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ABSTRACT: Polybrominated diphenyl ethers (PBDEs) have been widely used in many products as flame
retardants, which resulted in their release into the environment. Little is known about the impact of coexisting
PBDEs on organisms. In this study, the in vivo effects of BDE-47 and BDE-99 on a suite of biomarkers, acetyl
cholinesterase (AChE), ethoxyresorufin-O-deethylase (EROD), glutathione-S-transferase (GST), superoxide
dismutase (SOD) and catalase (CAT), in goldfish (Carassius auratus) were investigated. The enzyme activities
were significantly altered by the two PBDEs (alone and in combination) after 2, 4, and 7 days of exposure, and
obvious dose-response and time-response relationships were observed at most cases. The results suggest that
these biomarkers could be used to assess ecological risks of PBDEs on fish. An integrated biomarker response
(IBR) was calculated by combining multiple biomarkers to single value and used to quantitatively evaluate the
toxicological effects of different chemicals. In general, BDE-99 showed more adverse biological effects than
BDE-47. The joint action of mixtures seemed to be synergism at low dosage and antagonism at high dosage

with regard to IBR variation.
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INTRODUCTION

Polybrominated diphenyl ethers (PBDEs), a group
of brominated flame retardants formed by 209 congeners,
are used as additives in plastics, textiles, foams and
electronic appliances (Alonso et al., 2010). It is believed
that PBDEs (mainly tetra- to octa-BDEs) are chemically
and biologically persistent and lipophilic, and can be
accumulated in organisms and humans (Chen et al.,
2010; Feng et al., 2010). Some of these PBDE congeners
are even toxic for organisms, and cause developmental
neurotoxic effects (Cheng et al., 2009), impair learning/
memory abilities (Fischer et al., 2008), and induce
oxidative stress (Bellés et al., 2010). Recently, tetra- to
hepta-BDEs have been added to the POPs list of the
Stockholm Convention. 2,2°,4,4’-Tetrabromodiphenyl
ether (BDE-47) and 2,2’,4,4°,5-pentabromodiphenyl
ether (BDE-99) are two kinds of lower molecular PBDE
congeners and are frequently detected in aquatic biota,
sediments, and waters. The contents of BDE-47 ranged
from 0.02 to 1.48 ng/g dry weight in sediment, and from
0.14to 1.01 ng/g dry weight in mussel in Bo Sea, China,
while BDE-99 from 0.01 to 1.62, and from 0.02 to 0.13
respectively (Wang et al., 2009b). Comparing with BDE
47, BDE 99 possesses higher molecular weight, lower
solubility in water and similar octanol/water partition
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coefficient (Braekevelt et al., 2003). Due to the
bioaccumulation, several studies have reported high
concentrations of PBDEs in farm-raised and wild fish,
and consistently indicate that BDE 47 is a predominant
residue and can comprise up to 70% of the fish body
burden of total PBDEs (Hale et al., 2001; Tittlemier et
al., 2004; Stone, 2006). Previous studies showed that
BDE-47 was more toxic than BDE-99. Tagliaferri et al.
(2010) determined the effects of BDE-47 and BDE-99
on cellular viability of human neuroblastoma, and the
observed median inhibitory concentration were 10.8
and 33.9 umol/L, respectively.

Among the plethora of biological responses to
pollution that have been observed in the last decades,
those based on biomarkers seem to be the most
sensitive, reliable and able to represent the earliest
signals of environmental disturbance (Binelli et al.,
2010). Biochemical biomarkers are increasingly used
in early warning to identify the adverse effects caused
by harmful organic pollutants. Some studies reported
the biomarker responses of single PBDE exposure on
rodent or fish (Cheng etal., 2009; Lema et al., 2007),
but no information was available on the joint effects
of coexisting PBDEs. The purpose of this study was
to investigate the effects of BDE-47, BDE-99 and their
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mixtures on acetyl cholinesterase (AChE), 7-
ethoxyresorufin-O-deethylase (EROD), glutathione-S-
transferase (GST), superoxide dismutase (SOD) and
catalase (CAT) activities in goldfish (Carassius
auratus), and to study their concentration-response
and time-response relationships during the exposure
period. An integrated biomarker response (IBR) was
computed with biomarker measurements to assess the
comprehensive toxic effects of BDE-47 and BDE-99.

MATERIALS & METHODS

BDE-47 (98.9% purity) and BDE-99 (98.5% purity)
were purchased from AccuStandard, Inc. (New Haven,
CT, USA). Nicotinamide adenine dinucleotide
phosphate, 5,5'-dithiobis (2-nitrobenzoic acid), 1-
chloro-2,4-dinitrobenzene, resorufin, ethoxyresorufin,
glutathione, and ammonium molybdate were purchased
from Sigma Chemical Company (St. Louis, MO, USA)
and the stated purities were >99.9%. Bovine serum
albumin, acetylthiocholine iodide and pyrogallic acid
were purchased from Shanghai Huixing Biochemistry
Reagent Co., Ltd. (Shanghai, China) and the purity was
>98%. Coomassie brilliant blue G-250 (Ultra Pure Grade)
was purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). All other chemicals were of
analytical grade and were obtained from Nanjing
Sunshine Biotechnology Co., Ltd. (Nanjing, China).
The goldfish was chosen due to its economical
importance and wide distribution in freshwaters in
China. Juvenile goldfish of both sexes weighing 21.26
+3.45 g were obtained from Nanjing Institute of Fishery
Science, China. The fish were acclimatized for two
weeks in dechlorinated municipal water prior to
experimentation and their mortality was below 1%
during the acclimation period. Fish were fed every day
with commercial fish food. Feces and uneaten food
were removed every day by suction. Fish were not fed
for 24 hr prior to the experiments, and no food was
provided during the test period.

After being dissolved in corn oil, BDE-47 and BDE-
99 were administered via intraperitoneal injection at
dosages from 0.04 to 10 mg/kg. In order to facilitate
comparison with the results from individual exposures,
BDE-47/BDE-99 mixtures were tested according to a
quality ratio of 1:1 (m/m), and the total exposure doses
were also 0.04, 0.2, 1, 5 and 10 mg/kg. A blank control
and a solvent control (SC, corn oil) were included in
the experimental design. Fish were weighed before
injection to determine the volume of dosage per
kilogram body mass of each fish. Masses and dosages
were recorded. Fish were kept in groups of twelve in
30-L glass tanks containing dechlorinated municipal
water under constant aeration. A 50% water change
was performed every day. Water temperatures ranged
from 20 to 220°, with pH at 7.0+0.2, dissolved oxygen
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of 5.5+0.1 mg/L, and natural photoperiod during 7 days
of exposure.

Three fish were collected for each treatment and
control after 1, 2, 4, and 7 days of exposure. Fish were
killed by cervical transaction and brain and liver tissues
were collected. Tissues were washed in 0.15 mol/L of
KCl, weighed, immediately frozen in liquid nitrogen,
and stored at —800°. Brain samples were homogenized
in 5 volumes of cold sodium phosphate buffer (0.1 mol/
L, pH7.2,0.1% Triton X-100) on ice and centrifuged
for 20 min (10,000xg) at 40°. The supernatants were
used as the enzyme extract for AChE activity
determination. AChE enzymatic activity was
determined at 405 nm using the method described by
Guilhermino et al. (1996).

Liver samples were homogenized in nine volumes
of cold buffer (0.15 mol/L KCI, 0.1 mol/L Tris—HCI, pH
7.4) and centrifuged for 25 min (9,000%g) at 40¢. The
supernatants were used as the extract for enzymatic
activity determination. EROD activity was quantified
at 572 nm using a microplate reader (Molecular Device
VersaMax, USA) by the method of Lu et al. (2009).
GST activity was determined at 340 nm by adapting to
a microplate reader as described by Frasco and
Guilhermino (2002), where 1-chloro-2,4-dinitrobenzene
was used as a substrate. SOD activity was determined
by measuring the inhibition of the auto-oxidant of
pyrogallol using a modification of the method
suggested by Marklund and Marklund (1974). CAT
activity was determined using ammonium molybdate
(Géth, 1991). Protein concentrations were determined
at 595 nm using a method developed by Bradford (1976),
with bovine serum albumin as the standard.

A method for integrating all the measured
biomarker responses into one general “stress index”,
termed “Integrated Biomarker Response” (IBR) (Beliaeff
and Burgeot, 2002), was used to evaluate the integrated
impact of toxicants. The procedure for determining an
IBR involved first the calculation of the mean and
standard deviation for a biomarker response from each
treatment. These data were then standardized for each
treatment according to the equation F' = (F,—mean F)/
S, where F/' is the standardized value of the biomarker,
F,is the mean value of a biomarker from each treatment,
mean F is the mean of the biomarker calculated for all
the treatments, and S is the standard deviation
calculated for the treatment-specific values of each
biomarker. Using standardized data, Z was computed
as +F in the case of activation and —F in the case of
an inhibition, and then the minimum value for all
treatment for each biomarker was obtained and added
to Z. Finally the score B was computed as B=Z + |min|,
where B >0 and |min| were the absolute values of the
minimum. The corresponding IBR value is: {[(B,*B,)/
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2]+[(B,xB,)2]+[(B, B, )/2]+[(B,*B,)2]} (Damiens
etal., 2007).

For each biomarker, results were expressed as
mean + S.D. All data from different treatments were
compared by a one-way analysis of variance (ANOVA)
and statistically different treatments were identified by
Dunnett’s test. All differences were considered
significant at P < 0.05. Statistical analyses were
performed using SPSS 11.5.

RESULTS & DISCUSSION

No mortality occurred during the experiments. In
goldfish exposed to corn oil in the solvent controls,
brain AChE and liver EROD, GST, SOD and CAT
activities did not differ significantly from those in the
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water controls. Therefore, the enzyme activities of
chemical-exposed fish were compared with those of
solvent controls. Brain AChE responses in goldfish
exposed to BDE-47 and BDE-99 during all exposure
period (1, 2, 4, and 7 days) are shown in Fig. 1. Lower
dosages of BDE-47 and BDE-99 (0.04 and 0.2 mg/kg)
did not induce obvious effects on brain AChE activity.
However, AChE activity was significantly inhibited by
exposure to higher dosages tested (P < 0.05), and the
inhibition rate of AChE activity matches the dosage
increased with an exception of a slight decrease of
AChE inhibition rate for the highest BDE-99 dosage
(10 mg/kg) as compared with that of the exposure of 5
mg/kg at day 7. Regarding time response, brain AChE
activity decreased continuously with exposure time
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Fig. 1. Brain AChE responses in goldfish exposed to BDE-47 and BDE-99. Asterisks indicate values that are
significantly higher than control values (P <0.05)
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for all doses of BDE-47, and exhibited an obvious time—
response relationship. However, BDE-99 induced a
similar AChE inhibition at day 4 and 7, thus time
dependence was not as apparent as BDE-47.

The in vivo effects of BDE-47 and BDE-99 on liver
EROD are shown in Fig. 2. Liver EROD activities did
not change significantly at day 1 for all concentrations
of BDE-47 and BDE-99. However, EROD activity
increased by exposure to most dosages at day 2, 4 and
7 exposure period. The induction level of EROD
elevated with increased dosages, whereas an obvious
reduction was observed after 7 days of exposure in
response to 5 and 10 mg/kg for both BDE-47 and BDE-

99. BDE-47 and BDE-99 exhibited similar time
dependence and dosage dependence on liver EROD
activity.

The responses of liver GST activity exposed to
BDE-47 and BDE-99 are shown in Fig. 3. The response
pattern of GST was similar to that of EROD. GST
activity was significantly induced by all tested
dosages, with the exception of 0.04 mg/kg. GST activity
was continuously increased for all concentrations after
1, 2 and 4 days of exposure, with the exception of a
decreasing for the highest dosage (10 mg/kg) at day 4.
It was found that GST activity was markedly induced
at concentration of 0.2 mg/kg, and then the level of
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Fig. 2. Liver EROD responses in goldfish exposed to BDE-47 and BDE-99
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induction decreased continuously with the dosages
at day 7. Furthermore, the most significant induction
of GST activity was found at 5 mg/kg after 4 days of
exposure to BDE-47 and BDE-99.

The responses of liver SOD activity exposed to
BDE-47 and BDE-99 during the four exposure period
(1,2, 4 and 7 days) are shown in Fig. 4. No significant
change in liver SOD activity occurred at day 1 for all
exposure dosages, whereas SOD activity continuously
increased with the dosages at day 2. The response
pattern of SOD activity was similar to that of GST
activity after 4 and 7 days of exposure to BDE-99.
However, SOD activity showed the trend of “lower
concentrations being induced, higher concentrations
recovered” after 4 and 7 days of exposure to BDE-47.
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In addition, the most significant SOD induction was
observed at day 4 at 1 mg/kg to BDE-47, and at 5 mg/kg
to BDE-99.

The effects of BDE-47 and BDE-99 on liver CAT
activity during all periods of exposure are shown in
Fig. 5. Both chemicals at low dosage (0.04 mg/kg) and/
or short exposure duration (1 day) did not significantly
alter CAT activity. Percentage inhibition of CAT activity
increased continuously with the dosages and exhibited
good dosage dependence for both compounds. The
responses of CAT activity after 4 day exposure were
almost the same as those of 7 day exposure to both
BDE-47 and BDE-99 for all dosages, and time
dependence was not apparent, especially for BDE-47
exposure.
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Fig. 3. Liver GST responses in goldfish exposed to BDE-47 and BDE-99
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Fig. 4. Liver SOD responses in goldfish exposed to BDE-47 and BDE-99
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Fig. 5. Liver CAT responses in goldfish exposed to BDE-47 and BDE-99
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Fig. 5. Liver CAT responses in goldfish exposed to BDE-47 and BDE-99

Considering that the most significant biomarker
responses of single exposure occurred mainly at day 4,
we investigated the changes of enzyme activities after
4 days of exposure to BDE-47/BDE-99 mixtures, and
the results are shown in Fig. 6. The mixtures
significantly inhibited brain AChE and liver CAT
activities at all test dosages except at 0.04 mg/kg (P <
0.05). The dose-response curves of co-exposure of the
mixtures on AChE and CAT activities were similar to
those of single exposures. EROD activity was
significantly induced by all the mixture dosages, with
the exception of 0.04 mg/kg. Induction of EROD activity
was elevated with increased mixture dosages, with the
exception of slight reduction at 10 mg/kg. GST activity
was induced markedly by BDE-47/BDE99 at the three
lowest concentrations. However, the fold induction
declined significantly at the two highest exposure

dosages. The response of SOD exposed to the mixtures
was similar to that of exposed to BDE-99, and the fold
induction for mixtures was higher than that for both
individuals. Dose dependence was apparent for each
biomarker studied although the response patterns were
not consistent.

AChE activity is frequently used as a biomarker
of insecticide and pesticide toxicity. The activity of
this enzyme is extremely important for many
physiological functions, such as prey location,
predator evasion, and orientation toward food (Miron
et al., 2005). When AChE activity decreases, it may
result in the incapable stop of receptor function of
acetylcholine and nerve membranous posterior, making
organisms at excitement status for a long-term and
physiological process maladjustment as well as death
finally (Han et al., 2010). In the present study, BDE-47
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Fig. 6. Biomarker responses in goldfish exposed to BDE-47/BDE-99 mixtures
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and BDE-99 (alone and in binary mixture) significantly
inhibited AChE activity in brain (P <0.05). The inhibitory
effects of binary mixtures on AChE activity were a little
higher than those of the corresponding individual
exposures in same cases, suggesting that BDE-47
combined with BDE-99 may induce more than additive
neurotoxicity in fish. Wang et al. (2009a) measured
muscle and brain AChE inhibition in goldfish exposed
to sub-lethal concentrations of two insecticides
(propoxur and isoprocarb) and additive effects were
observed. The cytochrome P4501A (CYP1A) is extremely
important in the metabolism of many xenobiotics. EROD
activity has been widely used as a biomarker in fish
exposed to substances that bind to the aryl hydrocarbon
receptor (Teles et al., 2005). In the present investigation,
EROD activity was significantly induced 0.8-fold by both
individual compounds and 1.1-fold by the mixture,
suggesting two PBDEs (BDE-49 and BDE-99) produce
a synergistic effect. It is reported that a technical PBDE
mixture containing BDE-47 and BDE-99 induced the
EROD activity in the mouse liver (Lundgren etal., 2007).
Nevertheless, dietary exposure of a commercial PBDEs
mixture, penta-BDE (mostly PBDE-47 and 99), with doses
of 10 and 50 mg/kg body weight showed no significant
EROD induction in Atlantic salmon (Boon et al., 2002).

GSTs are involved in the biotransformation of
several pollutants, and may play an important role in
detoxifying strong electrophiles with toxic, mutagenic
and carcinogenic properties. It can catalyze the
conjugation of the tripeptide glutathione with the
xenobiotic in phase I of the biotransformation process
and promote its elimination from the organism
(Richardson et al., 2008). Therefore induction of GST
activity has been widely used as an environmental
biomarker (Rao, 2006; Pecbua et al., 2007). Comparing
with the individual exposures, the mixtures exhibited a
stronger GST induction and a synergistic effect seemed
to exist. In addition, EROD and GST induced by BDE-
49 and BDE-99 at day 4 exhibited bell shaped dose-
response curves. Bell-shaped curves have been
reported on EROD and GST induction for in vivo or in
vitro systems after exposure to PAHs (Bosveld et al.,
2002; Lu et al., 2009). Although the mechanism that
decreased EROD or GST induction has not been
completely defined, it is likely that high concentrations
of the inducer inhibit or inactivate the induced enzyme
(Voorman and Aust, 1987).

SOD catalyzes the transformation of superoxide
radicals to H,O, and O,, and is the first enzyme to deal
with oxyradicals. CAT is a major primary antioxidant
defense component responsible for catalyzing the
decomposition of H,0, to H,0. SOD and CAT activities
may be altered after exposure to environmental
contaminants. Hence, they can serve as early monitor
of exposure to contaminants eliciting oxidative stress
(Palace etal., 1996). The joint action of these enzymes
decreases the toxicity produced by the superoxide
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anion and radicals generated by action of different
toxicants during their metabolism. SOD activity
increased in goldfish treated with BDE-47 and BDE-99
(alone and in combination), while CAT activity showed
dose-dependent decreases after treatment with both
compounds in the present study. This result was
consistent with the result of a study conducted by
Albina et al. (2010); the authors observed a significant
increase in SOD activity and decrease in CAT activity
in adult rats exposed to BDE-99. However, Bellés et al.
(2010) reported that SOD and CAT activities in
cerebellum of rats were significantly decreased when
exposed to BDE-99. The changes of SOD and CAT
activities in liver revealed that severe oxidative damage
might occur in goldfish after exposure to BDE-47, BDE-
99 and their mixtures. Raldua et al. (2008) determined
PBDE concentrations in field exposed fish and
measured several biochemical and histological markers,
and found that these concentrations were not only
associated with high activities of phase I and II
metabolic enzymes, oxidative stress in liver, but also
with neurotoxicity in brain.

No single biomarker can unequivocally measure
environmental degradation. A pool of available
biomarkers, by allowing information to be summarized
in the form of a multivariate data set, can provide a
more useful basis for interpretation of ecotoxicological
surveys (Beliaeff and Burgeot, 2002). In the present
work, the neurotoxical parameter AChE,
biotransformation enzymes EROD and GST and
antioxidant defense enzymes SOD and CAT were used
to calculate IBR. In general, AChE and SOD scores
were higher and contributed more to IBR values.
However, the IBR values seemed not to depend on
any of the individual biomarkers. In comparison, AChE
for two individual chemicals, EROD for BDE-99 and
mixtures, GST for BDE-47, SOD for BDE-99, and CAT
for mixtures, showed higher scores. The IBR results
are shown in Table 1. With regard to IBR variation of
individual PBDE exposures, dose dependence and time
dependence were apparent. The maximum IBR value
was always observed at day 4 of exposure in all cases.

Given that the IBR is an indicator of environmental
stress, BDE-99 appeared to be more stressful than BDE-
47 toward the goldfish. However, the IBR results
displayed different manners of joint action dependent
to mixture dosages, and it seemed to be synergistic
effect at 1 mg/kg and antagonistic effect at 5 mg/kg
and 20 mg/kg. The results suggested that the IBR might
be a useful tool for quantification of integrated
responses induced by toxic chemicals toward fish. IBR
method has been previously used as a useful tool for
environmental risk assessment (Damiens et al., 2007,
Wang et al., 2011). Recently, IBR was also used to
identify the toxicological effects of organic pollutants
toward fish including per fluorinated organic
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Table 1. Integrated biomarker responses of two PBDEs (alone and in combination)

IBR Compound 1 mg/kg 5mg/kg 10 mg/kg
2d BDE-47 338 7.96 9.94
BDE-99 2.78 7.02 11.35
BDE-47 10.83 15.87 1561
4d BDE-99 10.72 19.45 1729
BDE-47+BDE-99 13.67 10.51 9.36
7d BDE-47 728 6.39 4.73
BDE-99 991 11.59 11.21

compounds (Kim et al., 2010), fungicide (Li et al.,
2011a) and verapamil (Lietal.,2011b).

CONCLUSION

The present study investigated the biological
effects of two PBDEs on goldfish and a set of
biochemical responses were determined in different
tissues. Decreased AChE and CAT activities and
increased EROD, GST and SOD activities were observed
in the goldfish exposed to BDE-47 and BDE-99 (alone
and in combination), and concentration dependence and
time dependence were apparent. The results suggest
that these biomarkers should be addressed in ecological
risk assessments of PBDEs in fish. Finally, IBR method
was used to identify the toxicological effects of different
PBDEs and BDE-99 showed more adverse biological
effects than BDE-47. Co-exposure of BDE-47 and BDE-
99 produces a synergistic effect at low dosage and an
antagonistic effect at high dosage with regard to IBR
variation. It is shown that IBR might be a useful tool for
quantification of integrated responses induced by toxic
chemicals toward fish.
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