarding the
procedures of the detection kits. The relative SOD activity was
calculated using the following formula: relative SOD
activity ¼ ðAcontrol � A1Þ=ðAcontrol � A0Þ � 100%, where Acontrol is the
absorbance of the control tube, A1 and A0 are the absorbances of the
testing tube of hRBCs with and without PBDE-209, respectively. In
this study, for each biomolecule, three independent experiments
have been done, and data have been presented as means ± SD
(standard deviation).

2.2.2. Scanning electron microscopy (SEM) preparation
The fresh blood sample (1 mL) was washed by PBS solution

(2 mL) for three times with centrifugation for 10 min at 1500 rpm,
and then diluted by 20 times with PBS solution. 0.5 mL of the
diluted hRBCs sample was incubated with 1.5 mL PBDE-209 solu-
tion of different concentration (0, 10 and 40 mmol/L) at 37 �C for 2 h.
After a centrifugation for 10 min at 1500 rpm, the supernatant of
hRBCs sample was discarded. The hRBCs sample was then added
with 2% glutaraldehyde and incubated at 37 �C for 6 h to recover.
The hRBCs sample was washed with PBS buffer and then fixed in
osmium tetroxide solution (1%) for 60min. After washingwith pure
water, dehydration of the hRBCs sample was performed with
increasing concentrations of ethanol (40%, 60%, 85%, 95% and 100%).
The hRBCs sample was then replaced in pure isoamyl acetate sol-
vent for 10min and dried by critical point drying. The hRBCs sample
was platinum-coated using the sputtering coater (Eiko IB5) and
measured with the scanning electron microscope (SEM, Hitachi
S570).

2.2.3. ATPase activity measurement
The fresh blood sample (1 mL) was washed by PBS solution

(2 mL) for three times with centrifugation for 10 min at 1500 rpm.
The purified hRBCs sample was diluted to 5 mL with PBS solution.
1 mL of the diluted hRBCs sample was mixed with 1 mL PBDE-209
solution of different concentration (0, 5, 10, 15, 20, 25 and 30 mmol/
L, considering the actual concentration in blood, especially for
occupational exposure) by votexing, and then incubated at 37 �C for
2 h. After centrifugation for 10 min at 1500 rpm, the supernatant of
the hRBCs sample was discarded and the sample was refilled with
pure water to achieve hemolysis for the activity measurement.
0.1 mL of the hemolytic blood sample was used to measure the
ATPase activity, regarding the procedure of the detection kit. Three
independent experiments have been done, and data have been
presented as means ± SD (standard deviation).

3. Results and discussion

3.1. Effects of PBDE-209 on antioxidant defense capacity of hRBCs

The enzymatic antioxidant system of human body can prevent
the uncontrolled formation of reactive oxygen species and inhibit
reactions of reactive oxygen species with biological structures.
Three main functional enzymes are SOD, CAT and GSH-Px in the
enzymatic antioxidant system (Roversi et al., 2006), where their
balance is important to maintain a good antioxidant function
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(Hachul de Campos et al., 2006). In this study, the relative SOD
activity (Fig. 1a) and CAT activity (Fig. 1b) increased from 100%
(initial) to 105% and 115%, respectively, when the concentration of
PBDE-209 in the hRBCs samples increased from 0 to 30 mmol/L. On
the contrary, the relative GSH-Px activity (Fig. 1c) decreased from
100% (initial) to 86%, when the concentration of PBDE-209 in the
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Fig. 1. Effect of PBDE-209 on the activity of SOD (a), CAT (b) and GSH-Px (c) in hRBCs.
Data represent the mean ± SD of three independent experiments.
hRBCs samples increased from 0 to 30 mmol/L. However, although
the activities of SOD, CAT and GSH-Px have been largely changed, it
is hard to conclude whether the dose of PBDE-209 increased the
activity of body’s enzymatic antioxidant system for the following
reasons. The increase in SOD activity enhances the removal of su-
peroxide anion radical (Herken et al., 2001). The increase in CAT
activity enhances the degradation of hydrogen peroxide to water
and oxygen (Mecocci et al., 2000). The decrease in GSH-Px activity
can reduce the reaction of hydrogen peroxide with GSH (Yuan et al.,
2015).

Apart from the enzymatic antioxidant system, the non-
enzymatic antioxidant system also plays an important role in the
defense aspect of oxidative damage (Anandan et al., 2013). GSH, as a
typical non-enzymatic antioxidant, is capable of maintaining the
redox equilibrium in hRBCs (van’t Erve et al., 2014). Fig. 2a shows
that the relative GSH content decreases with the PBDE-209 con-
centration increases. When the concentration of PBDE-209 is
30 mmol/L, the relative GSH content is reduced to 83% of its initial
concentration, showing a decrease of the activity of GSH-related
non-enzymatic antioxidant system.

TheMDA content indicates the level of oxidative stress in hRBCs,
since the MDA is a degradation product of lipid peroxidation
induced by oxidative injury (Das et al., 2000; Sies, 2015). As shown
in Fig. 2b, the relative MDA content increases to 280% of its initial
concentration, when the concentration of PBDE-209 in the hRBCs
sample increases from 0 to 30 mmol/L. Since a high MDA content
means a high level of oxidative stress, the PBDE-209 has been
experimentally proven to be toxic to the antioxidant defense sys-
tem of hRBCs.

PBDEs can disrupt the normal biological functions of liver,
neural and endocrine systems in animal and in vitro studies, with
oxidative stress as one of the pathways, reported in previous works
(Gao et al., 2009; Raldúa et al., 2008). Here we found that PBDE-209
can also cause oxidative stress in hRBCs, may affecting the cell
structure and function.

3.2. Effects of PBDE-209 on the morphology of hRBCs

The effect of PBDE-209 on themorphology of hRBCs was studied
by SEM. Fig. 3 shows the morphology of hRBCs samples reacted
with different PBDE-209 concentration. The RBCs have a diameter
of about 6 mm. Themorphology of hRBCs without addition of PBDE-
209 shows a smooth surface (Fig. 3a), consisting of a lipid bilayer
membrane (Manrique-Moreno et al., 2010). Fig. 3b shows the
cytoplasmic projections and a slightly deformed structure of the
hRBCs, with the PBDE-209 concentration at 10 mmol/L. When the
concentration of PBDE-209 was 40 mmol/L, the hRBCs received
more damage that the cellular structure significantly changed
(Fig. 3c). Due to the bilayer-couple hypothesis (Sheetz et al., 1976),
the possible mechanism may be related to the intercalation of
PBDE-209 in the monolayers of cell membrane, resulting in severe
damages to the membrane receptors, molecule channels and cell
pressure. Since the membrane structure plays a key role in cellular
bioactivity, the structure deformation has high potential to cause
the cell death of hRBCs (Zhao et al., 2011).

3.3. ATPase activity study

The ATPase is an important enzyme controlling the decompo-
sition of ATP into ADP. As showed in Fig. 4, the relative ATPase
activity significantly decreased to 20% of its initial activity, when
the concentration of PBDE-209 in the hRBCs sample increased from
0 to 25 mmol/L. The relative ATPase activity remained at a low level
(20% of the initial activity), when the PBDE-209 concentration
further increased to 30 mmol/L. Since the ATPase controls the in-
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Fig. 2. Effect of PBDE-209 on the GSH content (a) and MDA content (b) in hRBCs. Data represent the mean ± SD of three independent experiments.
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Fig. 3. SEM images of the hRBCs reacted with PBDE-209 of 0 (a), 10 (b) and 40 (c) mmol/L.
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Fig. 4. Effect of PBDE-209 on the ATPase activity of hRBCs. Data represent the
mean ± SD of three independent experiments.
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cellular metabolism (Shan, 2016), such a low ATPase concentration
of 20% is not sufficient to maintain the cellular bioactivity, again
indicating a high cytotoxicity of PBDE-209 to hRBCs.

4. Conclusions

This work studied the effect of PBDE-209 on the anti-oxidative
defense system biomolecules (SOD, CAT, GSH-Px, GSH and MDA)
and the ATPase activity (structure and function) of human red
blood cells (hRBCs). When the PBDE-209 concentration increased,
the SOD activity and the CAT activity increased while the GSH-Px
activity and the GSH content decreased, showing a destroyed bal-
ance of the enzymatic and non-enzymatic antioxidant defense
system. The dose of 30 mmol/L PBDE-209 caused a decline in the
function of the antioxidant defense system of hRBCs, where the
MDA content largely increased to 280% of its initial concentration.
The PBDE-209 with a concentration of 10 mmol/L resulted in the
cytoplasmic projections and structure deformation of the hRBCs.
The relative ATPase activity significantly decreased to 20% of its
initial activity, when the PBDE-209 concentration reached 25 mmol/
L.

Acknowledgements

This work was supported by the Shandong Provincial Natural
Science Foundation, China (ZR2014BQ033), the Guangzhou Key
Laboratory of Environmental Exposure and Health (No.
GZKLEEH201613) and a China Postdoctoral Science Foundation
funded project (2013M540297). The Natural Scientific Research
Innovation Foundation in Harbin Institute of Technology (HIT.NS-
RIF.2014126) is also acknowledged.

References

Akortia, E., Okonkwo, J.O., Lupankwa, M., Osae, S.D., Daso, A.P., Olukunle, O.I.,
Chaudhary, A., 2016. A review of sources, levels, and toxicity of polybrominated
diphenyl ethers (PBDEs) and their transformation and transport in various
environmental compartments. Environ. Rev. 24, 253e273.

Anandan, R., Ganesan, B., Obulesu, T., Mathew, S., Asha, K., Lakshmanan, P.,
Zynudheen, A., 2013. Antiaging effect of dietary chitosan supplementation on

http://refhub.elsevier.com/S0045-6535(17)30555-6/sref1
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref1
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref1
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref1
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref1
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref2
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref2


Z. Chi et al. / Chemosphere 180 (2017) 312e316316
glutathione-dependent antioxidant system in young and aged rats. Cell Stress
Chaperones 18, 121e125.

Chen, Q., Yu, L.Q., Yang, L.H., Zhou, B.S., 2012. Bioconcentration and metabolism of
decabromodiphenyl ether (BDE-209) result in thyroid endocrine disruption in
zebrafish larvae. Aquat. Toxicol. 110, 141e148.

Chi, Z., Liu, R., You, H., Ma, S., Cui, H., Zhang, Q., 2014. Probing the in vitro cyto-
toxicity of the veterinary drug oxytetracycline. PloS One 9, e102334.

Costa, L.G., de Laat, R., Tagliaferri, S., Pellacani, C., 2014. A mechanistic view of
polybrominated diphenyl ether (PBDE) developmental neurotoxicity. Toxicol.
Lett. 230, 282e294.

D’Alessandro, A., Righetti, P.G., Zoha, L., 2010. The red blood cell proteome and
interactome: an update. J. Proteome Res. 9, 144e163.

Darnerud, P.O., Eriksen, G.S., Johannesson, T., Larsen, P.B., Viluksela, M., 2001. Pol-
ybrominated diphenyl ethers: occurrence, dietary exposure, and toxicology.
Environ. Health Persp. 109, 49e68.

Das, S., Vasisht, S., Das, N., Srivastava, L., 2000. Correlation between total antioxi-
dant status and lipid peroxidation in hypercholesterolemia. Curr. Sci. Bang. 78,
486e486.

Gao, P., He, P., Wang, A., Xia, T., Xu, B., Xu, Z., Niu, Q., Guo, L., Chen, X., 2009. In-
fluence of PCB153 on oxidative DNA damage and DNA repair-related gene
expression induced by PBDE-47 in human neuroblastoma cells in vitro. Toxicol.
Sci. 107, 165e170.

Hachul de Campos, H., Brandao, L., D’Almeida, V., Grego, B., Bittencourt, L., Tufik, S.,
Baracat, E., 2006. Sleep disturbances, oxidative stress and cardiovascular risk
parameters in postmenopausal women complaining of insomnia. Climacteric 9,
312e319.

Herbstman, J.B., Sjodin, A., Kurzon, M., Lederman, S.A., Jones, R.S., Rauh, V.,
Needham, L.L., Tang, D., Niedzwiecki, M., Wang, R.Y., Perera, F., 2010. Prenatal
exposure to PBDEs and neurodevelopment. Environ. Health Persp. 118,
712e719.

Herken, H., Uz, E., Ozyurt, H., S€o�güt, S., Virit, O., Akyol, €O., 2001. Evidence that the
activities of erythrocyte free radical scavenging enzymes and the products of
lipid peroxidation are increased in different forms of schizophrenia. Mol. psy-
chiatry 6, 66e73.

Jin, J., Wang, Y., Yang, C.Q., Hu, J.C., Liu, W.Z., Cui, J., Tang, X.Y., 2009. Polybrominated
diphenyl ethers in the serum and breast milk of the resident population from
production area, China. Environ. Int. 35, 1048e1052.

Leonetti, C., Butt, C.M., Hoffman, K., Miranda, M.L., Stapleton, H.M., 2016. Concen-
trations of polybrominated diphenyl ethers (PBDEs) and 2,4,6-tribromophenol
in human placental tissues. Environ. Int. 88, 23e29.

Lv, Q.Y., Wan, B., Guo, L.H., Zhao, L.X., Yang, Y., 2015. In vitro immune toxicity of
polybrominated diphenyl ethers on murine peritoneal macrophages: apoptosis
and immune cell dysfunction. Chemosphere 120, 621e630.

Makey, C.M., McClean, M.D., Braverman, L.E., Pearce, E.N., He, X.M., Sjodin, A.,
Weinberg, J.M., Webster, T.F., 2016. Polybrominated diphenyl ether exposure
and thyroid function tests in north american adults. Environ. Health Persp. 124,
420e425.

Manrique-Moreno, M., Suwalsky, M., Villena, F., Garidel, P., 2010. Effects of the
nonsteroidal anti-inflammatory drug naproxen on human erythrocytes and on
cell membrane molecular models. Biophys. Chem. 147, 53e58.

Mecocci, P., Polidori, M.C., Troiano, L., Cherubini, A., Cecchetti, R., Pini, G.,
Straatman, M., Monti, D., Stahl, W., Sies, H., 2000. Plasma antioxidants and
longevity: a study on healthy centenarians. Free Radic. Biol. Med. 28,
1243e1248.
Newton, S., Sellstrom, U., de Wit, C.A., 2015. Emerging flame retardants, PBDEs, and
HBCDDs in indoor and outdoor media in Stockholm, Sweden. Environ. Sci.
Technol. 49, 2912e2920.

Nguyen, N.C., Nguyen, H.T., Chen, S.S., Ngo, H.H., Guo, W., Chan, W.H., Ray, S.S.,
Li, C.W., Hsu, H.T., 2016. A novel osmosis membrane bioreactor-membrane
distillation hybrid system for wastewater treatment and reuse. Bioresour.
Technol. 209, 8e15.

Raldúa, D., Padr�os, F., Sol�e, M., Eljarrat, E., Barcel�o, D., Riva, M.C., Barata, C., 2008.
First evidence of polybrominated diphenyl ether (flame retardants) effects in
feral barbel from the Ebro River basin (NE, Spain). Chemosphere 73, 56e64.

Roversi, F.M., Galdieri, L.C., Grego, B.H., Souza, F.G., Micheletti, C., Martins, A.M.,
D’Almeida, V., 2006. Blood oxidative stress markers in Gaucher disease patients.
Clin. Chim. Acta 364, 316e320.

Shan, S.-o., 2016. ATPase and GTPase tangos drive intracellular protein transport.
Trends Biochem. Sci. 41, 1050e1060.

Shang, X.H., Dong, G.X., Zhang, H.X., Zhang, L., Yu, X.W., Li, J.G., Wang, X.Y., Yue, B.,
Zhao, Y.F., Wu, Y.N., 2016. Polybrominated diphenyl ethers (PBDEs) and indi-
cator polychlorinated biphenyls (PCBs) in various marine fish from Zhoushan
fishery, China. Food Control. 67, 240e246.

Sheetz, M.P., Painter, R.G., Singer, S., 1976. Biological membranes as bilayer couples.
J. Cell Biol. 70, 193e203.

Siddiqi, M.A., Laessig, R.H., Reed, K.D., 2003. Polybrominated diphenyl ethers
(PBDEs): new pollutants-old diseases. Clin. Med. Res. 1, 281e290.

Shen, H., Ding, G., Han, G., Wang, X., Xu, X., Han, J., Lou, X., Xu, C., Cai, D., Song, Y.,
Lu, W., 2010. Distribution of PCDD/Fs, PCBs, PBDEs and organochlorine residues
in children’s bloodfrom Zhejiang, China. Chemosphere 80, 170e175.

Sies, H., 2015. Oxidative stress: a concept in redox biology and medicine. Redox Biol.
4, 180e183.

Tjarnlund, U., Ericson, G., Orn, U., de Wit, C., Balk, L., 1998. Effects of two poly-
brominated diphenyl ethers on rainbow trout (Oncorhynchus mykiss) exposed
via food. Mar. Environ. Res. 46, 107e112.

Van den Steen, E., Covaci, A., Jaspers, V.L., Dauwe, T., Voorspoels, S., Eens, M.,
Pinxten, R., 2007. Accumulation, tissue-specific distribution and debromination
of decabromodiphenyl ether(BDE 209) in European starlings (Sturnus vulgaris).
Environ. Pollut. 148, 648e653.

Van den Steen, E., Eens, M., Geens, A., Covaci, A., Darras, V.M., Pinxten, R., 2010.
Endocrine disrupting, haematological and biochemical effects of poly-
brominated diphenyl ethers in a terrestrial songbird, the European starling
(Sturnus vulgaris). Sci. Total Environ. 408, 6142e6147.

van’t Erve, T.J., Doskey, C.M., Wagner, B.A., Hess, J.R., Darbro, B.W., Ryckman, K.K.,
Murray, J.C., Raife, T.J., Buettner, G.R., 2014. Heritability of glutathione and
related metabolites in stored red blood cells. Free Radic. Biol. Med. 76, 107e113.

Yu, L.Q., Han, Z.H., Liu, C.S., 2015. A review on the effects of PBDEs on thyroid and
reproduction systems in fish. Gen. Comp. Endocr. 219, 64e73.

Yuan, T., Fan, W.-B., Cong, Y., Xu, H.-D., Li, C.-J., Meng, J., Bao, N.-R., Zhao, J.-N., 2015.
Linoleic acid induces red blood cells and hemoglobin damage via oxidative
mechanism. Int. J. Clin. Exp. Pathol. 8, 5044.

Zhao, Y., Sun, X., Zhang, G., Trewyn, B.G., Slowing, I.I., Lin, V.S.-Y., 2011. Interaction of
mesoporous silica nanoparticles with human red blood cell membranes: size
and surface effects. ACS Nano 5, 1366e1375.

Zhou, T., Taylor, M.M., DeVito, M.J., Crofton, K.A., 2002. Developmental exposure to
brominated diphenyl ethers results in thyroid hormone disruption. Toxicol. Sci.
66, 105e116.

http://refhub.elsevier.com/S0045-6535(17)30555-6/sref2
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref2
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref2
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref3
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref3
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref3
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref3
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref4
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref4
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref5
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref5
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref5
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref5
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref6
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref6
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref6
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref7
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref7
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref7
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref7
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref8
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref8
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref8
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref8
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref9
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref9
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref9
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref9
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref9
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref10
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref10
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref10
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref10
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref10
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref11
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref11
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref11
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref11
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref11
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref12
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref12
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref12
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref12
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref12
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref12
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref12
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref13
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref13
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref13
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref13
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref14
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref14
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref14
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref14
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref15
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref15
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref15
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref15
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref16
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref16
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref16
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref16
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref16
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref17
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref17
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref17
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref17
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref18
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref18
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref18
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref18
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref18
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref19
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref19
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref19
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref19
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref20
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref20
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref20
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref20
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref20
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref21
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref21
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref21
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref21
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref21
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref21
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref21
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref22
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref22
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref22
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref22
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref23
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref23
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref23
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref24
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref24
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref24
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref24
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref24
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref25
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref25
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref25
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref26
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref26
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref26
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref27
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref27
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref27
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref27
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref28
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref28
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref28
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref29
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref29
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref29
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref29
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref30
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref30
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref30
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref30
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref30
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref31
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref31
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref31
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref31
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref31
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref32
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref32
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref32
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref32
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref33
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref33
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref33
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref34
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref34
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref34
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref35
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref35
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref35
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref35
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref36
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref36
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref36
http://refhub.elsevier.com/S0045-6535(17)30555-6/sref36

	In vitro cytotoxicity of decabrominated diphenyl ether (PBDE-209) to human red blood cells (hRBCs)
	1. Introduction
	2. Materials and methods
	2.1. Reagents and apparatus
	2.2. In vitro cytotoxicity of PBDE-209 to hRBCs
	2.2.1. In vitro measurements of typical biomolecules in hRBCs
	2.2.2. Scanning electron microscopy (SEM) preparation
	2.2.3. ATPase activity measurement


	3. Results and discussion
	3.1. Effects of PBDE-209 on antioxidant defense capacity of hRBCs
	3.2. Effects of PBDE-209 on the morphology of hRBCs
	3.3. ATPase activity study

	4. Conclusions
	Acknowledgements
	References


