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Abstract Polychlorinated biphenyls (PCBs) are ubiqui-
tous environmental pollutants that may pose significant
health-risks to various organisms including humans.
Although the mixed PCB Aroclor 1254 is widespread in
the environment, its potential toxic effect on heart devel-
opment and the mechanism underlying its developmental
toxicity have not been previously studied. Here, we used
the zebrafish as a toxicogenomic model to examine the
effects of Aroclor 1254 on heart development. We found
that PCB exposure during zebrafish development induced
heart abnormalities including pericardial edema and car-
diac looping defects. Further malformations of the zebra-
fish embryo were observed and death of the larvae occurred
in a time- and dose-dependent manner. Our mechanistic
studies revealed that abnormalities in the arylhydrocarbon
receptor, Wnt and retinoic acid signaling pathways may
underlie the effects of PCBs on zebrafish heart develop-
ment. Interestingly, co-administration of Aroclor 1254 and
diethylaminobenzaldehyde, an inhibitor of retinaldehyde
dehydrogenase, partially rescued the toxic effects of PCBs
on zebrafish heart development. In conclusion, PCBs can
induce developmental defects in the zebrafish heart, which
may be mediated by abnormal RA signaling.
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Introduction

Congenital heart disease represents for nearly one-third of
all major congenital anomalies, representing a major global
health problem [1]. It is considered to be a multifactorial
complex disease with environmental and genetic factors
playing important roles, whose etiology and pathogenesis is
not yet fully elucidated [2]. It is widely accepted that
environmental insults during fetal development increase the
risk of congenital heart disease, including exposure to
chemical teratogens [3]. Furthermore, the fetal development
stage is a critical period for heart development and normal
cardiac function, because fetal sensitivity and the ability to
absorb toxins and environmental chemical pollutants are
higher than that of adults [4]. As such, environmental
chemical pollutants affecting normal development, partic-
ularly in the heart, have attracted increasing attention.
Polychlorinated biphenyls (PCBs) are semi-volatile
organic pollutants with high toxicity, whose chemical and
physical stability prevents their degradation, leading to
their ubiquitous presence in the biosphere and bioaccu-
mulation [5]. They can be found in human blood, adipose
tissue, and breast milk [6, 7], and have been shown to cross
the placenta and reduce gestational length and birth weight,
as well as affect fetal development [6, 8—10]. Additionally,
embryonic exposure to PCBs can lead to pericardial sac
edema, yolk sac edema and growth retardation in zebrafish
embryos [11]. We hypothesize that maternal PCB exposure
seriously affects the fetal development of multiple organs,
including the heart. Since the heart is the first organ to form
and function during vertebrate embryogenesis [12],
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elucidating the toxic effects and its potential mechanism on
cardiac development is essential for prevention of diseases
due to PCB exposure, particularly congenital heart defects.
Similarly, although there is growing evidence in zebrafish
to support the hypothesis that PCBs have adverse effects on
zebrafish development, the mechanisms is not well
understood.

Zebrafish is an attractive and widely used vertebrate
model for studying cardiovascular development. Owing to
the conserved developmental program within vertebrates,
fish and mammals share many similar developmental pro-
cesses. For example, it has been shown that zebrafish is
responsive to chemicals, such as small molecules, drugs
and environmental toxicants in a similar manner as mam-
mals [13-16]. Additionally, severe defects in the heart do
not lead to immediate lethality as in many vertebrate
models, and even in the total absence of blood circulation,
they receive enough oxygen by passive diffusion to survive
and continue to develop in a relatively normal fashion for
several days, thereby allowing a detailed analysis of ani-
mals with severe cardiovascular defects [17].

Cardiac development is a very complicated and elaborate
biological process those goes through a series of important
morphological events, including cell specification, migra-
tion and differentiation [18], and involves a number of sig-
naling pathways, such as the arylhydrocarbon receptor
(AhR), Wnt and retinoic acid (RA) signaling pathways [19—
21]. Additionally, there is a wide range of crosstalk between
these signaling pathways to ensure the coordinated devel-
opment of the embryonic heart in time and space. This study
aimed to use zebrafish as a toxicogenomic model to capture
cardiac developmental phenotype and transcriptomic chan-
ges in these signaling pathways, and identify the potential
molecular mechanism that contributes to the cardiotoxicity
of early-life exposure to PCBs.

Materials and methods
Reagents

Aroclor 1254 (lot 48586), a commercial mixture of PCBs,
was purchased from Sigma-Aldrich Chemical Company, St.
Louis, MO, USA. Other reagents were of analytical grade.

Animal husbandry

The zebrafish used in this study were housed in the zeb-
rafish facility of the Model Animal Research Center
(MARC), Nanjing University, Tiibingen (Germany) strain,
in accordance with IACUC-approved protocol. Embryos
were obtained from natural spawning of wild type adults,
and they were grown at 28 £ 1 °C in embryo medium as
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previously described [22]. Morphological features were
used to determine the embryonic developmental stage, as
described by Kimmel et al. [23]. Embryos older than 24 h
post fertilization (hpf) were incubated in 0.003 % phenyl-
thiourea to inhibit pigment formation.

PCBs exposure and DEAB treatment

Two types of experiments were performed in this study,
general toxicity tests and rescue experiments. In the tox-
icity tests, immediately after fertilization, embryos were
randomly exposed to 0, 0.125, 0.25, 0.5 or 1 mg/L Aroclor
1254. In the rescue experiments, embryos were treated with
4-diethylaminobenzaldehyde (DEAB) at nominal concen-
trations between 0, 5, 10 and 25 nmol/L, and with 1 mg/mL
Aroclor 1254. In all studies, Aroclor 1254 was dissolved with
0.01 % methanol into rearing solution and the embryos were
kept within a 100 mL glass Petri dish. The rearing solution
contained 1 g/LL NaCl, 0.3 g/L KCl, 0.4 g/ CaCl, and 1.6 g/LL
MgSO,. The solution containing 0.01 % methanol served as
the overall control. Dishes were covered to prevent the
evaporation of PCBs and solutions were changed and
degenerating embryos removed daily.

Counting hatching rate, malformation rates
and lethality and observation of zebrafish heart
development

After Aroclor 1254 exposure we counted the hatching rate
at 72 hpf, malformation and lethality rates at 24, 48, 72, 96
and 120 hpf, observing the heart-specific phenotype.
Embryos were photographed with a Olympus DP71 digital
camera (Olympus, Tokyo, Japan) to observe the heart-
specific phenotype and the digital images were processed
using Adobe Photoshop software CS6.

Measurement of heart rate

Embryos were anesthetized in ethyl aminobenzoate (Tri-
caine, Sigma-Aldrich Co.). The Tricaine solution stock was
made as follows: 400 mg Tricaine powder, 97.9 mL DD
water and 2.1 mL 1 mol/L Tris (pH 9). The solution was
adjusted to pH 7 and stored in the freezer. To anesthetize
fish, 4.2 mL Tricaine solution stock was diluted in 100 mL
clean tank water. The anesthetized embryos were then
transferred to a recording chamber perfused with modified
Tyrode’s solution (136 mmol/L. NaCl, 5.4 mmol/L KClI,
0.3 mmol/L NaH,PO,4, 1.8 mmol/LL CaCl,, 1 mmol/L
MgCl,, 10 mmol/L HEPES, 5 mmol/L glucose, pH 7.3) at
different time points. The heart rate was calculated by
counting the number of sequential contractions, beginning
and ending at the end diastole. This was conducted under a
dissect microscope in 30 s intervals.
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Histology

Paraformaldehyde fixed embryos were processed routinely,
embedded in paraffin, sectioned at 2 pm using a RM 2135
microtome (Leica, German) and stained with hemotoxylin
and eosin for light microscopic examination.

Preparation of RNA probes for in situ hybridization

RNA probes for in situ hybridization were generated for:
atrial myosin heavy chain (amhc), ventricular myosin
heavy chain (vmhc), cardiac myosin light chain-2 (cmlc2),
retinaldehyde dehydrogenase gene (Raldh2) and Cyto-
chrome P450 26A1 (Cyp26al). The probes were amplified
from cDNA generated from embryos at 24 hpf and sub-
cloned into pMD-18T vectors (Takara, Japan). These
plasmids were linearized and transcribed as follows: Amhc,
Raldh2 and Cyp26al, Ncol (Takara)/SP6; vmhc and cmlc2,
Sall/T7; RNA probe was transcripted by using of MAXI-
script In Vitro Transcription Kit (Ambion, USA). Digoxi-
genin (DIG)-labeled single strand RNA probes were
prepared using a DIG RNA labeling kit (Roche Diagnos-
tics, USA) according to the manufacturer’s instructions,
and stored at —80 °C for future use.

Whole-mount in situ hybridization

In situ hybridization was performed as previously described
[24], using riboprobes specific for vmhc, amhc, cmlc2, Raldh2
and Cyp26al [25, 26]. All embryos were fixed in 4 % para-
formaldehyde (PFA) at 4 °C for 12—-16 h, before undergoing
serial dehydration through graded methanol solutions (25, 50,
75, 100) and stored at —20 °C for future use. Hybridization
was performed at 65 °C, in 50 % formamide buffer with
digoxigenin-labeled RNA anti-sense probes over-night. After
a series of washes, embryos were treated in blocking solution
for 1-4 h. Hybridization was detected by Anti-Digoxigenin-
AP Fab fragment and nitroblue tetrazolium chloride/5-bromo-
4-chloro-3-indolyl phosphate (NBT/BCIP). The vmhc, amhc,
cmlc2, Raldh2 and Cyp26al expression domains were visu-
alized using NBT/BCIP (Roche, USA) staining. The control
and experimental embryos were processed in parallel. In situ
images were captured using Olympus DP71 digital camera
(Olympus, Tokyo, Japan).

Quantification of gene expression by real-time
quantitative reverse transcriptase PCR

The quantitative reverse transcription-polymerase chain
reaction (QRT-PCR) was performed to examine the relative
expression levels of Ahr2, Arnt, cyplal, Wntl, WntS5a,
Wntl1, Cyp26al, Raldh2, and B-actin (for control) using
an ABI 7300 detection system (Applied Biosystems, Foster

Table 1 Sequences of primers used in qRT-PCR

Gene name Sequences
Ahr2 Sense: 5'-acggtgaagctcteccata-3'
Antisense: 5'-agtaggtttctctggecac-3’
Arnt Sense: 5'-cacctttggatcacatctcattg-3’
Antisense: 5'-tcaccctecttagacggace-3'
Cyplal Sense: 5'- gctccgaataggtaattgavgat-3'
Antisense: 5'-agagccgtgctgatagtgte-3’
Whtl Sense: 5'-gctgagagggaggtgacaaa-3’
Antisense: 5'-tacaaaggcaggagggaatg-3’
Whnt5a Sense: 5'-cccagacatcagggagtgat-3'
Antisense: 5'-ctcgtggataccgcaagatt-3’
Whntl 1 Sense: 5'-gtaagtgccatggggtgtet-3’
Antisense: 5'-gcttccaagtgaaggcaaag-3’
Cyp26al Sense: 5'-cccagacatcagggagtgat-3’
Antisense: 5'-ctcgtggataccgcaagatt-3’
Raldh2 Sense: 5'-cccagacatcagggagtgat-3'
Antisense: 5'-ctcgtggataccgcaagatt-3’
B-action Sense: 5'-caacagagagaagatgacacagatc a-3’

Antisense: 5'-gtcacaccatcaccagagtccatcac-3’

City, CA). Total RNA was extracted from 30 embryos
using Trizol reagent (Invitrogen, USA) for each assay.
RNA were reverse-transcribed and PCR were performed
using the SYBR Green method following the manufac-
turer’s protocol. Real-time PCR reaction conditions were:
95 °C for 10 s followed by 40 cycles of 94 °C for 5 s, and
72 °C for 30 s with a final extension of 7 min at 72 °C.
Primers used for qRT-PCR are listed in Table 1. Relative
quantification of each gene was performed by the com-
parative CT method. The transcript level of target genes
was normalized to the mRNA level of B-actin according to
standard procedures.

Immunofluorescence staining for cyplal

Immunofluorescent staining on zebrafish was essentially
performed as described previously [27]. In brief, fish were
fixed in 4 % PFA made in 0.1 M phosphate buffer.
Blocking, primary, and secondary antibody incubations
were performed in 10 % goat serum containing 0.5 %
Triton X-100 in PBS at either room temperature (blocking
step, 2-5 h) or 4 °C (antibody incubations, 16—48 h).
Finally, the embryos were detected by fluorescence
microscope examination. The primary antibody used was
monoclonal 1-12-3 against fish cyplal [28].

Statistical analysis

Statistical analyses were performed using the y*-test and
Fisher’s exact test for the categorical data, or a one-way
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Fig. 1 The acute toxicity (mortality rate) test of Aroclor 1254 on
zebrafish in a time- and dose-dependent manner. The rates of lethality
ranged from 7.7 to 40.3 % in Aroclor 1254 exposed embryos. With
increasing Aroclor 1254 concentration and time, the mortality rates of
zebrafish were increased, indicating specific time- and dose-depen-
dent effects

analysis of variance (ANOVA, SPSS 16.0, SPSS, USA) for
the measurement data. The dose—response relationship was
analyzed by the Mantel-Haenszel test. A P value <0.05
was considered statistically significant. Every experiment
was independently performed at least three times.

Results

Lethality and hatchability of PCB-exposed zebrafish
embryos

To characterize Aroclor 1254 toxicity during zebrafish
development we evaluated the effects of increasing con-
centrations of Aroclor 1254 on mortality rate and hatch-
ability at different development stages (24, 48, 72, 96, and
120 hpf). Our results show that the rates of lethality ranged
from 4.7 to 40.3 % in Aroclor 1254 exposed embryos. At a
concentration of 0.125 mg/L Aroclor 1254, the mortality
rate at 24 hpf was not different than the 1.0 % rate
observed in the control group. Meanwhile, the hatching
rates were from 96.48 to 75.56 % in Aroclor 1254-exposed
groups. With increasing Aroclor 1254 concentration and
time, the mortality rates of zebrafish were increased and the
hatching rates declined, indicating specific time- and dose-
dependent effects (Figs. 1, 2). These findings demonstrate
that PCBs can retard the development of zebrafish embryos
and lead to the death of zebrafish embryos and larvae.

The effect of PCBs on gross morphology

To select a suitable concentration for future work, the
effects of increasing concentrations of Aroclor 1254 on
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Fig. 2 The acute toxicity (hatchability at 72 hpf) test of Aroclor 1254
on zebrafish in a dose-dependent manner. The rates of hatched
embryos ranged from 75.56 to 96.48 % in Aroclor 1254 exposed
embryos. With increasing Aroclor 1254 concentration, the mortality
rates of zebrafish were decreased, indicating specific dose-dependent
effects. *P < 0.05 when compared with the normal control group,
P <0.05

malformation rate at different stages (24, 48, 72, 96 and
120 hpf) were evaluated. The malformation rate is identi-
fied as the ratio of embryos and larvae with gross mor-
phological deformities including smaller size, pericardial
edema and abnormal curly tail (Fig. 3) The results suggest
that the malformation rate of zebrafish embryos and larvae
increased in a time- and dose-dependent manner. The
malformation rates ranged from 10 to 50 % in Aroclor
1254-exposed groups when compared with control groups
(Fig. 4). Since exposure to 1 mg/L Aroclor 1254, the
phenotypes were the most visible, therefore we chose a
concentration of 1 mg/L Aroclor 1254 to investigate its
effect on cardiac development.

The effect of PCBs on heart morphology in zebrafish

In normal cardiac development, the linear heart tube has
formed at 24 hpf and the tube lies along the anterioposte-
rior axis, with the atrial end to the left of the midline.
Subsequently, visible distinct ventricular and atrial cham-
bers have formed by 30 hpf, and the heart undergoes
looping morphogenesis by 36 hpf, with functional valves
formed by 48 hpf [17]. At 48 hpf, the early cardiac
development and posterior circulation function has com-
pleted, thus, we next chose 72 and 96 hpf to assess cardiac
development. As shown in Fig. 5, obvious abnormalities in
heart morphology was observed in Aroclor 1254-exposed
embryos, including severe pericardial edema and cardiac
looping defects, which are consistent with the phenotypes
described previously [29]. Instead of the normal looped and
S-shaped hearts that we observed in control embryos, the
heart chambers from Aroclor 1254-treated embryos were
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Fig. 3 Effect of PCB exposure
on the gross morphology of
zebrafish embryos and larvae.
All embryos are positioned with
their anterior side to the left and
their lateral side to the front.
Embryos were treated with
vehicle as previously described
(a, c, e, g) or with Aroclor 1254
at concentration of 1 mg/L (b,
d, f, h), respectively and
observed at a magnification of
3.2 times. Compared with the
control group, embryos treated
with Aroclor 1254 at 24 hpf
displayed slight developmental
arrest and pericardial edema

(b vs. a). At 48 hpf, Aroclor
1254-exposed embryos
displayed slight pericardial
edema and bent tails (d vs. ¢).
At 72 hpf (f vs. e) and 96 hpf
(h vs. @), Aroclor 1254-exposed
embryos displayed similar
phenotypes to embryos at 24
and 48 hpf with more severe
pericardial edema. Black arrows
represent the pericardial edema
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Fig. 4 The acute toxicity (malformation rate) test of Aroclor 1254 on
zebrafish in a time- and dose-dependent manner. The rates of
malformation ranged from 10 to 50 % in Aroclor 1254 exposed
embryos. With increasing Aroclor 1254 concentration and time, the
malformation rates of zebrafish were increased, indicating specific
time- and dose-dependent effects

string-like and elongated. In the control group, the ventricle
and atrium overlapped and were not distinguishable in the
lateral view. In contrast, ventricles of the treated embryos
were positioned anterior to the atrium, so the chambers
could be easily distinguished with little overlap. These
results indicated that PCBs caused abnormal heart tube
development in zebrafish.

PCBs

The effect of PCBs on cardiac function

The cardiac circulation function in zebrafish is completed
by 48 hpf, so the heart rate was examined at 48, 72 and 96
hpf to evaluate the effects of PCBs on cardiac contraction.
As shown in Fig. 6, the mean heart rate at 48 hpf were
163.5 &+ 7.6 beats per minute (bpm), 133.3 £ 6.3, and
123.5 £ 4.9 bpm for the control group, 0.5 mg/L Aroclor
1254 treated group and 1 mg/L Aroclor 1254 treated group,
respectively (n = 50). Moreover, the average heart rates at
72 hpf were 180 £ 9.4, 152.8 & 7.9 and 138 £ 12.3 bpm
for the control group, 0.5 mg/L Aroclor 1254 treated group
and 1 mg/L Aroclor 1254 treated group, respectively.
Moreover, the average heart rates at 96 hpf were
187.1 £ 12.9, 148.7 &£ 9.5 and 130.8 £ 13.4 bpm for the
control group, 0.5 mg/L. Aroclor 1254 treated group and
1 mg/L. Aroclor 1254 treated group, respectively. The
results displayed that the heart rate was significantly
decreased by PCB exposure in a dose-dependent manner.
Conversely, the ventricles and atria of control embryos
exhibited vigorous, rhythmic contractions, ensuring circu-
lation throughout the body. In the PCB-treated groups,
irregular and weak contractions were observed readily.
Taken together, these data indicate that PCB exposure lead
to a remarkable change in the contractile function of the
heart.
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Fig. 5 The effect of PCBs on cardiac morphology in zebrafish
embryos and larvae. All embryos are positioned with their anterior
side to the left and their lateral side to the front. Embryos were treated
with vehicle as previously described (a, ¢) or with Aroclor 1254 at a
concentration of 1 mg/L (b, d) respectively. Compared with the
control group, Aroclor 1254-exposed embryos at 72 hpf displayed
severe pericardial edema at a magnification of 3.2 times (a, b). At a

Fig. 6 PCB exposure decreased 200 -

P<0.001 (P=0.00000009)

PCBs

magnification of 6.3 times, the ventricle and atrium largely over-
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normal looped and S-shaped hearts observed in the control group, the
heart chambers from Aroclor 1254 treated embryos were string-like
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Fig. 7 The effect of PCBs on cardiac chamber development in
zebrafish. a In situ mRNA hybridization for amhc at 24 and 48 hpf.
b In situ mRNA hybridization for vmhc at 24 and 48 hpf. ¢ In situ
mRNA hybridization for cmlc2 at 24 and 48 hpf. d Cardiac histology
in zebrafish larvae at 96 hpf. The cardiac sections at 96 hpf displayed
obvious cardiac phenotypes, including wall thinning due to reduced

The effect of PCBs on cardiac chamber development
in zebrafish

To further investigate the effect of PCBs on cardiac
development at the molecular level, the expression of three
cardiac chamber marker genes was examined at 24 and 48
hpf by whole-mount in situ hybridization, including amhc,
vmhc and cmcl2, expressed in atrium, ventricle and
throughout the heart, respectively [26, 30, 31]. Compared
with control embryos, embryos exposed to Aroclor 1254
showed an abnormal expression position of amhc at 24 and
48 hpf, resulting in an abnormal atrial development
(Fig. 7a). Similarly, as compared with control embryos,
vmhe expression was abnormal at 24, and by 48 hpf the
expression level was significantly reduced and the extent of
expression area was visibly more narrow (Fig. 7b). We also
determined cmlc2 expression, to observe the position of the
ventricle and atrium directly. We found that the expression
pattern of cmlc2 was altered in Aroclor 1254-treated
embryos, compared with the control embryos at 24 hpf,
while a string-like and elongated heart tube was observed
at 48 hpf in the Aroclor 1254-treated group (Fig. 7c).

myocardium and chamber dilation in the Aroclor 1254 treated group
when compared with the control group, while, the valves seemed
indistinguishable in the exposure group (black arrowhead atrium, red
arrowhead ventricle, green arrowhead venous sinus, blue arrowhead
atrioventricular valve). (Color figure online)

Accordingly, we hypothesized that Aroclor 1254 exposure
could impair cardiac chamber development, which we
verified histologically. In agreement with this hypothesis,
wall thinning because of a reduced myocardium and
chamber dilation were observed in heart sections at 96 hpf,
while the valve in the PCB-exposed embryos was indis-
tinguishable from that in control group (Fig. 8d). Taken
together, this data demonstrates that Aroclor 1254 exposure
can induce significant toxic effects on cardiac chamber
development, but not on heart valve development.

The effect of PCB exposure on RA, AHR and WNT
signaling pathways in zebrafish

In order to better understand the mechanism underlying the
effect of PCBs on cardiac development, we studied three
signaling pathways important in this process, including
AHR, WNT, and RA signaling. Recent studies suggest that
RA signaling may participate in defining the posterior limit
of the second heart field formation, which is only one of its
important regulatory roles in early development [32]. Using
whole mount in situ hybridization, which was confirmed by

@ Springer



7980

Mol Biol Rep (2014) 41:7973-7983

o
g $
g £
M
-
X
o
o
£
3
[
s
Q
o
v
os -
[ E3rcss
< o
% 06 <
g™ :
E i 3
N 02 ~
00 LHE L
> > N
'»“& s o8 (;@Q
Hours post fortilization
D
3 §
$
H H
- H
k3 o
3
= £

& &
& &
& o

&“‘

Hours post fertilization

Y Y
& &
LN

Hours post fertilzation

Fig. 8 The effect of PCB exposure on RA, AHR and WNT signaling
pathways in zebrafish. a PCB exposure alters the expression of
Raldh2. The expression of Raldh2 was detected by whole mount
in situ hybridization at 14 hpf (left panel) and real-time PCR at 14 and
24 hpf (right panel). b PCB exposure alters the expression of
Cyp26al. The expression of Cyp26al was detected by whole mount

real-time PCR at 14 and 24 hpf, we detected changes in the
expression of Raldh2, whose protein product is an enzyme
that catalyzes the synthesis of RA from retinaldehyde, and
cyp26al, which encodes a member of the cytochrome P450
superfamily of enzymes regulating the cellular level of RA.
The expression of Raldh2 was significantly up-regulated in
PCB-exposed embryos at 14 and 24 hpf, particularly along
the back and the somites (Fig. 8a). The expression level of
Cyp26al was down-regulated compared in PCB-exposed
embryos, which was significant at 14 and 24 hpf (Fig. 8b).
These results indicate that PCB exposure influences the RA
signaling pathway through up-regulation of Raldh2 and
down-regulation of Cyp26al, which contributes to abnor-
mal cardiac development.

We next studied important members of the AHR sig-
naling pathway in control and PCB-exposed embryos,
including the expression level of Ahr2, Arnt and Cyplal
by real-time PCR at 24, 48, 72 and 96 hpf (Fig. 8c). The
expression of Ahr2 was significantly up-regulated in PCB-
exposed embryos at each time point. Moreover, we found
that the expression of Arnt was up-regulated in PCB-
exposed embryos at 72 and 96 hpf, but the increase was not
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in situ hybridization at 20 hpf (left panel) and real-time PCR at 14 and
24 hpf (right panel). ¢ PCB exposure alters the expression of Ahr2
(left panel), Arnt (middle panel) and Cyplal (right panel) in AHR
signaling pathway at 24, 48, 72 and 96 hpf. d PCB exposure alters the
expression of wntl (left panel), wnt5 (middle panel) and wntl1 (right
panel) in WNT signaling pathway at 24, 48, 72 and 96 hpf. *P < 0.05

significant at 24 and 48 hpf when compared with control
embryos. The expression of Cypla was examined by real-
time PCR and immunofluorescence. Our real-time PCR
results show that the expression of Cypla was up-regulated
in PCB-exposed embryos at each time point, although this
was not significant at 24 and 48 hpf. This result was con-
firmed by immunofluorescence (Fig. 8c; right panel).
Taken together, these results show that up-regulation of
molecules in the AHR signaling pathway might contribute
to the toxic effects of PCBs.

Last, we studied the WNT signaling pathway, which is
divided into the canonical and non-canonical pathways
(Fig. 8d). The expression of WNTI1, which is one of the
canonical WNT signaling molecules, showed no significant
change in expression between control and PCB-exposed
embryos, indicating that the canonical WNT signaling
pathway was unaffected. The expression level of WNT5
and WNT11, which are both members of the non-canonical
WNT signaling pathway, were significantly down-regu-
lated in PCB-exposed embryos when compared with con-
trol embryos. These results indicate that inhibition of the
non-canonical WNT signaling pathway might contribute to
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Table 2 The mortality rates of zebrafish embryos and larvae co-treated with PCBs and different concentrations of DEAB for various exposure

times
Concentration Time

12 hpf (%) 24 hpt (%) 48 hpf (%) 72 hpf (%) 96 hpt (%)
Control 0.30 1 1 1 1.70
1 mg/L PCBs 12.30 20 27.7 36.30 40.30
5 nM DEAB 0.30 1 1 1 1.70
10 nM DEAB 0.30 1 1 1 1.70
25 nM DEAB 1.33 3 1 3 3.67
1 mg/L PCBs + 5 nM DEAB 9.60% 13.30% 19% 247 35.80%
1 mg/L PCBs + 10 nM DEAB 7¢ 13% 15% 23.30% 33¢
1 mg/L PCBs + 25 nM DEAB 7.60* 15.80% 18.80% 28.80% 40*

? Compared with embryos just treated with 1 mg/L PCBs, P < 0.05

the abnormal cardiac developmental in the PCB-exposed
embryos.

The toxic effects of PCBs on zebrafish heart
development are partially rescued by inhibition of RA
signaling pathway

As shown in the study above-mentioned, we hypothesized
that increased levels of endogenous RA played an impor-
tant role in the toxic effects of PCBs on zebrafish embry-
onic development, especially the heart, so we examined
whether inhibiting RA signaling could rescue PCB-
exposed embryos. This was achieved using the RA syn-
thesis inhibitor DEAB. We found that the mortality rate of
embryos treated with 5, 10, and 25 nmol/L DEAB and
1 mg/L. Aroclor 1254 were significantly decreased when
compared with embryos just treated with 1 mg/L Aroclor
1254 (Table 2), showing that the toxic effects of PCBs on
zebrafish heart development are partially rescued by
appropriate inhibition of RA signaling pathway.

Discussion

PCBs are global, persistent organic pollutants with high
multi-system toxicity, a long half-life and bioaccumulative
characteristics, which have attracted wide attention [5].
Moreover, as the first organ to form during vertebrate
embryogenesis, the heart has long been the focus of many
scientific studies [33]. Thus, we focus on the toxic effects
of PCBs on cardiac development.

The zebrafish heart has a single ventricle and single
atrium, which is different from the four-chambered mam-
malian heart. However, cardiovascular development in
early development is very similar between zebrafish and
mammals [34]. Thus we used the zebrafish as a model to
study the toxic effects of PCBs on cardiac development.

We found that PCB exposure increased the embryonic
lethality rate, coupled with a decreased hatching rate of
embryos. We next showed that zebrafish exposed to PCBs
during the early developmental period exhibited gross
malformations, such as smaller size, pericardial edema and
yolk sac edema, which were consistent with previous
studies in zebrafish [35]. Additionally, an abnormal
embryonic heart phenotype was observed during early
heart development; specifically, PCB-exposed embryos
exhibited defects in cardiac looping, wall thinning due to a
reduced myocardium and chamber dilation. In addition to
the structural defects described above, a decreased heart
rate was observed in PCB-exposed embryos. However, the
trajectory of heart rate was increased in PCB-exposed
embryos. This indicated that PCB exposure impaired the
function of the heart, which exhibited developmental delay.
In summary, these results provide experimental confirma-
tion of the hypothesis that early PCB exposure impacts
normal cardiac development, resulting in congenital heart
disease.

In addition to characterizing the effects of PCB exposure
on zebrafish embryonic heart development, we also wanted
to study its molecular mechanism. It is known that multiple
signaling pathways converge to regulate heart develop-
ment, such as RA, WNT, and AHR signaling [36, 37]. RA
signaling has been shown to play an important role in
regulating the size of the heart field in zebrafish [21], and
excess or reduced levels of RA are known to cause cardiac
defects. We detected an increased expression level of
Raldh2 and decreased expression of the RA-metabolizing
enzyme Cyp26al in PCB-exposed embryos, indicating that
an increase in RA levels may lead to cardiac malformations
and developmental abnormalities in PCB-exposed
embryos. Given this result, we hypothesized that the car-
diac toxicity of PCBs could be rescued by inhibition of the
RA signaling pathway. To test this hypothesis, we exam-
ined the mortality rates after treatment with DEAB in PCB-
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exposed embryos. We found that the mortality associated
with PCB exposure was significantly decreased at lower
concentrations of DEAB, indicating a partial rescue effect,
indicating that PCB exposure influences the RA signaling
pathway, resulting in abnormal cardiac development.

With regard to the WNT signaling pathway, it has been
shown that WNT signaling is critical in cardiac develop-
ment. The WNT proteins are a group of secreted lipid-
modified signaling proteins of 350—-400 amino acids, which
activate various pathways in the cell that can be catego-
rized into the canonical and noncanonical WNT pathways
[38]. It has been confirmed that the canonical WNT path-
way regulates the differentiation and proliferation of car-
diac progenitor cells in the second heart field and outflow
tract [39], and it is antagonized for heart induction to occur
[40]. The non-canonical WNT pathway is required for the
genesis of electrical gradient coupling across the develop-
ing ventricular myocardium in the zebrafish heart [41], and
may promote cardiac tissue formation from the early
mesoderm in mesoderm explants [42]. Thus, to determine
whether the cardiac toxicity of PCBs is associated with the
WNT pathway, we measured the expression level of
canonical WNT signaling molecules (WNT1) and non-
canonical WNT signaling molecules (WNT5 and 11) after
PCB exposure. Our results indicated that inhibition of the
non-canonical WNT signaling pathway might contribute to
cardiac developmental abnormalities in PCB-exposed
embryos.

The AHR is a member of the basic helix-loop-helix Per-
ARNT-Sim protein family of developmental regulators and
environmental sensors, and is a soluble ligand-activated
transcription factor known to bind dioxins including
2,3,7,8-tetrachlorodibenzo-p-dioxin and related planar
aromatic hydrocarbons, including PCBs. Following acti-
vation by a ligand, the AHR moves into the nucleus where
it interacts with the aryl hydrocarbon receptor nuclear
translocator, forming a heterodimer that binds to cis-acting
elements called AhR-responsive element (AHREs) or
xenobiotic-responsive element (XREs), upstream of genes
encoding biotransformation enzymes such as cytochrome
P450 1A (Cypla) [43, 44]. In our studies we showed
increased expression of several critical signaling molecules
in this pathway, such as AHR2, ARNT and Cyplal. These
results verified that the AHR signaling pathway is impor-
tant in the cardiac toxicity of PCB exposure.

In summary, these studies demonstrate that PCBs are
toxic toward zebrafish embryonic development, particularly
with regard to cardiac development. We were also able to
delineate the molecular mechanisms underlying this toxic-
ity, leading to the conclusion that PCBs cause toxic effects
that impede normal heart development in zebrafish through
multiple mechanisms. We found evidence the PCBs acted
through disrupting the RA, AHR and WNT signaling

@ Springer

pathway to disrupt heart development. However, the func-
tions of the RA pathway are more widely discussed than the
rest in our study, so more studies about AHR and WNT
pathway are still needed in the further work.
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