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Impact statement

a-Mangostin has been reported to have
anticancer properties both in vitro and in
vivo models. Although there are several
studies that evaluated the toxicity of the
compound in rodent models, we are the
first to evaluate the teratogenicity of
a-mangostin. In the present work, we
found that a-mangostin induced mortality
and malformations in zebrafish embryos. In
addition, we exhibited that the compound
also disrupted the reactive oxygen species
and hemoglobin levels. These findings
suggest that a-mangostin may possibly
cause the same adverse effects on human
health. The mechanisms of these toxico-
logical effects of the compound will be
further elucidated and the effects found in
zebrafish embryos need to be verified in
other animal models.

Abstract

a-Mangostin is the most active compound derived from the pericarps of mangosteen.
A number of studies have reported its anticancer activity. However, only a few studies
have investigated the toxicity of this compound; moreover, the teratogenicity of a-mangos-
tin has not been reported. In this study, we evaluated the effects of a-mangostin on the
development of zebrafish embryos. The exposure of zebrafish embryos to a-mangostin for
72 h dose-dependently induced mortality and abnormal development. The derived LCsq
value of a-mangostin to zebrafish embryos at 72 h was 5.75 4+ 0.26 umol/L. We observed
teratogenic effects in a-mangostin-treated embryos, characterized by axis malformation,
bent tail, pericardial edema, yolk sac edema, sluggish circulation, and heart malformation.
The percentages of the malformed embryos were 78.79% and 100% at 4.5 and 6 pM,
respectively. a-Mangostin exposure also caused hemostasis in the ducts of Cuvier and a
decreased heart rate in zebrafish embryos at 48 and 72 h post-fertilization. These results
indicated that a-mangostin induced cardiac dysfunction in zebrafish embryos. In addition, a
sub-lethal concentration and a lethal concentration (3 and 6 uM, respectively) were used to

assess the compound effects on oxidative stress and embryonic erythropoiesis. a-Mangostin was found to decrease the level of
reactive oxygen species (ROS) in zebrafish embryos. Furthermore, hemoglobin staining revealed a decrease in hemoglobin, which
suggested that a-mangostin disrupted embryonic erythropoiesis in zebrafish. To our knowledge, the results of this study, for the
first time, demonstrated that o-mangostin was potentially teratogenic and could disrupt embryonic ROS balance and

erythropoiesis.
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Introduction

Mangosteen (Garcinia mangostana) is a tropical fruit found
in Southeast Asia. Due to numerous claims for the improve-
ment of human health, the consumption of mangosteen
products has increased; in particular, mangosteen fruit
juice has become a popular botanical dietary supplement.
The pericarp of mangosteen has been used as a traditional
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medicine for the treatment of abdominal pain, diarrhea,
infected wound, suppuration, and ulcer.! a-Mangostin is
the most abundant xanthone found in the pericarps of man-
gosteen fruit. It has diverse biological activities, such as
antibacterial, antifungal, antiparasitic, cardioprotective,
antioxidant, anti-inflammatory, and antitumor properties.2
Many previous studies, in both in vitro and in vivo models,
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have reported the anticancer properties of a-mangostin.>*
The compound causes cytotoxicity in many cancer cells,
such as melanoma, breast cancer, lung cancer, colorectal
cancer, prostate cancer, colon cancer, leukemia, and hepa-
toma cells.® In vivo studies using rodent models have
shown the antitumor activity of a-mangostin to hepatoma,
colon, prostate, pancreatic, and mammary cancers.*
Although o-mangostin has shown potential as an antican-
cer drug, its toxicity profile should be explored and eluci-
dated. Several in vivo evaluations involving the toxicity of
mangosteen extracts have been reported, but few studies
investigated the toxicological effects of a-mangostin.

Acute toxicity studies of a-mangostin in rats revealed
that no toxic symptoms or mortality were observed in
doses of up to 2000mg/kg (oral administration) up to
48 after administration.” Another acute toxicity study of
o-mangostin was performed after oral administration to
Wistar rats of doses of up to 1250mg/kg for 48 h. The
treated rats did not exhibit any signs or symptoms of tox-
icity, mortality, and behavioral changes during the study
period.6 On the other hand, in mice, after intraperitoneal
administration for 72 h, a-mangostin induced mortality
with the median lethal doses of 150mg/kg.” In addition,
Gutierrez-Orozco et al. have also reported that the inclusion
of o-mangostin in mice diet (250 mg/kg, 25 days) induced
intestinal dysbiosis.® These contradicting results between
mouse and rat models could depend on the sensitivity dif-
ferences between these species, and further studies need to
be elucidated. However, in drug development, the study of
toxicity using only rodent models was insufficient informa-
tion to support clinical trials of drugs. For example, approx-
imately 60 years ago, thalidomide was prescribed to
pregnant women as a treatment for morning sickness.
This led to serious teratogenic effects, such as severe short-
ening or complete absence of legs and/or arms. No notable
toxicity of thalidomide was observed when investigated in
the rodent models. However, many studies have subse-
quently demonstrated that thalidomide could induce
limb or fin malformations in monkeys, rabbits, chicks,
and zebrafish.”'°

Zebrafish (Danio rerio) has been established as an effec-
tive model organism in several research fields, including
developmental biology, toxicology, genetics, and pharma-
cology, due to their comparable genetics and significant
physiological similarities to humans."" Approximately
70% of protein-coding human genes are related to genes
found in the zebrafish and 84% of human disease-related
genes have at least one ortholog in zebrafish.'”> Previous
research has demonstrated the ability to build predictive
models using zebrafish assays to screen drugs for possible
embryotoxic and teratogenic effects.'*'®> The aim of the
present study was therefore to evaluate the toxicological
effects of a-mangostin on zebrafish embryo development.
We evaluated the mortality and morphological malforma-
tions of the embryos after exposure to a-mangostin. The
effects of the compound on embryonic heart rate were
recorded. In addition, hemoglobin and ROS levels in zebra-
fish embryos were investigated.

Toxicity of a-mangostin in zebrafish embryos

Materials and methods

Chemicals

a-Mangostin (>98%, HPLC) was purchased from Sigma-
Aldrich (Chemical Abstracts Service registry No. 6147-11-1;
St. Louis, MO). The stock solution of a-mangostin was pre-
pared in dimethyl sulfoxide, DMSO (Sigma-Aldrich).

Zebrafish husbandry

Adult zebrafish (Danio rerio) were raised and maintained in
accordance with standard breeding protocols (28.5+1°C
with a 14/10 h light/dark photoperiod) in a recirculating
zebrafish housing system (AAB-074, Yakos65, Taiwan) at
the National Nanotechnology Center. Reverse osmosis
water was supplied to the system at pH of 6-8 and conduc-
tivity of 400-700 pS. All embryos were obtained from nat-
ural pairwise mating and kept in E3 medium (1 mM NaCl,
3.4 uM KCl, 6.6 pM CaCl,, and 6.6 puM MgSOy). The exper-
imental procedures were approved by the NSTDA
Institutional Animal Care and Use Committee (No.
002-2560).

Zebrafish embryo acute toxicity

The acute toxicity assay was adopted following
the Organization for Economic Co-operation and
Development guideline 236 (OECD 236, 2013). Briefly, fer-
tilized and normal embryos were identified and collected
under a stereomicroscope (Olympus SZX7, Tokyo, Japan)
within 4 h post-fertilization (hpf). Thirty embryos per well
were transferred to a 12-well culture plate and o-mangostin
in DMSO was diluted in E3 medium to final concentrations
of 1.5, 3.0, 4.5, 6.0, 7.5, and 9.0 uM in 2 mL; 0.48% DMSO
solution was used as a control. Each test solution was vor-
texed for 20 s before addition to the well. The plates were
then incubated at 28.54+1°C with a 14 h light/10 h dark
cycle for up to 72 h and the test solutions were refreshed
every 24 h. To inhibit pigment formation, the test solutions
were prepared in E3 medium with 0.003% (w/v) 1-phenyl
2-thiourea. Experiments with a control mortality of more
than 10% were rejected. The percentage mortality was
recorded at 72 hpf and SigmaPlot software was used to
compute the 50% lethal concentration (LCsp). The terato-
genic effects on the zebrafish embryos were observed and
documented by wusing a stereomicroscope (SZX16,
Olympus, Japan). The control group, one sub-lethal concen-
tration, and one lethal concentration were selected for fur-
ther investigations.

Heart rate assay

The heart rate of embryos from the teratogenicity test was
documented after exposure for 24 and 48 h to o-mangostin.
The embryos were anesthetized in 0.016% (w/v) tricaine
(ethyl 3-aminobenzoate methanesulfonate, Sigma-Aldrich)
before video-recordings of the heart rates of 10 embryos
from each group were made by using a stereomicroscope
(5ZX16) for 1 min. The data were obtained from three inde-
pendent experiments.
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ROS assay

The induction of oxidative stress in zebrafish embryos was
analyzed through the assessment of ROS induced by expo-
sure of a-mangostin. The production of ROS in zebrafish
embryos was measured in accordance with the method
described by Liu et al.,*® with slight modifications. Briefly,
after exposure for 48 h, the chorions were removed from
10 embryos administered each treatment. The embryos were
then rinsed with DI water and subsequently incubated with
50 pg CM-H,DCFDA (Life Technologies) in 100 pnL DMSO
for 1 h at 28.5°C in the dark. After washing, the fluorescence
intensity was measured at an excitation wavelength of
495nm and an emission wavelength of 525 nm using a
microplate reader (Spectramax M5, Molecular Devices,
USA). The ROS level was reported as relative fluorescence
units. Three independent experiments were completed.

o-Dianisidine staining in whole-mount zebrafish larvae

Hemoglobin in zebrafish larvae was stained after exposure
for 72 h to a-mangostin, as described previously."” Briefly,
live larvae were incubated with o-dianisidine/hydrogen
peroxide (H,O,; Sigma) for 15 min at 23-25°C. The larvae
were washed three times with phosphate-buffered saline
with Tween-20 (8 mM Na,HPO,, 150 mM NaCl, 2 mM
KH,PO4, 3 mM KCI, 0.05% Tween, pH 7.4) and fixed in
4% (w/v) PFA in PBS overnight at 4°C. The larvae, in
50% (v/v) glycerol, were documented on an Olympus
SZX16 stereomicroscope equipped with an Olympus
DP73 camera and cellSens Standard software. The staining
intensity (pixels), representing the number of larvae eryth-
rocytes, was analyzed by using Image] software.

Statistical analysis

All data were expressed as the mean + standard deviation
(SD) of three independent determinations for each experi-
ment. We analyzed all the data with the SPSS program
(Standard Version 20, SPSS Inc.). The statistical significance
between each experimental group was determined by
using one-way analysis of variance (ANOVA) followed
by Tukey’s test to compare the differences between
groups. Differences were considered significant at P < 0.05.

Results

a-Mangostin induces mortality of zebrafish embryos

To evaluate the toxicity of a-mangostin on zebrafish
embryo mortality and development, fertilized eggs of
zebrafish were exposed to a-mangostin (0, 1.5, 3.0, 4.5,
6.0, 7.5, and 9.0 uM). After exposure for 72 h, the lower
concentrations (<4.5 uM) did not induce significant mortal-
ity (Figure 1). The mortality rates of the 6.0- and 9.0 pM-
treated groups were significantly higher than that of the
control group. After 7.5 and 9.0 pM treatment, 100% mor-
tality was induced in the zebrafish embryos. The derived
LCsg value of a-mangostin to zebrafish embryos at 72 h was
5.7540.26 pM. In order to assure that the mortality did not
cause by pH-induced effects, we measured the pH of the
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Figure 1. Mortality of zebrafish embryos after exposure to the indicated con-
centrations of z-mangostin for 72 h. The data are presented as the mean + SD of
three independent experiments. Significant differences between experimental
groups are denoted by different letters (one-way ANOVA, followed by Tukey’s
test, P < 0.05).

test solutions and found that a-mangostin did not affect the
pH of the medium (data not shown).

a~-Mangostin causes malformation of
zebrafish embryos

Representative zebrafish embryos were documented at 24,
48, and 72 hpf. The control group showed normal morpho-
logical development throughout the test period (Figure 2).
However, in the a-mangostin-treated group, various mal-
formations of morphological embryonic development were
observed, including axis deformity, bent tail, sluggish cir-
culation, pericardial edema, yolk sac edema, and heart mal-
formation (Figure 2). In addition, a-mangostin-treated
embryos also exhibited hemostasis in the ducts of Cuvier.
However, we found that a-mangostin did not affect the
hatching rate (data not shown). There was no significant
difference, as measured by the chi-squared test, in the
total percentage of malformed embryos at 3 uM (1.19% mal-
formation). At 4.5 and 6 uM, the total percentage of mal-
formed embryos was increased to 78.79% and 100%,
respectively. The teratogenic effects of zebrafish embryos
treated with different concentrations of a-mangostin are
listed in Table 1. We found that the a-mangostin-induced
malformations of zebrafish embryos occurred in a dose-
dependent manner. The main teratogenic effects were axis
malformation, bent tail, and yolk edema.

a-Mangostin treatment reduces the heart rate of
zebrafish embryos

In this study, the embryonic heart rates were recorded at 24,
48, and 72 hpf. At 24 hpf, no significant differences in the
heart rate were observed between the a-mangostin-treated
embryos and the control embryos (Figure 3). However, at 48
and 72 hpf, exposure to 6 pM o-mangostin significantly
decreased the embryonic heart rate (23.33% and 18.31%,
respectively) compared with the control group (Figure 3).



Kittipaspallop et al.

Toxicity of a-mangostin in zebrafish embryos

Control

a-mangostin-treated

Figure 2. Phenotypes of control- and x-mangostin-treated embryos and larvae. YE: yolk edema; PE: pericardial edema; SE: stasis of erythrocytes in the ducts of
Cuvier; AM: axis malformation; BT: bent tail. (A color version of this figure is available in the online journal.)

Table 1. Evaluation of the teratogenic effects in zebrafish embryos
induced by exposure to control (0.48% DMSO), 1.5, 3.0, 4.5, and 6.0 uM
o-mangostin for 72 h.

Toxic effects Control 1.5pM 3.0uM
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a-Mangostin treatment resulted in ROS reduction

To gain a closer insight into the mechanisms of o-mangostin
on zebrafish embryos, we measured the generation of ROS
through the fluorescence intensity of CM-H2DCFDA. The
ROS levels in zebrafish embryos after 48 h exposure to
a-mangostin are shown in Figure 4. ROS levels in embryos
exposed to 3 pM o-mangostin were not significantly differ-
ent to the control embryos. However, embryos exposed to
6 uM o-mangostin exhibited lower ROS levels than those of
the control (P < 0.05).

a-Mangostin decreases embryonic hemoglobin level

As shown in Figure 5, the relative number of erythrocytes
in the cardiac region were detected by hemoglobin staining
with o-dianisidine after exposure to a-mangostin for 72 h.
After treatment with 6 pM o-mangostin, the relative
number of erythrocytes was significantly decreased to
15.1% lower than the control group. This result
indicated that the decrease in cardiac output induced by
a-mangostin could lead to cardiac dysfunction in zebrafish
larvae.

Discussion

Although the biological activities of a-mangostin have been
investigated by many researchers, limited information is
available on its toxic effects, especially with regard to
embryonic development. The use of a zebrafish model
emerged as a common model for the investigation of devel-
opmental toxicity in drug development.'®**° The model has
many advantages; the major advantages are the use and
evaluation of the whole embryo and, owing to the rapid
development of zebrafish embryos, the inclusion of all
stages of development. Other advantages include transpar-
ent embryos, which permit clear observations in the early
stages of development, high fecundity, similar develop-
ment to that of mammals, and their genetic similarities
to humans.'?

In our previous work, we reported the effects of a-man-
gostin on the embryonic angiogenesis of zebrafish and did
not find anti-angiogenic properties of o-mangostin in
zebrafish embryos, despite the clear downregulation of
the expression of vegfaa and vegfr2 transcripts;21 however,
we did not study other effects on zebrafish embryos than
those on angiogenesis. In the present study, we therefore
investigated the toxic effects of o-mangostin on embryonic
development. After exposure of zebrafish embryos to
a-mangostin for 72 h, we found that a-mangostin caused
embryonic mortality in a dose-dependent manner. The
exposure to low concentrations of a-mangostin (<4.5 uM)
did not significantly affect the survival of zebrafish embry-
os. It was found that the in vivo toxicity of a-mangostin
against zebrafish embryos had a derived LCsy of 5.75
+0.26 uM. This was lower than that found in our previous
study, which reported an LCs, of 9.4 tM.*' This may have
been a result of the different sources of a-mangostin. In the
present study, o-mangostin was purchased from Sigma-
Aldrich (purity >98%, HPLC grade) while in the previous
study the compound was extracted from T. Iaeviceps
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Figure 3. Heart rate of zebrafish embryos exposed to different concentrations of a-mangostin for 24, 48, and 72 h. The data are presented as the mean + SD of three
independent experiments. Significant differences between experimental groups at the same time point are denoted by different letters (one-way ANOVA, followed by

Tukey’s test, P < 0.05).
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Figure 4. Relative ROS levels in zebrafish larvae exposed to a-mangostin for
72h. The data are the mean + SD of independent experiments. Significant dif-
ferences between experimental groups are denoted by different letters (one-way
ANOVA, followed by Tukey’s test, P < 0.05).

cerumen and the percentage of the compound purity was
not reported. Although these median lethal doses of a-man-
gostin in zebrafish cannot be compared to that in mice
(LCs0=150mg/kg),” we here first report that o-mangostin
could induce mortality in zebrafish embryos. Furthermore,
exposure to higher concentrations (>4.5 uM) induced mor-
phological abnormalities of zebrafish embryos, including
yolk and pericardial edema, heart malformation, stasis of
erythrocytes in the ducts of Cuvier, axis malformation, and
bent tail. These were broadly similar teratogenic effects to
those induced by mangosteen leaves and stem-bark lyoph-
ilized water extracts.” However, the previous study did
not report the concentration of a-mangostin in the extracts.
To the best of our knowledge, our findings represent the
first report on the teratogenic effects of o-mangostin.

In our zebrafish experiments, a-mangostin was used
in a range of concentrations of 1.5-9pM. These
concentrations were determined empirically based on
the evaluation of LCsy. a-Mangostin induced malformed
morphology of zebrafish embryos at 4.5 and 6pM.
Chitchumroonchokchai et al. studied that an administration
of a mangosteen juice contained 78.5 mg of o-mangostin in
60 mL of the product or about 3.19 mM of alpha-mangos-
tin.”® The concentration of o-mangostin in this product is

much higher than the concentrations we used in our study.
However, the range of the concentrations we used is in the
same range with those concentrations of the pharmaceuti-
cal properties of o-mangostin. For example, a-mangostin
inhibited the cell growth of the leukemia cell lines (K562,
NB4, and U937) at 5-10 uM,** 5 uM of the compound pro-
tected proximal tubule renal epithelial cells (LLC-PK1)
from cisplatin CDDP-induced apoptotic death,” and
a-mangostin induced cell death effects on PC12 rat pheo-
chromocytoma cells with the ECsj value of 4 uM.26

As we found hemostasis in the ducts of Cuvier and heart
malformation in o-mangostin-treated embryos, we
recorded the heart rate of the embryos. Heart rate detection
is useful for the assessment of cardiac function, as varia-
tions in the heart beat can be an effect of hidden patholog-
ical heart conditions. The transparency of zebrafish
embryos permits the easy optical observation of heart
development and heart rate. Our results indicated that
6 uM of a-mangostin reduced the heart rate of the embryos
at 48 and 72 hpf. There is no previous report showing the
effect of a-mangostin on heart rate. However, Xie ef al.
reported that there was no significant difference in heart
rates of participants before and after consumption of a
mangosteen-based drink for 30 days.”” On the other hand,
other studies have reported that ingestion of mangosteen
juice blend increased the levels of several pro-inflammatory
mediators.”® Although no adverse events were reported in
these trials, we cannot ignore the compound effects found
in zebrafish embryos since a-mangostin is a component in
these products. Therefore, the mangosteen products
require assessment for their potential long-term toxicity.

The cytotoxicity induced by compounds is a result of
cellular changes such as oxidative stress and apoptosis.
The induction of oxidative stress has been considered as
one of the important regulatory factors of a compound
cytotoxicity. o-Mangostin is known as an antioxidant com-
pound. Previous studies have been reported that the com-
pound possesses protective effects against oxidative stress
in rodent models, such as rats with isoproterenol-induced
myocardial infarction,?® rat brain tissues exposed to
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Figure 5. Erythrocyte detection in cardiac sections of a-mangostin-exposed zebrafish. (a) Representative zebrafish larvae showing erythrocyte detections by
o-dianisidine staining. (b) The relative numbers of erythrocyte was determined by integrated optical density (IOD) analysis. The data are shown as the mean + SD from
independent experiments (*P < 0.05). (A color version of this figure is available in the online journal.)

different toxic compounds® and mice with light-damaged
retina.*" To evaluate the effects of «-mangostin on oxidative
stress, the ROS levels were measured in zebrafish embryos
exposed to o-mangostin at lethal and sub-lethal concentra-
tions of 6 and 3 uM, respectively. A reduction in ROS
occurred at the lethal concentration. This effect of
o-mangostin may be modulated through the alteration of
the molecular pathways that regulate the embryonic ROS
balance, which also causes the adverse developmental
effects in animal models exposed to thalidomide and phe-
nytoin.*>* Further studies will explore the mechanisms on
the in vivo antioxidant interactions with metabolites and the
mediation of inflammation pathways.

Furthermore, we explored the effects of a-mangostin on
embryonic erythropoiesis. Zebrafish have been used for the
investigation and exploration of the molecular mechanisms
of hematopoiesis and hematopoietic diseases in
humans.*** Zebrafish have all the hematopoietic cells
that are characteristic of humans;*® moreover, zebrafish
hematopoietic-related genes and proteins are also con-
served in humans.?” o-Dianisidine staining indicated that
a-mangostin caused a decrease in hemoglobin level. This
was either indicative of (1) lower hemoglobin level in

erythrocytes and/or (2) a lower number of erythrocytes in
zebrafish larvae. To elucidate this issue, the expression of
erythrocyte gene and protein markers should be investigat-
ed. However, in a previous study o-mangostin was also
found to affect erythrocytes by changing the shape of rat
isolated platelets, inhibiting aggregation, and causing
cytolysis of the platelets.”

In conclusion, we have presented the first demonstration
that exposure to o-mangostin induces mortality and the
compound is potentially teratogenic in zebrafish embryos.
The compound can also cause cardiac dysfunction in zebra-
fish embryos. In addition, the embryonic ROS balance and
erythropoiesis were also disrupted by o-mangostin.
Therefore, these findings provide the toxicological profile
of o-mangostin in zebrafish embryos, another model
besides rodent models. Further molecular mechanisms
which lead to toxicity and teratogenicity of a-mangostin
are to be explored. The evaluation of a-mangostin terato-
genicity in other models is also necessary.
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