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• The effects of NPP on BPA's bioavailabil-
ity and neurotoxicity are studied.

• NPP enhances BPA accumulation in
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• AChE activity is nomore inhibited in the
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Plastic particles have been proven to be abundant in the aquatic environment, raising concerns about their potential
toxic effects. In the present study, we determined the bioaccumulation potential of bisphenol A (BPA) in adult
zebrafish (Danio rerio) in the absence and presence of nano-sized plastic particles (nanoplastics, NPPs). Results
show that BPA can accumulate in the viscera, gill, head and muscle of zebrafish with 85, 43, 20, and 3 μg/g ww
after 1 d exposure. NPPs were also found to accumulate in different tissues of the fish. Relative equilibrium was
reached after 1 d exposure in different tissues with 39 to 636 mg/kg ww. Co-exposure of NPPs and BPA led to a
2.2 and 2.6-fold significant increment of BPA uptake in the head and viscera, if compared with BPA alone treatment
after 3 d exposure. As such, we further investigated several neurotoxic biomarker alterations in the fish head. It was
found that either BPA or NPPs can cause myelin basic protein (MBP)/gene up-regulation in the central nervous sys-
tem (CNS); meanwhile, both contaminants exhibited significant inhibition of acetylcholinesterase (AChE) activity,
which is a well-known representative biomarker for neurotoxicity. Moreover, for the co-exposure treatment, bio-
markers of myeline and tubulin protein/gene expressions, dopamine content, and the mRNA expression of mesen-
cephalic astrocyte derived neurotrophic factor (MANF) were all significantly up-regulated, suggesting that an
enhanced neurotoxic effects in both CNS and dopaminergic system occurred. However, AChE activity was no
more inhibited in the co-exposure treatment, which implies that solely AChE measurement may not be sufficient
to identify neurotoxic effects in the cholinergic system. Overall, the present study demonstrates that the presence
of NPPs can increase BPA bioavailability and cause neurotoxicity in adult zebrafish.

© 2017 Elsevier B.V. All rights reserved.
Keywords:
Plastic particles
Bisphenol A
Bioaccumulation
Neurotoxicity

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2017.07.144&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2017.07.144
mailto:yindq@tongji.edu.cn
http://dx.doi.org/10.1016/j.scitotenv.2017.07.144
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv


1313Q. Chen et al. / Science of the Total Environment 609 (2017) 1312–1321
1. Introduction
Three hundred million tonnes of plastics are manufactured every
year worldwide (Katsnelson, 2015), mainly used for the packaging
and construction industry (PlasticsEurope, 2016). Indiscriminate dis-
posal, places a huge burden on the waste management system without
proper recycling, allowing plastic wastes to enter the aquatic ecosys-
tems (Duis and Coors, 2016; W.C. Li et al., 2016; Wager and Hischier,
2015; Wagner et al., 2014). In addition to plastic litter, a large amount
of fine plastic particles are found in the environment, including micro-
sized plastic particles (microplastics, MPPs) and nano-sized plastic par-
ticles (nanoplastics, NPPs) (da Costa et al., 2016; do Sul and Costa,
2014). MPPs can reach up to 100,000 particles/m3 in surface waters,
and 109 g/L in island beach sediments (Baztan et al., 2014;
Eerkes-Medrano et al., 2015). It has been shown that environmental rel-
evant levels of MPPs and NPPs can induce energy conservation in ma-
rine worm Arenicola marina, growth retardation in Scenedesmus
obliquus, reproduction suppression in Daphnia magna and copepod
Tigriopus japonicas, and oxidative damage in Danio rerio (Besseling et
al., 2014; Chen et al., 2017; Lee et al., 2013; Wright et al., 2013).

As plastic particles have been observed in both laboratory and field
studies to be ingested by a large number of aquatic organisms
(Besseling et al., 2015; Paul-Pont et al., 2016; Van Cauwenberghe and
Janssen, 2014), their efficient sorption ability may lead to increasing
concern about their “vector” role for exposure to toxic pollutants in
aquatic organisms (Cole et al., 2011; do Sul and Costa, 2014). Plastics
have a high sorption capacity for organic pollutants, such as polycyclic
aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), and
hexachlorocyclohexanes (HCHs) (Lee et al., 2014). The transfer of pol-
lutants from plastics to organism tissues has been documented in labo-
ratory experiments (Chen et al., 2017; Ma et al., 2016). Though some
experts questioned the environmental significance of this carrier func-
tion, by pointing out the lower ability of transferring pollutants com-
pared with other suspended particles (e.g., organic matter, plankton)
(Beckingham and Ghosh, 2017; Herzke et al., 2016; Koelmans, 2015;
Koelmans et al., 2016). However, it is still expected that, in addition to
the innate toxicity of plastic particles, their interaction with co-existing
pollutants may affect both contaminants' bioavailability and thereby
toxicity of pollutants to biota. For example, NPPs can significantly in-
crease the phenanthrene bioaccumulation in Daphnia magna and lead
to an increase toxicity in daphnids (Ma et al., 2016). In certain scenarios
plastic additives like plasticisers, flame retardants, and antimicrobial
agents are incorporated in plastics (Koelmans et al., 2014; Makris et
al., 2013), and these additives' toxicity may be altered due to co-
exposure. Bisphenol A (BPA) is a well-known additive and primarily
used in the production of polycarbonate plastics and epoxy resins
(Huang et al., 2012). Moreover, it can migrate from plastic packag-
ing, bottles, and lacquer coatings into an aqueous phase (Makris et
al., 2013; Nam et al., 2010). A recent study has reported that BPA con-
centrations can reach up to 4 μg/L in freshwater (Huang et al., 2012).
Therefore, the interaction between plastic particles and BPA in
the aquatic ecosystem seems to be inevitable; however, current
knowledge about plastic particles' impacts on BPA uptake and toxic-
ity is still limited.

Zebrafish are a suitable model organism to study the bioaccumula-
tion and neurotoxic effects of contaminants (Braunbeck et al., 2005;
Hollert et al., 2003; Peddinghaus et al., 2012). Previous studies have
demonstrated that BPA and NPPs can accumulate in zebrafish and
were even detected in the brain (Kashiwada, 2006; Lindholst et al.,
2003). The expressions of genes and proteins related to the central ner-
vous system (CNS) in zebrafish have been utilized as important bio-
markers for developmental neurotoxicity (L.G. Chen et al., 2012).
Moreover, neurotransmitters are essential mediators of signaling across
synapses, where they initiate, amplify, andmodulate signals in the ner-
vous system, and therefore are also important neurotoxic biomarkers
for aquatic organisms (X.F. Wang et al., 2015).
In the present study, we selected polystyrene particles as represen-
tative NPPs due to their high production volume worldwide, and due
to their already observed potential neurotoxic effects to zebrafish
(Chen et al., 2017). BPA was chosen as model chemical because it is ex-
tensively distributed in the aquatic environment and its ubiquitous ex-
istence in plastics (Huang et al., 2012). BPAwas traditionally deemed to
cause effects in terms of endocrine disruption, obesity, and
immunotoxicity (Michalowicz, 2014; Saal et al., 2012). Moreover, re-
cent findings claimed an increasing concern about its adverse impacts
on brain development (Saili et al., 2012); and therefore BPA was select-
ed for evaluation by the National Toxicology Program of the United
States due to increasing scientific evidence and concerns about its po-
tential effects on brain and behavior (Program, 2010).

Here, we hypothesise that the “carrier” (NPPs) can sorb BPA, and
subsequently alter the uptake and distribution of BPA in different
zebrafish tissues and possibly enhance the neurotoxic effects in the
fish brain consequently. We have quantified both BPA and NPPs uptake
throughout the exposure in viscera, gill, head andmuscle tissues. More-
over, myelin basic and tubulin protein/gene expressionswere chosen as
central nervous system (CNS) development biomarkers. Besides, effects
on the dopaminergic and cholinergic neurotransmitter systems were
assessed. It is known that these systems are important for zebrafish
brain physiology (Rico et al., 2011). Therefore we selected a group of
biomarkers, i.e., the mescencephalic astrocyte-derived neurotrophic
factor (MANF) gene which directs dopaminergic precursor cells differ-
entiation (Y.C. Chen et al., 2012), the Synapsin protein which partici-
pates in synaptic transmission (Cesca et al., 2010), and
actylcholinesterase (AChE) whose activity can regulate acetylcholine-
mediated signaling (Behra et al., 2002).

2. Materials and methods

2.1. Chemicals

Thepolystyrene nanoplastics (NPPs, Fluroresbrite® YGMicrosphere,
50 nm) were purchased from Polysciences Co. (Warrington, PA, USA).
Bisphenol A (BPA, ≥99.0%) and dopamine (≥99.0%) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Nitrogen gas (N2, 99.995%)
was supplied by Chun Yu Special Gases (Shanghai, China). All other re-
agents and chemicals were of analytical grade and obtained from
Sinopharm Chemical Reagent Co. (Shanghai, China).

2.2. BPA sorption onto NPPs

Prior to the start of exposure, the sorption ability of BPA onNPPswas
investigated by batch experiment. Briefly, BPA (1 μg/L) was mixed in
glass flasks with NPPs (1 mg/L) in artificial fresh water [including
1.2 mg/L KCl, 13.0 mg/L NaHCO3, 24.7 mg/L MgSO4·7H2O, and
55.8 mg/L CaCl2·2H2O], total volume 500 mL. Then, the flasks were
sealed with foil-lined screw caps and rotated (150 rpm) at room tem-
perature at 25 ± 2 °C for three days. At each sampling time point (0 h,
6 h, 1 d, 2 d, and 3 d), a 10 mL aliquot was obtained (n = 3), filtered
through a VSWP filter (mixed cellulose ester, pore size 0.025 μm,
Millipore, USA) to remove NPPs from the solution, and the BPA concen-
trations in filtrates were determined. The sorption equilibrium was
reached after 1 d with a remaining soluble BPA concentration of 0.78
± 0.09 μg/L (Fig. S1), which was used as the freely dissolved BPA con-
centration in the following co-exposure experiment.

2.3. Experimental design

All experiments were performed in adult wild-type zebrafish (6-
month old, AB strain) obtained from the Institute of Hydrobiology (Chi-
nese Academy of Sciences, China), and acclimatised for two weeks be-
fore the experiments. The zebrafish were exposed to control, BPA
alone, NPPs alone, and a combination of both contaminants for three
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days. The BPA alone treatment consisted of 0.78 μg/L (abbreviated as
[Bfree]) and 1 μg/L (abbreviated as [B0]), the NPPs alone treatment
contained 1 mg/L NPPs (abbreviated as [NPPs]). In parallel, the NPPs-
BPA co-exposure group received a mixture of BPA (1 μg/L) and NPPs
(1 mg/L) (abbreviated as [NPPs + B0]). The comparison between
[Bfree] and [NPPs + B0] helps to better understand the associated BPA's
contribution to BPAuptake and neurotoxic effects in zebrafish; the com-
parison between [B0] and [NPPs + B0] shows the different bioavailabil-
ity and effects of BPA with the absence and presence of NPPs. All the
exposure media were preparedwith artificial freshwater 1 d before ex-
posure and media was refreshed for all treatments and control daily.
Therewere three tanks for each exposure group. Throughout the exper-
iment, artificial aeration kept the dissolved oxygen level above 4 mg/L,
pH was kept at 7.8 ± 0.2, and the temperature was 25 ± 2 °C. At each
sampling point, fish were euthanised with MS-222 (0.03%) and then
rinsed with distilled water to remove adhered chemicals from the fish
skin. Zebrafish viscera (including intestine, kidney and liver), gill, head
and muscle were excised according to Gupta and Mullins (2010). To
shorten the time before sample storage especially for the gene/protein
quantification experiments, whole zebrafish head samples, primarily
composed of fish brain and with some surrounding soft parts, skull,
and roofing bones were collected and immediately frozen in liquid ni-
trogen overnight. To remove the bones the samples were centrifuged
and stored at −80 °C for subsequent assays. The zebrafish were cared
and used in accordance with the National Animal Welfare Law of
China (Sciences, 2009).

2.4. Sample preparation and chemical analysis of BPA

Zebrafish samples (head, viscera, gill, andmuscle)were prepared ac-
cording to Lindholst et al. (2003) with modifications. Briefly, fish sam-
ples were freeze-dried using a lyophilizer (Christ ALPHA 2-4 LSC,
Germany), and then ground to powder for extraction. The powder
was transferred into glass centrifuge tubes, and then extracted by liq-
uid/liquid extraction with 5 mL dichloromethane: methanol (1:2 v/v)
in an ultrasonic cell disruptor (150 W, JYD-150 L, Zhisun Instrumental
Co., Shanghai, China) for 2 min (5 s: 5 s ultrasonication/cooling
down). Subsequently, the samples were soaked overnight and filtered
through 0.22 μm filters (polytetrafluoroethylene, Ampel Co., China)
and blown down with N2 to dryness. The dry samples were dissolved
in 3mLmethanol and applied onto a conditioned Sep\\Pak NH2 extrac-
tion cartridge (500mg,Waters, USA), and thenwashed againwith 5mL
methanol. Subsequently, BPA was eluted with 2 mL of 2% ammonium
hydroxide in 20% methanol. The eluate was adjusted to pH 8 with
formic acid and evaporated to dryness with N2 before quantification.

The BPA identification and quantification was performed using ultra
high-performance liquid chromatography and electrospray tandem
mass spectrometry (UHPLC-MS) (Waters, USA). Chromatographic sep-
aration was conducted by an Acquity BEH C18 column (1.7 μm, 2.1
× 50 mm, Waters, USA) maintained at 30 °C. The BPA bioaccumulation
in zebrafish tissues is expressed as μg/kg ww.

2.5. Quantification of NPPs in zebrafish

TheNPPs quantificationmethodwasmodified fromprevious studies
(Claessens et al., 2013; Lu et al., 2016). Lyophilized zebrafish samples
were transferred to 0.5 mL centrifuge tubes, with 1 mL of sodium hy-
droxide (50 M) added for digestion. The digestion was conducted at
70 °C for 2 h, followed by dilution (1:2 v/v) with ultrapure water and
a filtration through cellulose nitrate membrane (5 μm pore size,
Whatman, UK). The concentrations of NPPs in the supernatants were
measured using a fluorescence spectrometer (Tecan Infinite, M200
reader, Switzerland) with excitation and emission wavelengths at 441
and 486 nm, respectively. NPPs tissue concentrations were normalized
by deducting the mean values of blanks from each tissue (n = 3). The
NPPs uptake in zebrafish is expressed as mg/kg ww.
2.6. Chemical analysis of dopamine content and AChE activity

The dopamine content and acetylcholinesterase (AChE) activity
were determined in zebrafish head as follows. Each fish head sample
(stored at−80 °C) was immediately homogenised on ice in 400 μL ul-
trapure water using a tissue homogenizer (VDI 12, VWR, Germany).
Three hundred μL of the homogenate was used for dopamine content
determination according to Tufi et al. (2016). Briefly, the homogenates
were transferred to 2 mL centrifuge tubes and rinsed with 50 μL meth-
anol/H2O solution (70:30 v/v), and then kept on ice for 10 min to facil-
itate the protein precipitation. After that, each sample was centrifuged
at 17,000g for 10 min at 4 °C and the freeze-dried supernatant was
reconstituted by vortexing in 100 μL acetonitrile/H2O solution (90:10
v/v). The dopamine content analysis was carried out with a UHPLC-MS
(Waters, USA) and separated with the Acquity BEH C18 column (1.7
μm, 2.1 × 50 mm, Waters, USA) at 30 °C. The dopamine content is con-
verted and expressed as ng/g ww.

The other 100 μL homogenate was used for protein content and
AChE activity determination. The AChE enzyme can hydrolyze acetyl-
choline into choline and acetic acid, and choline can further react to ob-
tain sym-trinitrobenzene which can be measured at 412 nm (Ellman et
al., 1961). The activity of AChE and total protein (bicinchoninic acid
method) were both measured using diagnostic kits (Keygen Biotech,
China), according to the manufacturer's protocol. The AChE activity
was expressed as specific activity in enzyme unit (U) per mg of protein.
One enzyme activity unit (U/mgprot) is defined to be 1 mg protein hy-
drolyzes 1 μmol acetylcholine at 37 °C for 6 min.

2.7. Gene transcription

The gene transcription analyses were performed according to a pre-
viously described method (Braunig et al., 2015). Briefly, total RNA was
extracted, isolated, and quantified for each fish head sample (stored at
−80 °C) with NucleoSpin kit (Macherey-Nagel, the Netherlands). The
RNA quality was assessed by the 260/280 nm ratio and its appearance
on 1% agarose-formaldehyde gels. Then, the reverse PCR experiment
was performed as follows: the amplification reactionmixture contained
reverse transcription product 1 μL, SybGreen PCR mix 8 μL, each primer
(10 pmol/μL) 1 μL, and ultrapure water 5 μL. The reaction mixture
underwent 2 min at 95 °C followed by 40 cycles of 10 s at 94 °C, and
10 s at 60 °C, and 40 s at 72 °C in a thermal cycler (CFX-6, Bio-Rad,
USA). The primer sequences of the target genes of mbp, α1-tubulin,
and manf, and the reference gene of gapdh were designed using the
gene bank of NCBI (Table 1), and each gene was tested in three repli-
cates and repeated three times.

2.8. Protein extraction and western blotting

The western blotting experiment was performed based on the pro-
tocol of Westerfield (1993). Firstly, the fish head samples (stored at
−80 °C) were digested in RIPA lysis buffer with 50 mM Tris (pH 7.4),
150 mM NaCl, 1% NP-40, and 0.5% sodium deoxycholate. The
homogenised lysate was incubated on ice for 30 min and then centri-
fuged at 13,000g for 5 min at 4 °C. The protein extracts were then sepa-
rated by 12% SDS-PAGE electrophoresis and transferred to a
polyvinylidene difluoride (PVDF) membrane (Millipore, USA) for im-
munoblotting with primary antibodies of anti-myelin basic protein Z-
fish antibody (MBP, 1:700, ANAspec, USA), anti-α-tubulin antibody
(α1-Tubulin, 1:1000, Abcam, UK), anti-synapsin 2α (Syn2α, 1:1000,
SY, USA), or anti-gapdh (GAPDH,1:2000, Weiao, China) overnight.
After incubationwith horseradish peroxidase-conjugated goat anti-rab-
bit IgG (1:2000, Jackson Immuno Research, UK) for 2 h, the signal was
detected by enhanced chemiluminescencewith the Lumi-Lightwestern
blotting substrate kit (Roche, Switzerland). Finally, the relative protein
contents of MBP,α1-Tubulin, and Synapsin were quantified by compar-
ing to the signal to GAPDH.



Table 1
Primer sequence used for the quantitative reverse transcription – polymerase chain reac-
tion (qRT-PCR) in this study.

Gene name Sequence of the primer (5′-3′)

gapdh F- CGT TCA TCC ATC TTT GAC GC
R- ACA CGG TTG CTG TAA CCG AA

mbp F- AAT CAG CAG GTT CTT CGG AGG AGA
R- AAG AAA TGC ACG ACA GGG TTG ACG

α1-tubulin F- AAT CAC CAA TGC TTG CTT CGA GCC
R- TTC ACG TCT TTG GGT ACC ACG TCA

manf F- AGA TGG AGA GTG TGA AGT CTG TGT G
R- CAA TTG AGT CGC TGT CAA AAC TTG
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2.9. Quantitative assurance and statistical analysis

For all experiments corresponding blanks were collected and
sample measurements were corrected using the mean of the
blanks. Method detection limits were derived from the minimum
concentration of an analyte which can be measured including
sample preparation steps within a 80–120% recovery. The detection
limits were 0.4 μg/L for BPA, 4 μg/L for dopamine content, and
0.5 mg/L for NPPs.

All data were verified to be in accordance with normal distribu-
tion by using the Shapiro-Wilk test or Q-Q plots. Then the differences
among treatments at different sampling points were evaluated by
t-test (between two groups) and one-way analysis of variance
(ANOVA, among more than two groups) followed by Turkey's test.
Bars/dots with */# represent p b 0.05 between groups. All analyses
were performed with SPSS (version 20.0, SPSS software Co., USA).
Figures were plotted with GraphPad Prism (version 5.0, GraphPad
Software Co., USA).
Fig. 1. BPA concentrations (μg/kgww) inDanio rerio exposed to [Bfree], [B0] and [NPPs+ B0] in d
expresses as average ± standard deviation. ⁎ represents significant differences in the ANOVA t
3. Results

3.1. Characterization of NPPs

The characterization of polystyrene NPPs was conducted in ultra-
pure water. The ζ potential of 1 mg/L NPPs was −30 mV and the hy-
draulic equivalent diameter was measured to be 47.0 ± 0.2 nm with a
PdI of 0.04 at 30 °C on the dynamic laser scatter instrument (Zetasizer
Nano ZS90, Malvern Instruments Ltd., UK). Moreover, the NPPs were
further characterised by transmission electron microscope (TEM,
75 kV, H-600, Hitachi, Japan) as shown in Fig. S2. According to the
TEMobservations, the polystyreneNPPs aligned into chain-like agglom-
erates which scaled to hundreds of nanometers.
3.2. Uptake of BPA in zebrafish

BPA concentrations reached the highest levels in zebrafish tissues
after 1 day exposure, subsequently the concentrations decreased gradu-
ally (Fig. 1). Average BPA concentrations were in the order of viscera
N gill N head N muscle after 3 d exposure: 11 ± 7 N 7 ± 6 N 2.1 ± 0.8
N 2.0 ± 0.5 μg/kg wet weight (ww) in the [B0] treatment and 45 ± 25
N 8 ± 4 N 5 ± 3 N 2 ± 1 μg/kgww in the [NPPs + B0] treatment. In ad-
dition, the uptake amount in [Bfree] treatment did not show significant
differences from that in [B0], except for the BPA concentration in the
head on day 1.

With the presence of NPPs, the BPA head concentration in [NPPs
+ B0] was significantly higher than that in [B0] after 3 d exposure by
2.2 folds significantly (p b 0.05). The BPA viscera concentrations in the
co-exposure treatment [NPPs + B0] were always higher than that in
[B0] treatment at the end of exposure by 2.6 folds significantly (p b

0.05). Meanwhile, BPA concentrations in gill and muscle tissues have
ifferent tissues/parts of head, viscera, gill, andmuscle. Each bar represents 3 replicates and
est (p b 0.05) between [B0] and [Bfree]/[NPPs + B0] treatments.
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not shown significant differences among the three treatments of [Bmin],
[B0] and [NPPs + B0].

3.3. Uptake of NPPs in zebrafish

According to the accumulation experiments, even though fluctua-
tions of NPPs concentrations over time could be observed, a relatively
steady state had been achieved after 3 d exposure (Fig. 2).

Higher NPPs uptake was observed in [NPPs + B0] and [NPPs] after
1 d exposure in viscera and gill (p b 0.05), but the differences were neg-
ligible after the 2nd day. NPPs uptake amounts still follow the order of
viscera N gill N head N muscle with 396 ± 127 mg/kg in viscera, 354
± 103 mg/kg in gill, 294.5 ± 68.8 mg/kg in head, and 64 ± 29 mg/kg
in muscle for the [NPPs] treatment (based on ww); and there were
514 ± 165 mg/kg in viscera, 211 ± 39 mg/kg in gill, 162 ± 83 mg/kg
in head, and 49 ± 17 mg/kg in muscle for the [NPPs + B0] treatment
(based on ww) after 3d exposure (Fig. 2).

3.4. Gene transcription in zebrafish head

According to Fig. 3a, the gene transcription ofmbp in [Bfree] and [B0]
groups remained unchanged in the head of exposed zebrafish during
the first two days. But on day 3, the mbp expression had two-fold up-
regulation in both [Bfree] (p = 0.19) and [B0] (p = 0.10) groups com-
paredwith control. However, as for [NPPs] and [NPPs+ B0] groups, sig-
nificant up-regulation of mbp mRNA by around four-fold increase
comparedwith the control was observed on day one (p b 0.05); where-
as this up-regulated expression was returned to basal values from the
2nd day on, even though [NPPs + B0] showed a relative highermbp ex-
pression than [NPPs] on day 2.

As shown in Fig. 3b, no significant changes in α1-tubulinmRNA ex-
pression was observed in [Bfree] and [B0] groups, but with slight up-reg-
ulation after 2 d exposure relative to control. Nevertheless, significant
Fig. 2.NPPs uptake concentrations (μg/kgww) inDanio rerio exposed to [NPPs] and [NPPs+B0]
represents significant differences (p b 0.05) between the two groups in the t-test.
up-regulation of α1-tubulin in [NPPs + B0] group (p b 0.05) and in
[NPPs] group (p = 0.13) occurred on the 3rd d of exposure.

Furthermore, the transcripts of manf mRNA of the fish head in the
[Bfree], [B0], and [NPPs] groups were not significantly changed; whereas
it significantly up-regulated in the [NPPs+ B0] group by 3–7-fold incre-
ment throughout the exposure (p b 0.05) (Fig. 4).

3.5. Protein expression in zebrafish head

To complement our analysis of gene expression in relevant with de-
velopmental neurotoxicity, we also assessed the protein expression
levels of MBP and α1-Tubulin (Fig. 3c and d). Consistent with the
gene expression results, MBP protein exhibited about 20-fold up-regu-
lated expression in the [NPPs] and [NPPs + B0] groups on day 2 (p b

0.05), respectively. The [B0] treatment showed a slight up-regulation
on the 2nd day, while [Bfree] was significantly up-regulated on the 3rd
day (p b 0.05). The expression of α1-Tubulin protein exhibited a signif-
icant increase on the 3rd day by three times (p b 0.05) in the [NPPs
+ B0] group; while the α1-Tubulin protein expression in the [Bfree]
and [B0] treatments showed no significant differences from that of con-
trol. α1-Tubulin protein expression in [NPPs] is relative or slightly
higher than BPA alone treatments except on day 1, when α1-Tubulin
expression was significantly higher in [Bfree] than that for [NPPs]. This
might be partially due to the protein consumption by nanoparticles to
form surface corona (Lynch et al., 2009).

The Syn2α protein expression results are shown in Fig. 4. We have
not found significant differences between control and other treatments,
probably partially attributed to the relatively big variations among rep-
licates. Itwas observed that the Synapsin protein expression inNPP con-
taining groups were relatively higher than those in BPA alone
treatments after 2 d exposure, and [Bfree] even showed a significant
lower expression of Synapsin protein than [NPPs] on day 2. However,
the down-regulation of Syn2α protein was clear in BPA alone
in different tissues/parts of head, viscera, gill, andmuscle. Each bar represents 3 replicates. ⁎



Fig. 3.Gene transcription andprotein expression profiles in zebrafish head tissue after exposure to [control] ( ), [Bfree] ( ), [B0] ( ), [NPPs] ( ), and [NPPs+B0] ( ) groups. (a)mbp
mRNA transcription; (b)α1-tubulin mRNA transcription; (c) MBP protein expression; (d) α1-Tubulin protein expression. Each bar represents 3 replicates and expresses as average ±
standard deviation. * p b 0.05 indicates significant differences in the ANOVA test between exposure groups and the control group. # p b 0.05 represents significant differences between
the linked two groups in the t-test.
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treatments ([Bfree] and [B0]), with 62–71% and 44–66% reduction on day
2 and day 3, respectively. In addition, 29% and 23% down-regulation of
Syn2α protein was observed in [NPPs] and [NPPs + B0] groups after
3 d exposure, respectively.

3.6. Dopamine content in zebrafish head

We examined the concentration of dopamine in the head of
zebrafish from different exposure groups (Fig. 4). After one day expo-
sure, dopamine contents were significantly increased in the [NPPs
+ B0] treatment (2-fold, p = 0.03) compared with the control, but
then decreased to the control level in the following days. For all the
Fig. 4. The (a) dopamine contents, (b) manfmRNA, and (c) Synapsin protein expressions in th
[NPPs + B0] ( ) groups. Each bar represents 3 replicates and expresses as average ± standar
control group in the ANOVA test. # indicates significant differences between the linked two gro
other treatments of [Bfree], [B0], and [NPPs], dopamine contents were
not significantly changed over the exposure time in relative to the con-
trol group.

3.7. AChE activity in the head of zebrafish

As shown in Fig. 5, a decreased AChE activity was observed in the
head samples in BPA alone treatments. For the [Bfree] treatment, a signif-
icant decrease exhibited after one-day exposure compared with control
(38% reduction, p = 0.01); for the [B0] group, a significant decrease of
the enzyme activity occurred on day 2 and day 3 (58% reduction with
p = 0.001 and 50% reduction with p = 0.10, respectively).
e zebrafish head after exposure to [control] ( ), [Bfree] ( ), [B0] ( ), [NPPs] ( ), and
d deviation. * p b 0.05 indicates significant differences between exposure groups and the
ups in the t-test.
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Moreover, the decreased AChE activity was also visible in the [NPPs]
group, with significant reduction on day 1 and day 2 (43% reduction
with p=0.01 and 46% reductionwith p=0.01, respectively). These re-
sults suggest that BPA and NPPs can cause AChE activity inhibition and
lead to subsequent neurotoxicity. But in the co-exposure group of
[NPPs+ B0] the enzyme inhibition was alleviated and exhibited no sig-
nificant differences comparedwith that of the control, and even showed
higher AChE activity than BPA ([Bfree]) or NPPs ([NPPs]) alone treat-
ments (p b 0.05).

4. Discussion

4.1. Uptake of BPA in zebrafish

BPA was detectable in zebrafish after 6 h exposure, and the highest
BPA body concentrationswere reached on the 1st day (Fig. 1). Rapid up-
take of BPA analogue in the muscle tissue of zebrafish has been de-
scribed previously (Shi et al., 2016), and the quick BPA (analogue)
accumulation has also been reported on the whole-fish level
(Lindholst et al., 2003; Shi et al., 2016).

We found that the highest BPA tissue concentrationswere in viscera,
followed by gill, head and muscle. This is partially due to the lipid ratio
differences among tissues. The total lipid wet weights of tissues are in
the order of viscera N brain N gill N muscle as reported previously
(Nichols et al., 1990). Moreover, in view of two-compartment model,
gill (accumulate chemicals from water via respiratory surface) and
viscera (accumulate chemical through intestinal absorption) can
be termed as the first compartments and usually exhibit higher
chemical accumulation concentrations, whereas the second com-
partments (i.e. muscle and brain) rely on further blood perfusion
and transportation of pollutants (Kelly et al., 2004; Nichols et al.,
1990).

Furthermore, the BPA body concentrations decreased quickly after
1 d exposure especially for the viscera (Fig. 1), which suggests a rapid
BPA metabolism occurred. BPA elimination by biliary excretion into in-
testines and renal excretion across the gill epithelia is very fast in
zebrafishwhen comparedwith other fish (Lindholst et al., 2003).More-
over, pollutants with Kow b 105 usually have an efficient clearance of
chemicals to water via gill ventilation (Kelly et al., 2004).

In the present study, the viscera samples contained liver, kidney, and
intestine, all of which exhibit BPA metabolism potential. Liver is an es-
sential organ that plays a pivotal role in metabolism and nutrient stor-
age (Cox and Goessling, 2015), and the biliary excretion into
intestines and the renal excretion across the gill epithelia are all impor-
tant routes of BPA elimination (Lindholst et al., 2003). It has been re-
ported that after BPA exposure of only 2 h, phase II metabolites of
Fig. 5. Changes in the acetylcholinesterase (AChE) activity in zebrafish after exposure.
Each bar represents 3 replicates and expresses as average ± standard deviation. * p b

0.05 indicates significant differences between exposure groups and the control group in
the ANOVA test. # p b 0.05 represents significant differences between the linked two
groups in the t-test.
bisphenol A glucuronic acid (BPAGA) and bisphenol A sulfate (BPAS)
could be detected, indicating a rapid metabolism of BPA (Lindholst et
al., 2003).
4.2. Uptake of NPPs in zebrafish

Increasing levels of NPPs were found in zebrafish head, viscera, gill
and muscle within the first 24 h exposure (Fig. 2). Previous studies on
MPPs uptake in aquatic organisms have found that polystyrene MPPs
can also be quickly accumulated in the gill and viscera of zebrafish
and in the gill of crabs (Lu et al., 2016; Watts et al., 2014), but their
abundance inmuscle or headhas not been reported yet.With the plastic
particle size decreasing, plastic particles can penetrate intomore tissues
of organisms. For example, polystyrene NPPs can be taken up by meda-
ka through aqueous exposure andwere detected in the testis, liver, head
and blood (Kashiwada, 2006). In addition, Rosenkranz et al. found that
carboxylated polystyrene NPPs can cross daphnid's gut epithelial barri-
er, and then relocated into the oil storage droplets (Rosenkranz et al.,
2009).

Relative steady states of NPPs accumulation were achieved after 3 d
exposure in differentfish tissues (Fig. 2). This phenomenon is totally dif-
ferent from the declining trend of BPA uptake. One important reason is
that polystyrene is far more difficult to be metabolized/degraded by or-
ganisms. Previous investigations have shown that the rate of polysty-
rene biodegradation in different microbial consortia ranged from 0.01
to b3% within 4 months (Yang et al., 2015).

Moreover, the NPPs uptake in different tissues followed the same
order as BPA with viscera N gill N head Nmuscle. However, it is note-
worthy to state that higher NPPs uptake was observed in [NPPs+ B0]
than [NPPs] in viscera and gill (p b 0.05) after 1 d exposure, but the
differences did not last until the 2nd day. This implies that the pres-
ence of BPA enhanced NPPs uptake at the beginning of the exposure
in these two tissues. One plausible explanation is that at the early
stage of exposure, reactive oxygen species (ROS) were significantly
higher (p b 0.05) than afterwards (Fig. S3). Under such circum-
stances, inflammation may occur (Manke et al., 2013) and alter the
first compartments (viscera and gill) surface properties and conse-
quently increase NPPs uptake.
4.3. Enhanced BPA uptake in zebrafish by NPPs

In our study, the carrier function of NPPs for BPA could be shown as
NPPs significantly changed BPA's uptake concentrations in viscera on
the 1st day, and in head from the 2nd day on, respectively. This is con-
sistent with a recent study that MPPs (0.074%w/w in sediment) can in-
crease the polychlorinated biphenyl's bioaccumulation in lugworm
(Arenicola marina) by 1.1–3.6 fold (Besseling et al., 2013). All the
above results imply that plastic particles can facilitate BPA uptake in
zebrafish.

By comparing the [NPPs + B0] and the [Bfree] groups, both of which
have a same freely dissolved BPA concentration, we found that much
more BPA molecules were taken up by zebrafish in the [NPPs + B0]
group. It suggests that the associated fraction of BPA could be bioavail-
able after ingestion aswell. Similar phenomenonwas observed in previ-
ous studies, where the sorbed form of organic pollutants (ibuprofen and
phenanthrene) on fullerene nanoparticles was still bioavailable and
could be bioconcentrated by fish (Cyprinus carpio) (Chen et al., 2014a;
Hu et al., 2015). Moreover, considering the high NPPs amounts in both
viscera and head in the [NPPs + B0] group (the highest concentration
reached 762 and 423 mg NPPs/kg ww viscera and head, respectively)
(Fig. 2), another plausible explanation is that the sorption and desorp-
tion equilibrium between BPA and NPPs may slow down the BPA me-
tabolism in zebrafish (Fang et al., 2016), which could also lead to
higher BPA uptake concentrations in the fish.



1319Q. Chen et al. / Science of the Total Environment 609 (2017) 1312–1321
4.4. Uptake of BPA and NPPs in zebrafish head

A high BPA uptake was observed in the head in the [B0] treatment
group, which further increased after co-exposure with NPPs. It has
been reported that BPA can easily pass the blood-brain barrier due to
its lipophilic chemical structure (Negri-Cesi, 2015; Nishikawa et al.,
2010). In our study a large amount of NPPs could also accumulate in
the fish head (Fig. 2). Previously, similar results have been shown that
ZnO, TiO2 and C60 nanoparticles can accumulate in the head of zebrafish
(Chen et al., 2014b; Johnston et al., 2010). There are two primary possi-
ble routes for nanoparticles' accumulation in fish head through aqueous
exposure. First, fine particles can penetrate into different tissue com-
partments, and then translocated by circulation to other organs, includ-
ing the brain,where theymay be deposited (Peters et al., 2006). Second,
it was also suggested that the olfactory nerve pathway should be con-
sidered as another entry to the central nervous system for nano-sized
particles, by transporting via the olfactory neurons (Elder et al., 2006;
Persson et al., 2003). Once nanoparticles accumulated in the head, it is
usually difficult to eliminate themby the physiological clearance system
over long periods which could lead to possible neurotoxic effects (Hu
and Gao, 2010; Win-Shwe and Fujimaki, 2011).

4.5. Up-regulation of CNS biomarkers in NPPs addition treatments

In the present study,we havemeasured the expression ofmRNA and
protein levels involved in the development of neurons (Fig. 3). Develop-
mental neurotoxicity is an important neurotoxic endpoint, which could
indicate sensitive alterations in the developing central nervous system
(CNS) as shown in previous studies (L.G. Chen et al., 2012; Q.W. Wang
et al., 2015a).

mbpmRNA is a biomarker ofmyelination that is expressed in oligoden-
drocytes in the nervous system (Lee and Fields, 2009), and the MBP pro-
tein is required for myelination of axons in the zebrafish CNS (Brosamle
andHalpern, 2002). As shown in Fig. 3a and c, BPAalone treatments exhib-
ited a slight inductionofMBPexpression; however, the transcription levels
ofmbpwas significantly up-regulated on day 1 after treatment with NPPs
([NPPs] and [NPPs + B0] groups). Accordingly, MBP protein expression
showed a similar up-regulation one day later (2 d). The up-regulated ex-
pression in both gene and protein levels suggests a protective function of
mbp in microglial cells (Ajmone-Cat et al., 2016). It was found that NPPs
concentrations in the zebrafish head increased significantly after one day
exposure,whichwas in consistentwith the increase ofmbpmRNAexpres-
sion. TheMBP expression peakwas visible at the 2nd exposure day,which
was probably due to the formation of corona. Once nanoparticles enter
intoorganisms, they can consumea lot of proteins to formcorona especial-
ly at the beginning of exposure (Lynch et al., 2009).

α1-tubulin mRNA is expressed exclusively in the nervous system,
and the Tubulin protein participates in the microtubule cytoskeleton
formation and axon and dendrite regeneration (Baas, 1997; Q.W.
Wang et al., 2015b). In the present study, a significant up-regulation
was observed in [NPP+ B0] group at bothα1-tubulin gene and protein
levels on day 3. MBP protein assembles actin filaments and microtu-
bules, and it may be able to tether microtubules to the cytoplasmic sur-
face which would also be regulated by post-translational modifications
to MBP (Boggs et al., 2011). Therefore, it is reasonable that with the in-
crease of MBP protein and mRNA expressions during the first two days,
an up-regulated expression of α1-Tubulin protein and mRNA expres-
sions in [NPPs+B0] followedon the 3rd day. Overall, the up-regulations
of thembp andα1-tubulin protein/gene in NPPs-containing treatments
suggest a protective response to counteract NPPs induced developmen-
tal neurotoxicity in zebrafish.

4.6. Up-regulated dopamine content in the co-exposure treatment

In the dopaminergic system, dopamine neurotransmitter mediates
several important brain functions, which has emerged as an important
biomarker to assess the neurotoxic effects in zebrafish (Rico et al.,
2011). Dopamine plays a critical role in cognition and motor control
(Iversen and Iversen, 2007), alterations of dopamine levels can cause
neuro-abnormality in zebrafish (Irons et al., 2013), and are also linked
to distinct human CNS diseases like schizophrenia (Murray et al.,
2008). Scientists also found that the gene manf, which is mostly
expressed in the neuronal cells, can maintain and regulate dopaminer-
gic neurons, and to direct the dopaminergic precursor cells differentiat-
ing into mature neurons (Y.C. Chen et al., 2012). Therefore,manf can be
used as a biomarker for the functioning of the dopaminergic system tox-
icity. In the present study, significant increased dopamine levels were
observed (p b 0.05) in the [NPPs + B0] group compared with control
on day 1; manf was also significantly up-regulated in the [NPPs + B0]
group on the 1st day (p b 0.05) (Fig. 4). The consistent up-regulation
of manf and dopamine was correlating. Similar results have been
found in the manf-knockdown zebrafish larvae and in microcystin ex-
posed zebrafish larvae, whose dopamine level decreased together
with a down-regulation ofmanf (Y.C. Chen et al., 2012;Wu et al., 2016).

Another important factor is the Synapsin proteins, which are large
phosphoproteins family that coat synaptic vesicles and play important
roles in synaptic transmission and neural development (Cesca et al.,
2010). The depletion of Synapsin protein can lead to increased dopa-
mine content (Venton et al., 2006). Although there were no significant
differences found in treatments over time in relation to the control
(Fig. 4), a general reduction trend of the Synapsin protein expression
could be observed.

In summary, the increased dopamine levels occurred only in the co-
exposure [NPPs + B0] treatment, which is accompanied by the up-reg-
ulation ofmanf gene and slight down-regulation of Synapsin protein ex-
pression. These results suggest that the co-exposure of BPA and NPPs
can ultimately contribute to a dopaminergic neurotoxic effect in
zebrafish.
4.7. Alterations of the acetylcholinesterase activity

Cholinergic signaling is also regarded as a biomarker for neurotoxic-
ity (Morley, 2005), as there is evidence that AChE activity is important
for regulating normal zebrafish brain function (Hanneman and
Westerfield, 1989). AChE is a serine hydrolase, and its main functions
are to dislodge acetylcholine (ACh) from the ACh receptor in the target
cell membrane and to rapidly degrade ACh into choline and acetate
(Behra et al., 2002). Therefore, with the decreased activity of AChE, an
increase of acetylcholine would be expected to be found in the synaptic
cleft. For example, imidacloprid replaces AChE binding site in the ACh
receptors, inducing as a consequence an accumulation of ACh in the
neuronal cleft (Tufi et al., 2016).

Our results showed a decrease of AChE activity in BPA alone treat-
ments over the whole exposure period, and in the [NPPs] group during
the first two days (Fig. 5). Similarly, a decreased activity of AChE was
also observed in the liver of BPA exposed medaka, which is mainly
due to the neurotoxic effects of BPA (D. Li et al., 2016). For nano-sized
particles, the inhibition of AChE activity is probably due adsorption of
AChE to the nanoparticles (Wang et al., 2009).

However, to our surprise, no significant reduction of AChE activity
was found in [NPPs+ B0] treatment, which suggests that the neurotox-
icity in the cholinergic system was alleviated. One possible explanation
is that the associated BPAmolecules on NPPs cannot interact with AChE
directly and thereby the inhibitory effect alleviated; secondly, the sur-
face free energy of NPPs will decrease with the sorption by BPA and
thereby NPPs' interaction with AChE (i.e. corona formation (Lynch and
Dawson, 2008)) will decrease. Oliveira et al. (2013) found that
microplastics alone were able to significantly inhibit AChE. However,
the mixture of microplastic and pyrene (an anticholinesterase chemi-
cal) also did not increase the inhibitory effect, suggesting a different
mechanism of enzymatic inhibition. Therefore, the mechanisms for
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AChE activity in the co-exposure treatment appeared to be different
from either BPA or NPPs alone treatments.

5. Conclusions

In conclusion, based on the findings above, NPPs can serve as a car-
rier for BPA uptake in zebrafish. In this situation, BPA bioaccumulation
in the zebrafish head and viscerawas enhanced significantly. The co-ex-
posure of NPPs and BPA also led to increased neurotoxic effects in
zebrafish by inducing significant effects on various biomarkers in CNS
and dopaminergic systems. However, the BPA/NPPs' inhibition effect
or AChE activity was alleviated after co-exposure, indicating a different
mode of action may exist. This result also suggests that solely AChE ac-
tivity measurement (as a representative neurotoxicity biomarker often
done in studies) is not sufficient enough to identify neurotoxic effects.
Additional research should focus on the underlying mechanisms in fu-
ture studies. Overall, this study suggests that plastic's effects on bioavail-
ability and toxicity of other pollutants cannot be ignored when we
assess the environmental behavior and risks of plastic particles.
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