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Abstract

The areca nut-chewing habit is common in Southeast Asia, India, and Taiwan, and arecoline is the most
abundant and potent component in the areca nut. The effects of arecoline on birth defects have been explored in
many species, including chicken, mice, and zebrafish. The effects of arecoline on embryos after long-term
exposure are well established; however, the effects of short-term embryo exposure to arecoline are not un-
derstood. Using zebrafish, we study the effects of short-term exposure of arecoline on embryos to model the
human habit of areca nut-chewing during early pregnancy. Arecoline, at concentrations from 0.001% to 0.04%,
was administered to zebrafish embryos from 4 to 24 hours post fertilization. The morphological changes,
survival rates, body length, and skeletal muscle fiber structure were then investigated by immunohistochem-
istry, confocal microscopy, and conventional electron microscopy. With exposure of embryos to increasing
arecoline concentrations, we observed a significant decline in the hatching and survival rates, general growth
retardation, lower locomotor activity, and swimming ability impairment. Immunofluorescent staining demon-
strated a loose arrangement of myosin heavy chains, and ultrastructural observations revealed altered myofibril
arrangement and swelling of the mitochondria. In addition, the results of flow-cytometry and JC-1 staining to
assay mitochondria activity, as well as reverse transcription–polymerase chain reaction analyses of functional
gene expression, revealed mitochondrial dysfunctions after exposure to arecoline. We confirmed that short-term
arecoline exposure resulted in retarded embryonic development and decreased locomotor activity due to de-
fective somitic skeletal muscle development and mitochondrial dysfunction.

Introduction

Arecoline (methyl 1,2,5,6-tetrahydro-1-methylni-
cotinate) is the major alkaloid of the areca nut (betel nut

or betel quid, the fruit of Areca catechu, L.) and constitutes
85%–95% of the total alkaloid content (2%–4%) of the nut.1

It is released mainly from chewing areca nut,2 and*10% of
the global population have the habit of chewing areca nut,
mainly in India, Taiwan, Southeast Asia, and the South Pa-
cific islands.3,4 The areca nut has been listed as one of the
world’s four most addictive substances for years, on a similar
level with tobacco, alcohol, and caffeine. As early as 1985,
the International Agency for Research on Cancer (IARC),
Department of International Cancer Research, World Health
Organization, proposed that ‘‘chewing tobacco-containing
areca nut’’ or ‘‘both smoking and chewing areca nut’’ can
cause cancer in humans and that the carcinogenic sites are
mainly the oral cavity, pharynx, and esophagus. In 2004, the

IARC concluded that there is sufficient evidence to demon-
strate that the habit of chewing betel quid, with or without
tobacco is carcinogenic to humans. Beyond the carcino-
genicity of areca nuts, it has been reported that the ingredients
of the nut have deleterious effects on embryos and that the
teratogenic effects of areca nuts were similar to those re-
ported for mothers who consumed alcohol or tobacco during
pregnancy. It has been observed that areca nut-chewing
during pregnancy causes decreased fetal weight and preterm
birth,5–7 incidences of lower birth weight, reduced birth
length, and early term.6,7 Among ethnic groups who have the
habit of areca nut-chewing, metabolic disease symptoms are
observed in neonates.8

In recent years, a variety of animal models have been
used to validate arecoline’s impact on the embryo.9–11 The
zebrafish has emerged as an important model organism
for vertebrate development due to its easy maintenance,
rapid extracorporeal development, transparent embryo, and

1Department of Anatomy and Cell Biology, College of Medicine, National Taiwan University, Taipei, Taiwan.
2Department of Medicine, Mackay Medical College, New Taipei City, Taiwan.
*These authors contributed equally to this work.

ZEBRAFISH
Volume 12, Number 1, 2015
ª Mary Ann Liebert, Inc.
DOI: 10.1089/zeb.2014.1010

58



availability of gene markers.12 To the best of our knowledge,
only one study has confirmed that zebrafish embryos dis-
played developmental retardation after arecoline treatment,
exhibiting a slow heart rate and decreased survival rate.13

Apart from the effects mentioned earlier, we found a re-
markable effect of arecoline on the locomotor activity in our
pilot study; moreover, little is known about the toxicity of
arecoline on the embryonic somitic skeletal muscle fibers.
Therefore, we designed experiments to expose zebrafish
embryo with arecoline from the gastrula sphere stage (4 hours
post fertilization [hpf]) to the segmentation stage (24 hpf), at
which time somite formation is completed. This treatment
paradigm is intended to model a human female who has the
betel chewing habit but stops chewing immediately after her
awareness of pregnancy. Moreover, in this study, we choose
to emphasize how arecoline-affected somite formation in-
fluences the growth, external morphology, and locomotion
of the zebrafish embryo, with particular regard to immuno-
histochemical and ultrastructural changes of somitic muscle
fibers. In addition, we examined the expression of mito-
chondrial functional genes, including sdhb, mt_cyb, cox 1,
cox 4i1, atp5a1, and atp5f1, which are closely related to the
skeletal muscle motor function and motor capability. These
experiments were performed to explore the possible causes
underlying the developmental toxicity of arecoline on skel-
etal muscle fibers.

Materials and Methods

Fish maintenance, collection of embryos,

developmental staging, and arecoline treatment

Zebrafish (Danio rerio) were obtained from Dr. Shyh-Jye
Lee, Institute of Zoology, College of Life Sciences, National
Taiwan University (Taipei, Taiwan). The fish were raised
under standard conditions14 and were maintained in 20-L
aquariums that were supplied with filtered fresh water and
aeration at 28.5�C under a 14 h light/10 h dark photoperiod.
The descriptions of the developmental stages are according to
Kimmel et al.12 and information from the Zebrafish In-
formation Network (2003). All of the experimental protocols
were approved by the Laboratory Animals Committee, Col-
lege of Medicine, National Taiwan University.

Fertilized eggs were collected after natural spawning on
the onset of light by crossing adult fish in a grid net. The same
batch of eggs was rinsed with tank water, which was placed in
Petri dishes containing 30% Danieau buffer as an incubation
medium, and left to develop for 4 h at 28.5�C (until the
blastula period, sphere stage) before arecoline treatment.

Arecoline hydrobromide (Sigma) was dissolved in 30%
Danieau buffer to a concentration of 1% (w/v) and then to
final arecoline concentrations of 0.001%, 0.01%, 0.02%, and
0.04% with 30% Danieau buffer. The incubation medium of
embryos at gastrula sphere stage was replaced with the
arecoline solutions for a period of 20 h (from 4 to 20 hpf) until
the first heartbeat, just before the pharyngula stage, at 28.5�C
without removing the chorion. At the completion of arecoline
treatment, the treated embryos were transferred to a fresh
arecoline-free incubation medium and collected at 24-h in-
tervals (24, 48, and 72, 96 hpf) until the larval stage (120 hpf)
for analysis of mortality, deformities, and locomotor activity.
Dead embryos were discarded immediately whenever de-
tected. Morphological deformities in embryos/larvae were

carefully examined under a stereomicroscope, and images
were captured with a digital camera.

Toxicity test of arecoline

Normal sphere-stage embryos were randomly distributed
into five beakers containing 50mL of 30% Danieau buffer
(control) or with different concentrations of arecoline (0.001%,
0.01%, 0.02%, and 0.04%) and a total of more than 100 em-
bryos for each concentration. The mortality after exposure to
arecoline (at the end of segmentation stage, 24hpf) and the
developmental progression at specified time points (48, 72,
96, and 120 hpf) of live embryos/larvae was assessed. De-
velopmental toxicity, including survival rate and hatching
rate, was appraised according toWang et al.15Malformations
(e.g., pericardial edema and tissue ulceration) were also re-
corded among the embryos and larvae from both control and
arecoline-treated groups.

Morphology deformity assessment

Live embryos from 48 to 120 hpf were observed and
photographed through a stereomicroscope, and their body
length and trunk-tail angle were measured and analyzed with
Image J software (NIH). The body length of the zebrafish
embryo is defined as the distance from the center of the retina
to the end of the tail,12 and the trunk–tail angle is the angle
between a line drawn through the notochord in the mid-trunk
region intersecting a second line parallel from the end in the
mid-tail region. The morphological data were recorded with a
charge-coupled device camera fitted on a stereoscopic zoom
microscope (Leica Microsystems), and images were pro-
cessed with Adobe Photoshop CS3.

Video analysis of swimming performance

Surviving larvae at 120 hpf from each group were used for
swimming behavior analysis. Briefly, 10 sibling larvae of a
given group were transferred to a Petri dish (inner diameter:
54mm, water temperature: 28.5�C). Groups of zebrafish were
placed in the Petri dish, and the swimming movement of
zebrafish larvae was recorded with a digital imaging system
at 30-s intervals for 10min. The stored images were analyzed
with the Image Tool program (Tracker Software, http://
cabrillo.edu/*dbrown/tracker/webstart) to determine the
swimming distance. The total distance moved was defined as
the distance the fish moved, in centimeters, over 10min.

Immunohistochemistry and confocal

microscopic analysis

Whole-mount immunohistochemistry was carried out as
previously described.16 The embryos were fixed in 4% para-
formaldehyde in phosphate-buffered saline (PBS), blocked in
5% normal goat serum and 0.1% Tween in PBS, and incu-
bated overnight at 4�C with the primary antibody (1:500,
mouse anti-myosin heavy chain antibody F59; Hybridoma
Bank). After rinsing with blocking buffer, the specimens were
incubated overnight with F-411-conjugated rabbit anti-mouse
IgG secondary antibody (Invitrogen). The yolk was removed,
and the embryos were mounted in fluorescence-free mounting
medium (Vector Laboratories) and observed using a Leica
TCS SP5 confocal microscope (Leica Microsystems). The
images were captured on the assumption of a few pictures that
were 1lm apart from top to bottom.
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Transmission electron microscopy

The embryos and larvae were anesthetized on ice at 4�C in
accordance with Standards for Animal Care approved by
Animal Center, College of Medicine, National Taiwan Uni-
versity and then fixed by immersion in 4% paraformaldehyde
in 0.05M phosphate buffer (pH 7.2) for 12 h. After rinsing in
phosphate buffer, the specimens were post-fixed with 1%
aqueous osmium tetroxide for 1 h. The fixed specimens were
dehydrated in a graded ethanol series and embedded in a
Polybed 812-Araldite mixture (Polysciences, Inc.). Semi-thin
sections were stained with toluidine blue for correlative light
microscopy. Ultrathin sections were stained with uranyl ac-
etate and lead citrate and examined in a Hitachi H-7100
electron microscope equipped with a Gatan 832 digital
camera (Gatan, Inc.).

RNA extraction and reverse transcription–polymerase

chain reaction assays

Total RNA was extracted from zebrafish embryos and
larvae muscle (tail region) with Xprep Tissue RNA Mini Kit
(X-PREP; Mundipharma) according to the manufacturer’s
instructions. The quality of all of the RNAs produced was eval-
uated by electrophoresis on a 1% agarose-formaldehyde gel,
and the concentration was determined by spectrophotometry.

For cDNA synthesis, 1 lg of total RNA was reverse tran-
scribed with oligo(dT)20 primer (Table 1) and Superscript III
reverse transcriptase (Invitrogen). The resulting cDNA
(0.5 lL) was used for polymerase chain reaction (PCR) am-
plification in a 100-lL reaction mixture containing 50mM
PCR buffer, 0.2mM deoxynucleoside triphosphates, 1.5mM
MgCl2, 0.5 lM (each) primers, and 0.5U of Taq DNA
polymerase (Invitrogen). A GeneAmp PCR System 2700
Thermal Cycler (Applied Biosystems) was used for PCR
amplification, which consisted of an initial denaturation at
96�C for 5min; 35 cycles of denaturation at 94�C for 20 s,
annealing at 55�C for 30 s, and extension at 72�C for 60 s; and
a final extension at 72�C for 5min.

The PCR products were separated on a 1.5% agarose
gel and visualized by staining the gels in tris-borate-
ethylenediaminetetraaceticacid buffer containing 100 ng/mL
ethidium bromide (Sigma-Aldrich). GAPDH was used for
the reverse transcription–polymerase chain reaction (RT-
PCR) control and for semi-quantitative comparison of sdhb,
my_cyb, cox1, cox4i1, atp5a1, and atp5f1 mRNA expression
levels.

Isolation of mitochondria

Mitochondria were isolated from the skeletal muscle tissue
in the tail region of zebra fish embryo using a Mitoiso 1
isolation kit (Sigma-Aldrich). Skeletal muscle tissue from 80
to 100 zebrafish embryos was collected and dechorionated.
All of the tails were collected and homogenized in the sup-
plied extraction buffer (10mM HEPES buffer, pH 7.5, con-
taining 200mMmannitol, 70mM sucrose, 1mM EGTA, and
2mg/mL bovine serum albumin). The homogenates were
centrifuged at 600 g at 4�C, and supernatants were then
centrifuged at 11,000 g for 10min at 4�C. The resulting pellet
was resuspended in extraction buffer, and the centrifugation
steps were repeated. The final pellets representing the mito-
chondrial fraction were resuspended in the storage buffer
supplied by the manufacturer.

Assessment of mitochondrial transmembrane

potential by flow cytometry

The integrity of the mitochondrial membrane potential was
assessed by measuring the intensity of fluorescent dye 5, 5¢,
6, 6¢-tetrachloro-1, 1¢, 3, 3¢-tetraethylbenzimidazolcarbo-
cyanine iodide ( JC-1). The mitochondria fractions were in-
cubated with the supplied JC-1 Assay buffer (Sigma) and
JC-1 for 10min at room temperature, following the manu-
facturer’s instructions. Carbonylcyanide m-chlorophenyl-
hydrazone at 50lM was applied to disrupt mitochondrial
transmembrane potential, and the data from these experi-
ments served as a positive control. The samples were mea-
sured at 488 and 575 nm with flow cytometry and analyzed
with Cell Quest Alias software.

Statistical analysis

All experiments were repeated at least thrice indepen-
dently. All of the data are presented as the mean – standard
error of the mean. One-way analysis of variance and paired
Student’s t-tests were performed to exam the difference be-
tween groups. A p-value < 0.05 was considered statistically
significant.

Results

Effect of arecoline on the survival and hatching rates

of zebrafish embryos

The survival and hatching rates of zebrafish embryos from
the control and arecoline-exposed (0.001%, 0.01%, 0.02%,

Table 1. Primers Used for Reverse Transcription-Polymerase Chain Reaction Analysis

Gene Accession number Forward primer Reverse primer

Sdhb NM_001098740 5¢-TTCTGGACGCACTCATCAAG-3¢ 5¢-GATCTCAGCGATGGCTTTTC-3¢
my_cyb AJ388456 5¢-ATGGGGCTTCCTTCTTCTTC-3¢ 5¢-TCCTCATGGAAGGACGTAGC-3¢
cox1 NC_002333 5¢-AACCCAAGACCTCACACCAG-3¢ 5¢-CGGGTACCGCGTCTATTTTA-3¢
cox4i1 NM_214701 5¢-TACGGCATTTCGTCTTGTTG-3¢ 5¢-CCCAGGATCCCTTCTCTTTC-3¢
atp5a1 NM_001077355 5¢-GCTTTCGCTCAGTTTGGTTC-3¢ 5¢-AAGGCCTTCTCGAATTTGGT-3¢
atp5f1 NM_001005960 5¢-TGCACCAGTACCCCCTCTAC-3¢ 5¢-TGATGACTGCACCAATGGAT-3¢
GAPDH AY818346 5¢-CGACCTCACCTGCCGCCTTACA-3¢ 5¢-GTCATTGAGGGAGATGCCAGCG-3¢

sdhb, succinate dehydrogenase complex, subunit B; mt-cyb, cytochrome b, mitochondrial; coxI, cytochrome c oxydase subunit I; cox4i1,
cytochrome c oxydase subunit IV; atp5a1, ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit 1; atp5f1, ATP
synthase, H + transporting, mitochondrial F0 complex, subunit b, isoform 1.
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and 0.04%, from 4 to 24 hpf) groups are shown in Figure 1.
From the data in Figure 1A, it is clear that the survival rate of
the control group was high and that only 3% of the embryos
failed to survive beyond 48 hpf. This is the typical survival
rate for zebrafish under normal conditions in our laboratory.
A slight decline in the survival rate was found in the group of
embryos exposed to 0.001% arecoline (red square), and no
significant difference in the survival rates was found between
controls and 0.001% arecoline-treated group at 24 hpf.
However, within 120 hpf, *91% and 86% of embryos sur-
vived in the presence of 0.01% and 0.02% arecoline treat-
ment, respectively. In the 0.04% arecoline-treated group,
< 18% and 1% of embryos survived over 72 and 120 hpf,
respectively.

Figure 1B showed that the hatching success rate of zeb-
rafish embryos decreased with increasing exposure time
(from 24 to 72 hpf), as well as with increasing concentrations
of arecoline (from 0.01% to 0.04%) between 48 and 72 hpf.
These results clearly indicated that the survival and the
hatching rate of arecoline-exposed zebrafish embryos de-
creased with arecoline exposure.

Effect of arecoline on the external appearance

of developing zebrafish embryos

External morphological changes of developing zebrafish
embryo after arecoline treatment were observed at 24, 48, 72,
96, and 120 hpf (Fig. 2). These observations revealed that the
hatched larvae developed normally in the control group (Fig.
2, lowest panel). At 0.001% or higher concentrations of
arecoline exposure, zebrafish embryos were smaller than
those of the control group, exhibited a high incidence of
pericardial edema, and displayed significant axial-tail cur-
vature and external morphological malformations (Fig. 2).
Our study demonstrated that zebrafish embryos exposed
to low arecoline concentrations (i.e., 0.001% and 0.01%)
showed lowmalformation rates (0.001%: 6/95, 0.01%: 8/82).
However, when treating with higher concentrations of

FIG. 1. Effects of arecoline treatment on embryo survival
and hatching rates. The effects of arecoline on the embryo
survival (A) and hatching (B) rates. The embryos were left
to develop for 4 h and were then incubated in arecoline
solution at different concentrations (0% [control], 0.001%,
0.01%, 0.02%, and 0.04% [w/v]) for 20 h. The embryos
were then examined every 24 h. Compared with the control
embryos, the survival and hatching rates of the embryos
significantly decreased as the concentration of arecoline
increased. (n = 100, 20 embryos in five replicates each.
*p < 0.05).

FIG. 2. Gross morphological changes after arecoline treatment. The embryos were exposed to 0%–0.04% arecoline from
4 to 24 hours post fertilization (hpf) and then allowed to develop in normal arecoline-free egg water. Images of living
zebrafish were acquired at four time points, every 24 h: 1 day post treatment (d.p.t.) (48 hpf), 2 d.p.t. (72 hpf), 3 d.p.t.
(96 hpf), and 4 d.p.t. (120 hpf). Embryos that were exposed to higher arecoline concentrations exhibited altered tail length,
curved spines, and pericardial edema. Scale bar: 1mm.
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arecoline (0.02% and 0.04%), more than 50% (0.002%: 36/
66) and 99.9% (0.04%: 45/45) of zebrafish embryos exhibited
an abnormal external appearance. We also noted that these
defects increased in severity and frequency as the concen-
tration of arecoline increased.

Arecoline toxicity on body length, growth pattern,

and locomotion activity of zebrafish embryos

Two developmental parameters, the total body length and
trunk–tail angle, were measured to investigate the influence
of hatching delay on the arecoline-exposed zebrafish em-
bryos. The effects of arecoline on total body length and the
trunk–tail angle of zebrafish embryo are shown in Figure 3A
and B, respectively. The data in Figure 3A indicated that
body length was markedly decreased after arecoline expo-
sure. At 24 hpf, the average body length of control embryos
was 2.51 – 0.16mm, but that of arecoline-treated embryos

decreased with increasing concentrations of arecoline (0.001%:
2.32–0.14mm; 0.01%: 2.24–0.18mm; 0.02%: 2.11–0.01mm;
and 0.04%: 1.59 – 0.12mm). Furthermore, the average body
length of hatched larvae at 120 hpf (0.02%: 3.97 – 0.24mm,
0.04%: 3.12 – 0.32mm) was significantly shorter than that
of the controls (4.51 – 0.30mm, p < 0.05).

During zebrafish development, the body axis straightens,
and the trunk–tail angle decreases between 24 and 72 hpf. In
this study, the measured trunk–tail angle is defined as a
function of hours of zebrafish development,17 and Figure
3B demonstrates that the trunk–tail angle was significantly
altered in arecoline-treated embryos. At 24 hpf, when so-
mite formations are complete, the trunk–tail angle of each
arecoline-treated embryo was significantly smaller than that
of the controls (data in degrees, CTL: 122.1 – 6.1; 0.001%:
109.5 – 14.3; 0.01%: 103.4– 12.1; 0.02%: 87.6 – 11.7; and
0.04%: 86.6 – 14.9, p < 0.05). This result may imply retarded
growth of zebrafish embryo after arecoline exposure. At 48hpf

FIG. 3. The effects of
arecoline on locomotor ac-
tivity. The effects of different
concentrations of arecoline
on the development (A, B)
and locomotor activity (C, D)
of zebrafish embryos from 24
to 120hpf. (A) Mean body
length in mm, and (B) trunk–
tail angle in degrees, of control
(n=50) and arecoline-treated
(n=50) zebrafish embryos ex-
amined at 24, 48, 72, 96, and
120hpf. Zebrafish swimming
patterns (C) and their swim-
ming distance (D) in mm of
the control (n=10) and areco-
line-treated larvae (n=10) at
120hpf. (*p<0.05).
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and thereafter, zebrafish embryos treated with low concen-
trations of arecoline (0.001%, 0.01%, and 0.02%) showed no
obvious changes and maintained their straight morphology
(data in degrees: CTL: 12.5– 5.9; 0.001%: 8.1 – 2.9; 0.01%:
14.2– 2.8; and 0.02%: 18.2– 2.8). However, as the concen-
trations of arecoline increased to 0.04%, the mean head–trunk
angle of the embryos was significantly greater than in the
control group and the other arecoline-exposure groups (data in
degrees: 0.04%: 87.4– 13.1, p< 0.05). We conclude that for
both body length and trunk–tail angle measurements, low
concentrations of arecoline exposure retard the development of
the zebrafish embryos more severely and conspicuously than
treatments with higher concentrations of arecoline.

In this study, we did not observe any erratic movement
from the control group; however, alterations of swimming
activity were observed in arecoline-treated zebrafish em-
bryos. Larvae from 0.02% to 0.04% displayed balance-
defective swimming behavior at *120 hpf. At this stage,
wild-type larvae were active; they were able to change
swimming directions spontaneously and direct their swim-
ming toward targets. Compared with the control group, the
0.02% and 0.04% arecoline exposure larvae were not active,
and they rested either on their side or on their back. Some of
the 0.02% and most of the 0.04% arecoline exposure larvae
followed a corkscrew-like path while swimming. The fre-
quency and locomotive activity of tail beats in the groups
treated with arecoline were significantly decreased, and these
effects were more significant with increasing concentrations
of arecoline (Supplementary Video S1; Supplementary Data
are available online at www.liebertpub.com/zeb). Figure 3C
illustrates traces of swimming movement of zebrafish larvae

for 10min at 120 hpf from a control (black line) and a sur-
viving larvae exposed to 0.04% arecoline (red line). Figure
3D shows the total distance moved of the zebrafish larvae for
10min at 120 hpf after arecoline exposure. We observed that
zebrafish larvae hatched from embryos exposed to 0.02% and
0.04% arecoline displayed significant impairment of swim-
ming movement and a dramatic decrease in the swimming
distance at 120 hpf compared with the control group (control:
44.1 – 13.7mm; 0.001%: 37.2 – 11.9mm; 0.01%: 33.8 –
16.1mm; 0.02%: 14.8 – 3.4mm; and 0.04%: 5.72 – 5.1mm).

Arecoline decreased myosin protein accumulation

in zebrafish embryos

We examined the expression pattern of a sarcomere pro-
tein, myosin heavy chain (MYH), in whole-mount zebrafish
embryo immunofluorescence preparations labeled with
monoclonal antibody F59, which recognizes a sarcomere
epitope in adaxial skeletal muscle fibers in the zebrafish
tail.18 Figure 4 demonstrates the expression of MYH and
the developmental pattern of somites in zebrafish embryos.
The lowest panel of Figure 4 illustrates the normal devel-
opment and regular organization of somite muscle fibers and
chevron-shaped somite boundaries of the control group from
24 to 120 hpf. At 24 hpf (Fig. 4, left column), zebrafish em-
bryos displayed disorganized pattern of the tail somite after
arecoline exposure, and this disorganization is more severe
with increased arecoline concentration (first column of Fig. 4
frombottom). At 48hpf and thereafter, except the for the 0.04%
arecoline-treated group (Fig. 4, upper panel), the muscle fiber
alignment appeared rather normal and regular in all other

FIG. 4. Morphologically abnormal muscle fibers in arecoline-treated zebrafish embryos. (A) Lateral views of whole-
mount immunofluorescence staining of slow myosin heavy chain in zebrafish embryos at 24, 48, 72, 96, and 120 hpf. The
embryos are oriented in a cranial to caudal direction, from right to left. The whole mounts were viewed by confocal
microscopy. Arrows indicate areas where twisted or broken fibers have been induced by the high concentration of arecoline
(0.04%). Scale bar: 60 lm. (B) The number of slow muscle fibers per somite in the tail region between 24 and 120 hpf.
(n = 10). (*p < 0.05). Color images available online at www.liebertpub.com/zeb
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groups. In the 0.04% arecoline-treated group (Fig. 4, upper
panel), however, the adaxial muscle fibers were disorganized
and randomly arranged, and with the increasing time of arec-
oline incubation, the muscle fiber arrangement was more dis-
organized. We quantified the number of slow-muscle fibers per
somite in tail somites and found that arecoline significantly
reduced the number of fibers at 24–120 hpf (Fig. 4B).

Effect of arecoline on the ultrastructure

of the zebrafish tail myofibrils

To understand the effect of arecoline on the skeletal
muscle and locomotive activity of developing zebrafish, we
examined the ultrastructural changes of embryos with various
concentrations of arecoline incubation. In control zebrafish
embryos, the ultrastructure of the developing myofibrils ap-
peared normal and well aligned from 24 to 120 hpf. At 24 hpf

(Fig. 5A), myofibrils were 0.72 – 0.04 lm in diameter, and
thin and thick myofilaments, as well as Z-discs, A-bands,
I-bands, H zones, and M lines were clearly visible. The
inter-fibrillar space/sarcoplasm was filled with numerous
mitochondria (m), abundant free ribosomes and glycogen
particles, short profiles of endoplasmic reticulum, and some
vesicular membrane profiles. At 48 hpf, control embryos
exhibited a well-defined muscle fiber structure, with highly
organized bundles of myofibrils surrounded by mitochondria
and intersected with the complex membrane system, mainly
sarcoplasmic reticulum, of the contractile apparatus (Fig.
5B). At 120 hpf, normal zebrafish skeletal muscle displayed
tightly juxtaposed arrays of myofibrils that were extremely
uniform and precisely aligned. The myofibrils were more
tightly packed and had a mature morphology, exhibiting dis-
cernible and clear substructures, namely, A-, I-, and H-bands
and M lines (Fig. 5C). Consistent with previous ultrastructural

FIG. 5. Ultrastructural analy-
sis of arecoline-induced alter-
ations in zebrafish embryos.
Electron micrographs of tail
muscle myofibrils from zebra-
fish embryos treated with
different concentrations of
arecoline: control [(A) 24 hpf,
(B) 48 hpf and (C) 120 hpf],
0.01% arecoline [(D) 24 hpf, (E)
48 hpf and (F) 120 hpf], 0.02%
arecoline [(G) 24 hpf, (H)
48 hpf and (I) 120 hpf] or 0.04%
arecoline [( J) 24 hpf; (K)
48 hpf and (L) 120 hpf). (A–C)
Compact sarcoplasm with mi-
tochondria (m) surround the
densely packed and highly or-
ganized myofibrils. S, sarco-
mere; A, A-band; Z, Z-line; H,
H-band. (D–F) Well-organized
myofibrils were not evident.
Small patches of disorganized
fibers and mitochondria are
scattered throughout the cyto-
plasm. In (G) and (H), it should
be noted that the intercellular
spaces (asterisks) are greatly
enlarged compared with 0.02%
arecoline-incubated embryos.
The 0.02% arecoline causes
defects in muscle fibers, al-
though defects are not as bad as
those in embryos with 0.04%
arecoline treatment ( J–L).
Those defects lead to the short-
age of length and decrease of
swimming ability of embryos.
Scale bars: 1 lm.
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studies of muscle fiber architecture,19 the mitochondria were
typically found in pairs, positioned on either side of the Z-disc
in each I band. In addition, there was massive accumulation of
ribosomes, glycogen particles, and endoplasmic reticulum
profiles that were tightly packed throughout the space between
the myofibrils. This finding is consistent with the orientation
observed during normal development and revealed their largely
mature morphology and phenotype.

In the 0.01% or 0.04% arecoline-treated zebrafish embryos
(Fig. 5D–I), the disintegrated and poorly aligned myofibrils
were smaller in diameter (0.56 – 0.08 lm for 0.04%). In ad-
dition, the myofibrils contained fewer thick and thin fila-
ments, the A- and I- bands were barely visible, and the Z-line
density was obviously decreased. In addition, mitochondria
swelling and cytoplasmic vacuoles were frequently observed
in the sarcoplasm. There were significantly fewer and shorter
myofibrils compared with controls, and disorganization of
myofibrils was more severe in embryos treated with 0.04%
arecoline (Fig. 5J–L). At 24 hpf (Fig. 5J), myofilaments were
widely dispersed throughout the cells, sarcomeric organiza-
tion was less discernible, more spaces were observed between
myofibrils, and the mitochondria were swollen, with a few
cristae. At 48 and 120hpf (Fig. 5K, L), the general disorga-
nization of myofibrils was more severe in embryos incubated
with 0.04% arecoline. Moreover, the ultrastructure of the
myofibers obtained from embryos treated with 0.04% areco-
line showed highly distorted myofibrils, and there were ir-
regular-shaped myoseptal boundaries and sarcomeres in most
of the somites. The ultrastructure of embryos treated with
0.01% arecoline was not disrupted to the degree observed in
0.04%-treated embryos; rather, myofibril development was
only delayed compared with normal embryos. The structures
of myofibrils at 48 hpf (Fig. 5E) or 120 hpf (Fig. 5F) were
similar to the structures observed at 24 hpf (Fig. 5A) and
48 hpf (Fig. 5B) in CTL embryos, respectively.

Analysis of mitochondrial functional gene expression

The number of slow muscle fibers continues to increase
after 24 hpf (Fig. 4) in normal fish development. However, in
this study, significant locomotor activity attenuation (Fig. 3C,
D) and sarcomeric mitochondrial alterations (Fig. 5) were
observed in arecoline-treated embryos. We, therefore, ex-
amined the expression level of mitochondrial functional
genes (sdhb, cox1, cox4i1, atp5a1, atp5f1, and mt_cytb) by
RT-PCR. GAPDH was used as the internal control in re-
sponse to arecoline exposure (Fig. 6A, B). Figure 6 showed
that the expression levels of the sdhb, cox1, cox4i1, atp5a1,
and atp5f1 genes decreased significantly with increasing
arecoline concentrations, especially at 0.04%. However,
the expression level of mt_cytb was significantly in-
creased with increasing arecoline concentrations, with a
notable increase at 0.04%. In addition, a concentration-
dependent, but not proportional, effect was observed with
regard to the cDNA expression levels of mitochondrial
function genes.

Changes in the mitochondrial membrane potential

(Dwm) in response to arecoline treatment in zebrafish

To examine Dwm loss, mitochondria isolated from larvae
tail region were stained with JC-1. JC-1 aggregates and ex-
hibited a red fluorescence at high membrane potentials (Dwm)

in the mitochondria, dissociating into green-fluorescing
monomers when Dwm is lost. As displayed in dot plots (Fig.
7A), 20 hpf arecoline exposure caused a marked decrease
of FL2-H fluorescence (red). Decreased potential (i.e., de-
creased red fluorescence) is represented in the bottom right

quadrant, with these cells considered to be those undergoing
mitochondrial depolarization at 48 hpf stage. Figure 7B
shows the percentage of cells with incomplete mitochondrial
membrane depolarization out of the total population. The
data were then quantitated from at least three independent
experiments. As shown in Figure 7B, treating larvae with
different concentrations of arecoline for 20 hpf significantly
increased mitochondrial membrane depolarization compared
with uninjured controls (4.77 – 2.66%) at 48 hpf. This result
indicates that arecoline treatment significantly reduced the
Dwm in a dose-dependent manner, especially at 0.02%
and 0.04% (48 hpf, 0.001%: 7.31 – 2.43, 0.01%: 8.44 – 2.07,
0.02%: 11.82 – 2.22, 0.04%: 25.12 – 3.92). In addition,
arecoline modestly increased the mitochondrial membrane
depolarization in embryos treated until 96 hpf, and the ef-
fects of arecoline were significant (96 hpf, CTL: 0.66 – 1.57,
0.001%: 3.33– 3.36, 0.01%: 4.88– 2.54, 0.02%: 6.57– 3.99,
0.04%: 7.01– 2.92, p= 0.045 vs. untreated, respectively).
These data suggest that the mitochondrial function was
impaired with arecoline treatment, and these changes are
clearly linked to mitochondria ultrastructural changes (Fig. 7C).

Discussion

Effects of arecoline on the survival and growth

of zebrafish development

The zebrafish is a good model vertebrate for studying the
effects of drug toxicity on development.20 In this study, we
used zebrafish embryos to explore the effects of arecoline on
growth, motor development, and somitic muscle fibers.
These analyses were performed from the blastula sphere
stage to segmentation stage. Our results showed that areco-
line treatment decreased the survival rate and induced growth
retardation in zebrafish embryos. The results also indicated
that the toxicity of arecoline becomesmore discernible at higher
concentrations. This phenomenon is consistent with results of
previously published studies in other animal models, such as
mouse9 and chick embryos.10,11 In chicken embryos injected
with arecoline on day 2 of incubation, the arecoline induced
developmental abnormalities, reduced body size, scanty feath-
ering, generalized edema with light body color, and shortened
lower beak and clubfoot. The effect of arecoline on mouse and
chick embryos also caused decreased viability and a reduction in
the body weight of fetuses.10,21

We observed a slow heart rate and decreased viability with
arecoline at concentrations of 0.001%, 0.01%, 0.02%, and
0.04% after short-term exposure (20 h, from 4 to 24 hpf).
Similar effects were observed by Chang et al.13 using zeb-
rafish embryos incubated with medium containing different
concentrations of arecoline (0.01%, 0.02%, and 0.04%)
during an experimental period till 72 hpf. These authors also
reported that most of the embryos did not survive past 72 hpf.
In contrast to their results, we demonstrated a longer survival
period of approximately 120 hpf and a higher survival rate
(Fig. 1). This result may be due to the short period of expo-
sure and lower concentration of arecoline treatment in this
study. In addition, we demonstrated that viability was lower
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and growth retardation was more pronounced with increasing
concentrations of arecoline. Compared with a previous study
by Chang et al.,13 a relatively lower concentration of areco-
line (0.001%–0.04%) and a shorter exposure period, from the
blastula sphere stage to the segmentation stage (20 h, from 4
to 24 hpf), were applied to zebrafish embryos in this study.
These conditions model a human female who has the betel
nut-chewing habit and is not aware of her pregnancy in the

early period. In this case, the embryos may be exposed to
arecoline for only a short period.

Locomotion and locomotive activity defects

in arecoline-exposed zebrafish

Behavioral changes can affect how an animal senses and
responds to environment; therefore, behavioral changes are

FIG. 6. The expression of zebrafish mitochondrial-associated genes in the developing embryos and larval muscle, as
determined by reverse transcription–polymerase chain reaction (RT-PCR). (A) RT-PCR analysis of the mRNA expression
levels of sdhb, cox1, cox4i1, atp5a1, atp5f1, and mtcytb in different developmental stages in zebrafish with or without
arecoline treatment. GAPDH was used as an internal control to evaluate the relative transcript levels. (B) mRNA expression
levels in different stages of developing zebrafish with or without arecoline treatment. (n= 3, mean – standard error of the
mean [SEM], *p < 0.05).
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sensitive biomarkers of environmental stresses in zebra-
fish.22,23 Zebrafish embryos exhibit three locomotive behav-
iors: spontaneous, alternating contractions of the trunk,
vigorous coiling of the body and swimming.24–26 The swim-
ming activity test of zebrafish embryos in a small well was
easily performed and allowed for the determination of neu-
romuscular behavioral effects for a wide variety of toxicants
over a large dose range. Previous studies have investigated the
swimming behavior of zebrafish after various toxin expo-
sures, such as chronic sublethal dietary selenomethionine,26

domoic acid,27 perfluorooctanesulfonate,28 alcohol,29 and
sodium hypochlorite.30 All of these chemicals can alter
both behavioral and physiological responses in adult zeb-
rafish. This study examined the behavioral effects of
arecoline on zebrafish 120 hpf larvae and showed signifi-
cant differences in swimming patterns, speed, and distance
after arecoline treatment (Fig. 3C, D). It is concluded that
zebrafish embryos exposed to arecoline exhibit impeded
locomotive activity.

Muscle morphology

The zebrafish embryo is an important model for the study
of vertebrate muscle development.31 Since locomotor activ-
ity was significantly reduced after arecoline treatment, we
examined the somitic muscle morphology of zebrafish em-

bryos exposed to different concentrations of arecoline. We
found marked changes in muscle fiber arrangement (Fig. 4)
and ultrastructural morphology with the increasing areco-
line concentration (Fig. 5). Moreover, cytoplasmic vacuoles;
swollen mitochondria; and significantly fewer, shorter, and
less-oriented myofibrils in the cytoplasm were noted in the
somitic muscle fibers of arecoline-treated embryos compared
with the controls (Fig. 5). This result suggested that arecoline
affected either the arrangement or the integrity of muscle
fibers and thus locomotor activity.

Previous in vivo studies showed that the knockout of myo-
genesis-associated genes or toxin exposure leads to disordered
muscle development and significantly reduced embryo sur-
vival.32–34Our result also shows that the survival rate decreased
as the arecoline concentration increased (Fig. 1). Accordingly,
we speculate that arecoline inhibited myogenesis process and
suggest that myogenesis plays a key role in zebrafish survival.
However, future experiments should be performed to deter-
mine whether arecoline affects the expression of myogenesis-
associate genes. Moreover, it is worth noting that the mor-
phology of zebrafish embryos exposed to different concentra-
tions arecoline for 48hpf exhibited more severe changes than
those treated for 120hpf based on electron micrograph analysis.
We can only speculate that the larvae that survived for more
than 120 hpf in arecoline, especially in high concentrations
(0.02% or 0.04%), may have been strong enough to tolerate

FIG. 7. Determination of the ef-
fect of arecoline on JC-1 staining
patterns. The effect of arecoline on
the loss of mitochondrial membrane
potential in isolated mitochondria,
as determined by JC-1 staining. The
mean JC-1 fluorescence intensity was
detected using fluorescence-activated
cell sorting (FACS) analysis. A loss
of mitochondrial membrane poten-
tial (DCm) was demonstrated by
the change in JC-1 fluorescence
from red ( JC-1 aggregates) to green
( JC-1 monomers). (A) Analysis of
mitochondrial membrane potential
(DCm) in each treatment group at
48 hpf. (B) The quantification of
FACS analysis. The data are shown
as the mean – SEM from three in-
dependent experiments. *p < 0.01
versus control group. (C) The mi-
tochondrial ultrastructure is shown
in the tail region at 48 hpf. Re-
presentative transmission electron
micrographs ( · 20,000).
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the extremely toxic environment, thereby exhibiting less
serious muscle structure and motor activity impairment.

Recent studies demonstrated that arecoline is cytotoxic to
mouse myoblast C2C12 cells. Arecoline inhibits myotube
formation by reducing the number of nuclei in each myotube
and suppresses the expression of MYH and myogenin during
myogenic differentiation of C2C12 cells.35 Impaired sarco-
mere development with greatly reduced myofibril numbers
was also noted in zebrafish models of arthrogryposis with
MYBPC1 mutations.36 Similar observations were found in
this study in arecoline-treated zebrafish. To the best of our
knowledge, no in vivo study has shown that arecoline sup-
presses the expression of MYH during myogenesis in zeb-
rafish. This is the first report to demonstrate that short-term
arecoline treatment (from 4 to 24 hpf) is capable of altering
the ultrastructural morphology of differentiating somite
muscle fibers and impairing the locomotive function of
zebrafish in vivo. These findings may help explain why areca
nut-chewing during pregnancy often results in lower birth
weight and growth-retarded infants.

Mitochondria

Skeletal muscle is a tissue with a high mitochondria con-
tent and is strongly reliant on oxidative phosphorylation for
energy production. Mitochondria also play an important role
in maintaining a low sarcoplasmic calcium concentration.37

The functional activities of skeletal muscle have been asso-
ciated with the capacity of mitochondria. Furthermore, sev-
eral studies have highlighted that mitochondria play a role
in regulating myogenic differentiation.38,39 Therefore, it is
possible that arecoline may lead to the inhibition of myogenic
differentiation by affecting mitochondria.

Mitochondria are vital and highly sensitive organelles, re-
sponding rapidly to cellular activity changes. Ultrastructural
studies demonstrated that muscle inactivity is intimately asso-
ciated with significant changes in mitochondrial morphol-
ogy, including swelling and disruption of the cristae, reductions
in mitochondrial number, irregular mitochondrial shapes, and
disrupted myofibril organization.40,41 Mitochondrial respira-
tory dysfunction, decreased expression levels of mitochondrial
proteins (functional enzymes), and increased mitochondrial
reactive oxygen species production have also been observed
in defective muscles.42–45 All of these studies confirmed that
prolonged skeletal muscle inactivity results not only in mor-
phological alterations but also in functional changes in mito-
chondria. In this study, we observed that zebrafish embryos
exposed to arecoline exhibited abnormal mitochondrial mor-
phology and swelling and disappearance of mitochondrial
cristae at the ultrastructural level. These results indicate altered
mitochondria function in terms of activity and enzyme activity.
Therefore, it is reasonable to speculate that the expression
levels of mitochondrial functional enzymes (or electron trans-
port chain complex) would be altered in the muscle fibers after
arecoline treatment.

Many functional enzymes, such as NADH dehydrogenase,
succinate dehydrogenase, ubiquinol-cytochrome c oxidoreduc-
tase, cytochrome c, cytochrome c oxidase, and ATP synthase,46

are localized in the inner mitochondria membrane and consti-
tute a multi-enzyme energy-generating machinery. These
enzymes are closely related to the functional activity of
mitochondria; therefore, the gene expression levels of these

enzymes were detected by RT-PCR after arecoline treat-
ment in this study. We observed that the expression levels of
mitochondrial respiratory chain-associated genes were altered
after arecoline exposure (Fig. 6). The carbocyanine dye (JC-1)
assay, which is used to reflect mitochondrial membrane po-
tential, was also performed. We observed that arecoline caused
amarked decrease in the fluorescence of FL2-H (red) (Fig. 7A),
indicating lower mitochondria function.

These results were indicative of a loss of mitochondrial
potential and an alteration in the activity of mitochondrial
metabolic genes in zebrafish embryos/larvae after arecoline
exposure. We postulate that mitochondrial dysfunction and
pro-oxidative effects could be involved in the disrupted myo-
genesis and somite myofilament disorganization after arecoline
exposure in zebrafish embryos. Thus, this exposure impaired
muscular contraction and the swimming performance of zeb-
rafish embryos.

In recent years, a variety of animal models were used to
validate arecoline impact on the embryo and it is know that
arecoline is a toxic chemical for development. Here, we provide
the evidence that arecolinemay inducemitochondria of skeletal
muscle dysfunction, alter the muscle of embryo development,
and impair swimming activity. Although there is no evidence
that arecoline could hurt development of other tissues, from the
retardation of embryo development, we expect there may be
also effects on the central nervous system or cardiovascular
development and this issue is under further investigation.

In summary, our study established that a relatively short
early exposure of zebrafish embryos to arecoline (from 4 to
24 hpf) leads to an increased frequency of malformations and
other defects in the fry, including a reduced hatching rate,
decreased survival, changes in body length, trunk-tail angle
malformation, alterations of the somite muscle fiber arrays,
and the ultrastructure of myofibrils. These malformations
might subsequently modify the basal swimming pattern and
swimming distance of zebrafish larvae. Furthermore, we
found using genetic, functional, and morphological assays
that arecoline treatment resulted in larvae mitochondrial
dysfunction in the muscle. Furthermore, these alterations are
intimately related to the function and motor activity of so-
mitic muscle fibers. Here, we confirm the developmental
toxicity of arecoline and conclude that arecoline is detri-
mental and damaging to exposed organisms.
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