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Abstract

Background Alpha-mangostin has potential as a chemopreventive agent but there is little information on its toxicological
profile and developmental toxicity.

Objective We evaluated the effects of a-mangostin on embryonic development and hepatogenesis in zebrafish.

Result Exposure of embryos to 0.25-4 pM a-mangostin from 4-120 h post-fertilization (hpf) caused mortality of embryos
with LCj; 1.48 +0.29 pM. The compound also caused deformities, including head malformation, pericardial oedema, absence
of swim bladder, yolk oedema, and bent tail. Exposure of zebrafish embryos to a-mangostin during early hepatogenesis
(16—72 hpf) decreased the transcript expression levels of liver fatty acid-binding protein 10a (Fabp10a), but increased gene
markers of inflammation, oxidative stress, and apoptosis. In Fabp10a:DsRed transgenic zebrafish, the intensity and the area
of fluorescence in the liver of the treated group were decreased (non-significantly) relative to controls.

Conclusion These effects were more marked during early hepatogenesis (16-72 hpf) than during post-hepatogenesis (72-120

hpf).
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Introduction

Claims for human health improvement have popularized
mangosteen-based drinks. The mangosteen (Garcinia man-
gostana), a tropical fruit that mainly occurs in Southeast
Asia, is used as a traditional medicine in the treatment of
abdominal pain, infected wounds, and dysentery (Pedraza-
Chaverri et al. 2008). Alpha-mangostin is one of the active
compounds obtained from mangosteens (Jindarat 2014).
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This compound has been investigated for biological prop-
erties, including antioxidant, antibacterial, anti-inflamma-
tory, and anticancer activities (Pimtong et al. 2014; Wang
et al. 2017; Chen et al. 2018). Several studies have shown
a-mangostin to be a promising candidate as an anticancer
drug (Gavrilas et al. 2016; Hientz et al. 2017; Zhang et al.
2017). Alpha-mangostin is currently at the preclinical stage,
where its toxicology, pharmacodynamics, and pharma-
cokinetics are extensively examined before clinical trials.
However, to date, few studies have evaluated the toxicity of
o-mangostin.

After 48-h oral administration of a-mangostin to rats
with doses up to 1250 mg/kg, the treated rats in both studies
exhibited no toxic symptoms or mortality during the study
period (Nelli et al. 2013; Kumar et al. 2016). In contrast, in
a mouse model, Choi et al. found that a-mangostin induced
mortality after 72 h of intraperitoneal administration with
50% lethal concentration (LCs;) of 150 mg/kg (Choi et al.
2014). Furthermore, inclusion of a-mangostin in mice diet
at 250 mg/kg for 25 days caused intestinal dysbiosis (Han
et al. 2015). Different sensitivities of these species might
explain the difference between the results of the rat and
mouse models.
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The thalidomide tragedy emphasized that obtaining safety
information solely from rodent models is inadequate for
human use of drugs. Thalidomide prescribed to pregnant
women led to severe shortening, or complete absence, of
limbs of babies. Subsequently, researchers found that thalid-
omide induces morphological abnormalities in other animal
models, including monkey, rabbit, chick, and zebrafish (Ito
et al. 2011; Vargesson 2015). Therefore, the toxicological
profile of a-mangostin in rodent models is insufficient for
development of the drug to the clinical trial stage and safety
information from other animal models is required. Further-
more, the effects of a-mangostin on liver development have
not been reported.

Zebrafish provide an alternative model that has been
widely used in toxicological research. Zebrafish have many
advantages, including possession of transparent embryos,
rapid development, developmental pattern similar to that of
mammals, and high genetic similarity to humans (Santo-
riello and Zon 2012). Some of their vital organs resemble
those of mammals, including the liver. Hepatocyte precur-
sors occur in zebrafish embryos during somite development
at 16 h post-fertilization (hpf) (Korzh et al. 2001). By 22
hpf, anterior endodermal progenitor cells gradually form the
liver (Field et al. 2003). Between 24 and 28 hpf, hepato-
cyte aggregation eventually leads to looping of the intesti-
nal primordium. By 50 hpf, the liver primordium is easily
distinguished and then a period of hepatic outgrowth begins
between 60—72 hpf. By the end of the outgrowth at 120 hpf,
the liver consists of a large left lobe and a smaller right lobe,
and is fully functional (Pack et al. 1996). Although zebrafish
liver development is much more rapid than in rodent models,
early hepatogenesis is similar to that of mice (Duncan 2013;
Field et al. 2003; Ober et al. 2003).

Most drugs undergo chemical alteration, primarily in
the liver, to create compounds more easily excreted from
the body. Following intravenous and oral administration to
mice, a-mangostin was extensively metabolized in the liver
(Han et al. 2015). Other studies have reported the therapeu-
tic properties of a-mangostin for the liver. Supawadee et al.
(2015) showed that a-mangostin reduced the risk of liver
fibrosis in thioacetamide-induced liver cirrhosis in rats. The
compound also inhibits in vitro hepatic stellate cell prolifera-
tion (Rahmaniah and Yuyuntia 2018). These studies suggest
that a-mangostin might decrease liver fibrosis in response to
liver damage more generally. Furthermore, Kim et al. have
reported that a-mangostin ameliorates hepatic steatosis in
high-fat diet-induced obese mice (Kim et al. 2017).

There are no reports on the effect of a-mangostin on
the liver or liver development. This study aimed to study
the acute toxicity of a-mangostin, its specific toxicity
for hepatogenesis, and the mechanisms of a-mangostin-
induced hepatotoxicity. The levels of genes involved
in the fabpl0a signalling pathway, oxidative stress,
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inflammation, and apoptosis were determined. A transgenic
line Tg(fabp10a:DsRed) was also used as a model to study
liver morphology.

Materials and methods
Zebrafish maintenance

Zebrafish wild-type AB line and the Tg(fabpl0a:DsRed)
transgenic line were raised and maintained in a temperature-
controlled room (28.5+1 °C) under a 14:10 h light:dark
photoperiod at the Korea Institute of Toxicology (KIT).
All embryos were obtained from natural pairwise mat-
ing of adult zebrafish. The embryos were collected and
selected under a stereomicroscope (SMZ645, Nikon Corp.,
Tokyo, Japan). All experimental procedures were approved
by the KIT Institutional Animal Care and Use Committee
(KIT-1907-0263).

Zebrafish embryo acute toxicity testing
of a-mangostin

The embryo toxicity test was performed and evaluated
according to the Organization for Economic Co-operation
and Development for the testing of chemicals, No. 236
(OECD 2013). Fertilized eggs from wild-type zebrafish
within 4 hpf were collected under a stereomicroscope
(8ZX7, Olympus Corp., Tokyo, Japan). Zebrafish embryos
were transferred to a 12-well plate, 20 embryos/well in 2 mL
of each concentration. The stock solution of a-mangostin
(Sigma-Aldrich Corp., St. Louis, MO) in DMSO (Sigma-
Aldrich) was diluted to a range of concentrations: 0.25, 0.5,
1, 2, and 4 pM in egg water (60 pg/mL in Instant Ocean
sea salt). The control vehicle was 0.4% DMSO. Each test
solution was vortexed for 20 s before adding to the plates,
which were then incubated at 28.5 +1 °C for 120 h. The test
solutions were refreshed every 24 h, and dead embryos were
removed. Numbers of dead and abnormal embryos were
recorded. The data were obtained from three independent
experiments. Only experiments with >90% control survival
were used in the analysis. The LCy, of a-mangostin was
derived by sigmoidal regression using SigmaPlot version
13 (Systat Software Inc., San Jose, CA).

Testing of toxicological effects of a-mangostin
on zebrafish hepatogenesis

To study the effects of a-mangostin on early hepatogenesis,
Tg(fabplOa:DsRed) transgenic zebrafish embryos were
used for two exposure periods: 1672 hpf and 72—120 hpf.
This transgenic line provides a useful tool in analyses of
hepatotoxicity, indicated by changes of liver fluorescent
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intensity (Zhang et al. 2014). The transgenic model was used
to neglect the breeding background between wild type and
transgenic embryos, because we needed to use the trans-
genic model to study the effects of a-mangostin on the liver
phenotype subsequently. For the exposure, the embryos
were transferred to a 24-well plate at 10 embryos/well and
exposed to 2 mL of a-mangostin at concentrations of 0.5,
1,2,4 and 8 um at 28.5 + 1 °C until the endpoint. Zebrafish
embryos treated with 0.4% DMSO were used as a vehicle
control group. Triplicates for each concentration group
were performed. Numbers of dead embryos and abnormal
embryos were recorded. At the endpoint, zebrafish larvae
were documented using a fluorescence stereomicroscope
(M205 FA, Leica, Heerbrugg, Switzerland) equipped with
a Leica DFC7000 T camera and Leica Application Suite X
software. The fluorescence intensity and area were analysed
and quantified using ImageJ software (available online: https
://imagej.nih.gov/ij/).

Gene expression analysis by quantitative real-time
PCR

To gain more information on the effects of a-mangostin on
hepatogenesis, zebrafish larvae treated with a-mangostin
during hepatogenesis were analysed by quantitative real-
time PCR (qRT-PCR). Total RNA was extracted from 40
homogenized larvae using the RNeasy mini kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s instruc-
tions. The total RNA was then converted to cDNA using
the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA).
Real-time PCR was performed in an Applied Biosystems
StepOnePlus real-time PCR system (Applied Biosystems,
Waltham, MA) using Power SYBR® Green PCR Master Mix
(Applied Biosystems). Real-time PCR reaction was carried
out with the following conditions profile: 2 min at 50 °C,
10 min at 95 °C, followed by 40 cycles of 15 s at 95 °C, 30 s
at 60 °C, and 30 s at 72 °C. A melting curve for each reaction
was performed immediately after the amplification protocol
with increments of 0.3 °C from 65 to 95 °C. The primers
were synthesized by Macrogen (Seoul, Republic of Korea)
and their sequences were obtained from previous studies, as
listed in Table S1. Gene expression changes were normal-
ized to B-actin. All assays were performed in triplicate.

Statistical analysis

Data from individual assays were expressed as mean val-
ues + standard error (SE). Statistically significant differ-
ences among experimental groups were analysed by one-
way analysis of variance (ANOVA) followed by post-hoc
comparisons using Tukey’s HSD tests (SPSS v20, IBM
Corp., Armonk, NY). Differences among the groups were
considered significant, where p <0.05.

Results and discussion

Several studies have investigated the pharmacological prop-
erties of a-mangostin and have suggested that the compound
has promising potential as an anticancer drug (Brito et al.
2017; Zhang et al. 2017). However, relatively few studies
have evaluated the toxicological profile of a-mangostin,
and most of these have focused on rodent models (Her
et al. 2003). An insufficiency of data on the safety profile
of a-mangostin impedes development of this drug to the
clinical trial stage. Therefore, this study evaluated the toxi-
cological effects of a-mangostin on embryonic development
and hepatogenesis in zebrafish.

In acute toxicity tests a-mangostin causes mortality
and malformations of zebrafish larvae

To evaluate the toxicological effects of a-mangostin on
zebrafish embryonic development, zebrafish embryos at
4 hpf were exposed to a-mangostin (0, 0.25, 0.5, 1.0, 2.0,
and 4.0 pM) until 120 hpf. Their survival rates are shown
in Fig. 1. Alpha-mangostin induced mortality in was both
concentration-dependent and time-dependent. Concen-
trations < 1 pM had no significant effect on mortality by
the end of the exposure. Exposure to 2 pM o-mangostin
induced about 80% mortality and exposure to 4 pM
a-mangostin caused the death of all larvae. At the end of
the exposure period, the derived LCs, was 1.48 +0.29 uM.
Alpha-mangostin did not affect the hatching rate of
zebrafish embryos (data not shown). In our previous work,
we evaluated the effects of 0-9 pM a-mangostin during
early development of zebrafish embryos (up to 72 hpf)
(Kittipaspallop et al. 2019). Alpha-mangostin-induced
mortality with LCsy 5.75 +£0.26 pM but, similarly, we
observed no effect on hatching rate. To eliminate the pos-
sibility of pH-induced effects in the present work, the pH
of the test solutions was measured; a-mangostin did not
change the pH of the embryonic medium (data not shown).

Phenotypic defects caused by a-mangostin were exam-
ined at 120 hpf. No malformation were observed in groups
with a-mangostin concentrations < 0.5 pM (Fig. 2a). At
1 pM, there were a few malformed embryos, but the num-
ber was not significantly different from that of the control
group (Chi-squared test). At 2 pM, all surviving larvae
exhibited deformities, including head malformation, peri-
cardial oedema, absence of swim bladder, yolk oedema,
and bent tail (Fig. 2b). Similar defects in zebrafish larvae
were reported in our previous studies with 72-h exposure
(Kittipaspallop et al. 2019). The present study is the first
to report the acute toxicity of a-mangostin in zebrafish
embryos with exposures up to 120 hpf.
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Fig.2 a Percentages of phenotypes of zebrafish larvae at 120 hpf
after treatment with 0.25, 0.5, 1, 2, and 4 uM of a-mangostin. The
data analysis was performed using data from three independent
experiment. b Morphological features of zebrafish larvae at 120 hpf
after exposure to 2 uM a-mangostin compared with those in the con-
trol. HM head malformation, PE pericardial oedema, LS absence of
swim bladder, YE yolk oedema, BT bent tail. Scale bar 500 um

Exposure to a-mangostin during hepatogenesis
causes mortality and malformation in zebrafish
larvae

To assess the effects of a-mangostin during hepatogenesis,
we used two times ranges of a-mangostin exposure. The first
exposure extended from 16 hpf, when the hepatocyte precur-
sors appear, to 72 hpf, when the formation of blood vessels is
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72 120
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essentially complete (Pack et al. 1996; Isogai et al. 2001). The
second exposure started at 72 hpf and ended when the liver was
fully developed at 120 hpf. First, 16 hpf Tg(fabp10a:DsRed)
transgenic zebrafish embryos were treated with 0-8 pM of
a-mangostin until 72 hpf. The mortality rates were confirmed
during these time ranges to find the lowest observed adverse
effect level (LOAEL) during the hepatogenesis. This concen-
tration was excluded in the study of the transcriptional effects
to omit the non-specific effect of a-mangostin on other organs
besides the liver. After the exposure from 16 to 72 hpf, mor-
tality and malformations of zebrafish larvae were observed
only in the 8-puM a-mangostin-treated group (Fig. 3a). At 72
hpf, pericardial oedema, yolk oedema, and curved-axis larvae
were observed (Fig. 3b). These results imply that at 8 uM the
compound was toxic to the cardiovascular system, and also to
bone formation of zebrafish embryos. The a-mangostin expo-
sure that extended from 72 to 120 hpf caused 100% mortality
of zebrafish larvae at § uM but no mortality or malformations
were observed at lower concentrations (Fig. 3c). The higher
mortality in the older embryos at 8§ pM a-mangostin may
reflect the possession of a chorion by the younger embryos,
which protects them from direct exposure to the compound.
After 72 hpf, when the larvae have hatched, a-mangostin is
able to come into direct contact with the larvae. Because we
aimed to study specific effects of a-mangostin on the liver, we
did not include the 8 uM treatment group in the subsequent
experiments.

Alpha-mangostin alters gene expression
during hepatogenesis

To investigate the effects of a-mangostin on inflammation,
oxidative damage, apoptosis, and hepatic cell function,
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we measured the expression levels of selected genes using
gqRT-PCR. These genes are listed in Table S1. Transforming
growth factor beta (Tgf-f) and tumour necrosis factor alpha
(Tnf-a) are inflammatory markers. Superoxide dismutase
(Sod) and catalase (Cat) are markers for oxidative damage.
B-cell lymphoma 2 (Bcl-2) and Bcl-2-associated X (Bax) are
markers for apoptosis. Caspase-3 and Caspase-9 are caspase
family members playing essential roles in programmed cell
death (including apoptosis, pyroptosis, and necroptosis) and
inflammation. Fabp10a is a marker for hepatic cells, and
Cyplais an enzyme expressed in hepatic cells and involved
in phase I xenobiotic and drug metabolisms. The qRT-PCR
data for the selected genes is shown in Fig. 4. After 16-72
hpf, a-mangostin increased the expression levels of Tgf-,
Tnf-a, and Sod (Fig. 4a) and of Bcl, Bax, Caspase-3, and
Caspase-9. The expression of Cypla was increased at 1 pM

100
80
60
40
20
; ok
0 0.5 1.0 2.0 4.0

8.0
Concentration (uM)

but was not significantly different at 4 pM. Expression of
Fabp10a was reduced in a concentration-dependent manner.
These observations imply that a-mangostin causes inflam-
mation and oxidative damage, leading to caspase-depend-
ent apoptosis of hepatic cells. Alpha-mangostin-induced
caspase-dependent apoptosis via inflammation and oxida-
tive stress was reported in several previous studies using
in vitro models. For example, Lee et al. (2017) investigated
the effects of a-mangostin in cervical cancer cells. The
compound increased Bcl-2 and Bax, and also activated Cas-
pase-3 and Caspase-9 through reactive oxygen species. In
another study, a-mangostin induced caspase-mediated apop-
tosis in human oral squamous cell carcinoma (Kwak et al.
2016). Gene expression levels were also determined after
72-120 hpf, as shown in Fig. 4b. Alpha-mangostin increased
the expression of Tgf-p, Sod, Cat, and Bax. However, the
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Fig.4 Quantitative RT-PCR
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expressions of Bcl, Caspase-3, and Caspase-9 were not
significantly altered. We observed an increase of Bax, but
no change of Bcl, Caspase-3 or Caspase-9. This suggests
that a-mangostin does not fully induce apoptosis, because
it induces apoptosis via the caspase family pathway. In addi-
tion, at 4 pM the compound increased Fabp10a and Cypla.
These findings indicate that, although larval mortality was
sensitive to a-mangostin, at this stage (72—120 hpf) larvae
were not sensitive to a-mangostin-induced apoptosis at the
transcriptional level. Moreover, at a concentration of 4 pM,
a-mangostin activated expression of Fabpl10a and Cypla
rather than inhibiting hepatic proliferation, as seen in the test
in the younger stages. Although survival rates of zebrafish
larvae were more sensitive at the later stages (72—120 hpf),
the qRT-PCR data indicated that a-mangostin had a greater
effect on transcription levels before hepatic outgrowth and
expansion than during later stages of liver development.

Effects of a-mangostin on liver phenotype
Transgenic Tg(Fabpl0Oa:DsRed) zebrafish were used to

assess the effects of a-mangostin on liver development.
These zebrafish exhibit red fluorescent protein (DsRed)
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specifically in the liver, localizing expression of fatty
acid-binding protein 10a (Fabp10a). This protein plays an
important role in the intracellular binding and trafficking
of long-chain fatty acids in hepatocytes (Her et al. 2003).
Fabp10a impairment leads to liver pathogenesis, whereas
Fabp10a upregulation protects hepatocytes from oxida-
tive stress (Fan et al. 2013; Smathers et al. 2013). After
a-mangostin exposure during 16-72 hpf, liver morphol-
ogy of 72 hpf Tg(fabp10a:DsRed) zebrafish was examined
(Fig. 5). At4 pM, two populations of larvae were observed.
The first population exhibited a small area of fluorescence
in the liver (middle panels of Fig. 5); in the second popu-
lation (lower panels of Fig. 5), the same area was similar
to that in the control group (upper panels of Fig. 5). This
phenomenon of zebrafish larvae treated with the same con-
centration of a compound showing different phenotypes
was also observed in previous studies. For example, qRT-
PCR analysis showed that zebrafish drl.3 morphants with
either normal or decreased gatal:RFP* circulating cells,
exhibited comparable levels of drl.3 knockdown (Pimtong
et al. 2014). Accordingly, in the present study, a-mangostin-
treated larvae with normal or decreased fabpl0a:DsRed*
hepatic cells could have similar levels of fabp10a. However,
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Fig.5 Effects of o-mangostin on hepatogenesis of
Tg(fabpl0a:DsRed) zebrafish embryos. Zebrafish embryos were
treated with 1 and 4 pM a-mangostin from 16 to 72 hpf. a Repre-
sentative images of liver morphology in zebrafish larvae at 72 hpf
in controls and a-mangostin-treated groups. Scale bar 100 um. b

whether a-mangostin decreases the protein expression level
of fabp10a requires further investigation.

We quantified the intensity and area of fluorescence in
zebrafish larvae. At 4 pM, the average intensity and area
of red fluorescence were slightly decreased. However,
this phenotypic observation was not statistically signifi-
cant and was inconsistent with the gene expression results,
in which Fabpl0a was shown to significantly reduced.
Tg(Fabp10a:DsRed) transgenic zebrafish larvae were also
used for the exposure from 72 to 120 hpf. After the expo-
sure, the fluorescence area and intensity in the liver of the
larvae were not significantly different from those in the con-
trol group (Fig. S1). In summary, these results imply that
a-mangostin shows specific toxicity towards transcriptional
levels in early hepatogenesis (16—72 hpf), but not in stages
later than 72 hpf.

Conclusion

Alpha-mangostin induced mortality during zebrafish
embryonic development. This compound also caused
deformities in zebrafish embryos, including head malfor-
mation, pericardial oedema, absence of swim bladder, yolk
oedema, and bent tail. At the early stage of hepatogen-
esis (16-72 hpf), a-mangostin increased expression levels
of genes associated with inflammation, oxidative stress,
and caspase-dependent apoptosis, leading to decrease of
Fabp10a and Cypla. However, significant effects were not
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Quantitative analysis of the area of liver fluorescence in control and
a-mangostin-treated zebrafish larvae. ¢ Quantitative analysis of liver
fluorescence intensity in control and o-mangostin-treated zebrafish
larvae. Data are presented as means +SE (15 larvae at each concen-
tration)

detected in liver morphology of transgenic zebrafish lar-
vae. In contrast, a-mangostin did not change gene expres-
sion associated with caspase-dependent apoptosis during
later stages of hepatogenesis at 72—120 hpf. Although the
concentrations and exposure times of a-mangostin used
in this study did not induce liver damage, higher con-
centrations and longer exposure times of the compound
might do so. Therefore, it is necessary to be aware of such
effects when using a-mangostin as a drug. The effects of
a-mangostin on the fully developed liver require further
elucidation.
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