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ABSTRACT

The anti-angiogenic activity of resveratrol, a stilbenoid found in grapes and peanuts was assessed using zebrafish
model. Zebrafish embryos at 50% epiboly stage [5.25 hours post fertilization (hpf)] were treated with (10, 50 and
100uM) resveratrol to evaluate their effects on angiogenesis and also the toxicity effects. Morphological variations
including angiogenic phenotypes, hatching, survival and heart rates were examined. The number of apoptotic cells
during embryonic development was evaluated using acridine orange staining. Angiogenesis was measured by
scoring the development of intersegmental vessel (ISV) Role of vascular endothelial growth factor VEGF and its
receptor VEGFR2 was evaluated by studying their gene expression using Reverse Transcriptase PCR. Resveratrol
at 100uM could inhibit the formation of major blood vessels (1SVs) possibly by downregulating VEGF and its
receptor VEGFR2. The toxicity assays revealed various morphological deformities including developmental delay,
pericardial edema and tail bending, reduction in survival and hatching rates in embryos treated with different
concentrations of resveratrol in a dose dependent manner. The downregulation of VEGF and its receptor VEGFR2,
which are the primary determinants of growth and blood vessel formation suggest that resveratrol of micromolar
(«M) concentration might potentiate its anti-angiogenic activity by targeting genes involved along the VEGF
signaling pathway. This study, for the first time, identifies resveratrol to possess anti-angiogenic activity in vivo and
suggests that it might have a great potential for future research and devel opment as a therapeutic agent.
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INTRODUCTION

Angiogenesis, the formation of new blood vesselsspyouting from pre-existing endothelium, is a #igant
component of a wide variety of biological processasluding embryonic vascular development, diffeiation,
wound healing and organ regeneration [1, 2], antthgdagical processes, including tumor progressitAlp].
VEGF has been demonstrated to be the fundamental med&physiological and pathological angiogenedi]|
and acts through two tyrosine kinase recepiif&FR2 andVEGFRL. VEGFR2 (KDR/FIk-1) has a higher affinity
for VEGF and is a major transducer of tiEGF signal in endothelial cells [15, 16]. There areesal angiogenesis
inhibitors undergoing phase | or phase Il clinitéls, including Monoclonal antibodies targetediagt VEGF or
VEGFRs [17, 18], soluble decoy receptors that sequestgmntis [19] and small molecule inhibitors that iithib
kinase activity [20]. Inhibition of vascular endetial growth facto(VEGF) andits receptoVEGFR) has been the
focus of anti-angiogenic therapies [21], with sewesmall molecular drugs now undergoing clinicahls [22].
Although there are a large number of reports doaimg upregulation ofVEGF mRNA and protein during
angiogenesis, but only a little information is dabie on receptors and the signaling pathwawévo and hence the
present study.

Natural products, which include a variety of amgagenic compounds, are given the advantage ofpreafety in
human diseases. Current knowledge regarding theaagiogenic potential of natural products has destated
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that flavonoid constituents in Gingko biloba andnGtein (a soy isoflavone) are considered to emetént anti-
angiogenic property [23, 24VEGF is viewed as an attractive therapeutic targettii@er development of novel
antitumour agents [25]. Another area of intenseassh is to develop vascular-disrupting agentsaaatdisrupt the
existing tumour vasculature and causing tumor cwtrosis [26, 27]. Resveratrol (Res, trans-3, 5, 4’
trinydroxystilbene), a constituent of red wine awmegetables is known to possess antioxidant, artgipla
aggregation, anticancer, and anti-angiogenic dig#vi [28]. Recently, resveratrol is reported to peps
angiogenesis by down-regulatifigsF-2 and VEGF-induced neovascularizatidn vivo [29]. Reports suggest that
resveratrol could inhibit bovine aorta endothekiall proliferation, migration and tube formation vitro [30].
However the impact of resveratrol on developing Bmb or fetus or the teratogenic effect of this poomd is not
known. In the present study, we have used zebrafigbryonic model to study the phenotypic changdadad by
resveratrol when used in higher doses and alswvatuae its anti-angiogenic activity targeting netoe tyrosine
kinase possibly by reducing the expressioWlBGF/VEGFR2 along the signaling cascade.

Zebrafish Danio rerio) is fast becoming a powerful model for drug dismgv[31, 32]. Many cardiovascular, anti-
angiogenic, and anticancer drugs elicit similapogses in zebrafish embryos as in mammalian sysf8dis
Zebrafish is extensively used to screen developmhefmianges because of its small embryo size; lelgeh size
and permeability to small molecules, further it elepsex utero, offering visual access to most stages throughout
development [33, 34] and the maternal effects dusntall molecules will not affect the embryonic eiepment. In
particular, it is a perfect model for studying aggnesis because the formation of blood vessels dmieasily
visualized and evaluation of blood flow is extreynehsy to score in the zebrafish embryo, makiranitttractive
model. Circulation begins around 30 hpf and is @nésn the major blood vessels namely intersegnesissel
(ISV), cardinal vein (CV) and sub interstitial vels(SIV). It is possible to study the effectsvafious chemicals
on all aspects of vascular formation in a transpiaa@imal [35] and these chemicals can be addextttirto the
fish water or injected into embryos and the toyieivaluated.

With the view to evaluate the anti-angiogenic pbo&rof resveratrol and the toxicity effects, wedied changes in
the morphology of the embryos including the formatof blood vessels (ISVs) by varying the conceiares (10,

50 and 100M). Interestingly blood vessels have been regressedalso many phenotypic abnormalities such as
yolk sac enlargement, tail bending etc., have lmdmerved at lower concentrations. Thus resveratrolicromolar
(uM) concentration could possibly exert its antgfimgenic effect through inhibition 8/EGF signaling and might

be used for pharmacological intervention in angiwgelisorders.

EXPERIMENTAL SECTION

2.1. Maintenance of zebrafish and embryos

Zebrafish (wildtype) were obtained from local supm and maintained at 268 on a 14 hours light/10 hour dark
cycle in 40 liters glass tanks with 4 females anth@les in separate tanks. Embryos were collectedabyral
spawning with 2:1 male to female ratio [36] andysthaccording to Kimmel et al [37]. Embryo stageésoted as
hours post fertilization (hpf).

2.2. Drug treatment

Resveratrol (Sigma, USA) was dissolved in DMSO tatls concentrations of 5mM and then diluted wittselo
concentrations of 10uM, 50uM and 100 puM directiythe embryo media in a 6 well culture plate in vbhibe
synchronized embryos at 50% epiboly stage, weranged by pipette, 20 embryos per well containind &m
embryo medium in each well. To study vessel foraratind gene expression, different set of embryas weated
with resveratrol of dose concentrations 10, 50 Hd@uM. Control embryos were treated with 2ml embmexdium
with < 1% DMSO.

2.3. Morphology of zebrafish embryos

The embryos were maintained in individual wellscafture plates at 28° C until 72 hpf after drugatreent, and
were visually inspected for viability, hatching eatgross morphological defects and circulation. nehgic
variations, survival rates and hatching rates dfmes with or without chorion under both normal arehted with
resveratrol after 24, 48 and 72 hpf were examirgdgustereo-microscope (Euromax). Images were decband
stored using a digital camera and image acquis#igftware attached to a computer.

2.4. Acridine orange staining

Acridine orange (AO) is a vital dye often used awmarker of apoptotic cells in zebrafish [38]. Thexwarrence of
apoptotic cells during the first 4 days of zebtafiembryonic development has been studied and dieainti
previously by using acridine orange staining. Tixe embryos at 72 hpf were dechorionated and esbak embryo
medium containing 2 mg/ml acridine orange at 289C30 minutes. Embryos were washed with embryo omadi
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eight times 5 minutes each, anesthetized withitrigaand fluorescent signals were detected usimgrdscence
microscope.

2.5. RBC staining

Staining of red blood cells (RBC) was performeditgubating embryos at 72 hpf in with o-dianisidif&gma,
USA) after treating with resveratrol. Embryos weexhorionated with protease (1 mg/mL). Incubatedhfdf an
hour at 28°C and then washed using embryo mediurB-tbtimes. Fixed in 4% paraformaldehyde for fzaifhour
at RT and washed with PBS for 3-4 times. Fixed gbmwere stained in dark using o-dianisidine (0g/'mi.),

0.01M sodium acetate (pH 4.5), 0.65%05, and 40% (v/v) ethanol. After 30 min they were e with PBS for
3-4 times and examined using compound microscope@(NEclipse E200, USA) and photographed.

2.6. Total RNA extraction and reverse transcription

Total RNA was extracted from 120 zebrafish embryo2 hpf) of each treatment group using the Tri esag
(Sigma, USA) in accordance with the manufacturer&ructions. RNA was reverse transcribed to shsgiiend
cDNA using MMuLV Reverse transcriptase (®@ul) [NEB, Hitchin, United Kingdom]. PCR was carriedt using
Amplicon Master Mix kit. Primers sequences usethastudy are given in Table 1.

Table1: Primersused in the study

Primers Forward primer Reverse primer

VEGF-A | 5'-ctcctccatctgtctgctgtaaag- 3 5'-ctctctgagcaaggcag-3’
VEGFR2 | 5-ggtgaagaaggacgatgagg- 3 5’-acaggaatgttgctg&gc
S-Actin 5'-ttcaccaccacagccgaaaga-3 5'-taccgcaagattcazde®’c

RESULTS

3.1. Phenotypic abnormalities

Zebrafish embryos treated with resveratrol of wasi@oncentrations (10, 50 and 180 generated a series of
phenotypic variants with developmental delay, thestrprominent being delayed hatching, pericardinea and
tail bending. Control embryos hatched normally rafi8 hpf, whereas embryos treated with IOconcentration
did not hatch even after 72 hpf (Figure 1 H andT3il bending was another prominent phenotypeiNbQreated
embryos possessed tail bending and tail kinkingufe 1 G and K respectively). Enlargement of pedieh sac was
observed in few embryos at @ concentration (Figure 1 J).

Control 10pM 50pM 100pM

24hpf

48hpf

72hpf

Figure 1: Morphological features of resveratrol treated embryos at 24, 48 and 72 hpf.

(A, E and 1) control group, (B, C and D) developmental delay, (F) Whole body curvature, (G
and K) Tail bending and Tail kinking respectively (arrow), (H, L) Delayed hatching, (I) Severe
pericardial edema (arrow).
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Survival rates also decreased at higher concemtisa{i30% decrease at 100 concentration) (Figure 2) suggestive
of toxicity effects produced by resveratrol. Hatahirates of embryos treated with 100 resveratrol were
significantly lower (90%) than control (Figure Bjeart rates decreased with increasing concentrafiogsveratrol,
control had 185 beats/min at 72 hpf whereas 100pdaAtéd embryos had only 155 beats/min. Resveratrol
significantly affected the heart rates in a concdign dependent manner.
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Figure 2: Embryos (at 50% epiboly stage) were incubated in various Flgure 3: Brbryos (af 30% epiboly Stnge) were dnicitbated in "variols

concentrations of resveratrol, and the survival rates were recorded at 24, 48
and 72hpf. Survival rate of embryos decreased in concentration dependent
manner. The death of an embryo was defined as no visual heart beat. Each
bar represents the mean + SEM of three independent observations. “*’

concentrations of resveratrol, and the hatching rates were recorded at 24,
48 and 72hpf. Hatching rate of embryos decreased with increasing
concentration of resveratrol. Each bar represents the mean + SEM of
three independent observations. ‘*’ represents statistical significance

between control versus compounds treatment groups at p<0.05 level
using Student’s-Newman-Keul’s test.

represents statistical significance between control versus compounds
treatment groups at p<0.05 level using Student’s-Newman-Keul’s test.
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control
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Figure 4: Embryos (at 50% epiboly stage) were incubated in various
concentrations of resveratrol, and the heart beats/min were recorded at 24, 48
and 72hpf. Heart rate of embryos decreased in concentration dependent manner.
Each bar represents the mean = SEM of three independent observations. ‘¥’
represents statistical significance between control versus compound treatment
groups at p<0.05 level using Student’s-Newman-Keul’s test.

Our study also manifested that inhibition ¥EGF/VEGFR2 in zebrafish embryos could result in severe
developmental defects. Resveratrol affected theldpment of zebrafish in a highly significant mannghe areas
primarily affected were tail, heart, yolk sac. lar@revious studies using zebrafish, theophyllmeyethylxanthine
induced several abnormal phenotypes with bentr@alformed eyes or no eye developmelgyelopmental delay
with complete absence of vasculature was also wbddB9] and Genistein, a naturally occurring iaefinoid in
soybeans is also found to inhibit the growth oéisegmental vessels in zebrafish demonstratirantisangiogenic
activity [40].

3.2. Acridine orange staining

To clarify whether the reduction of cell viabilignd anti-angiogenesis at high concentrations oferasrol is
related to apoptosis, we stained the embryos witidiae orange. Embryos were subjected to variaumeentrations
of resveratrol (10, 50 and 10®) for 72 hpf and subjected to acridine orangenétg. The developmental defects
observed in brain, eyes, tail etc., could be duseteeral possible mechanisms such as increasedeztH, reduced
cell proliferation and endothelial cell migratid@ontrol embryos showed no changes or less apomtelie (Figure

5 A and E) whereas minimal changes were recordéd .M resveratrol (Figure 5 B and F), but intense stejn
was observed towards the yolk sac in many embryeenwreated with 5M resveratrol (Figure 5 G). Excessive
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staining was observed in the tail region especiallyards the caudal fin in embryos treated with @d@esveratrol
at 72 hpf (Figure 5 D and H).

CONTROL

S0pM 100pM

“'l

CONTROL

E

50pM 100pM

Figure 5: Control embryos showing no or less apoptotic cells, whereas 50pM resveratrol
treated embryos shows few apoptotic cells in tail and yolk region and 100uM treated embryos
shows increased apoptosis in tail.(red arrow)

Acridine orange (AO) exhibits metachromatic flua@sce that is sensitive to DNA conformation, makingseful
for detecting apoptotic cells [41]. AO is a cellrpeant nucleic acid intercalating dye that emitsegrfluorescence
when bound to dsDNA and red fluorescence when baeorssDNA or RNA. Because the intact membraneva i
cells excludes charged dyes such as propidiumeéodidt), short incubation with this dye results éfestive labeling
of dead cells, while live cells show minimal uptalt]. In our study, acridine orange staining rdedathe
apoptotic potential of resveratrol in which thd tagion was mostly affected when compared to abifroup.

control

25 -

Figure 6: RBC staining: angiogenesis is compromised when
tesveratrol concentration is increased. A) Control embryos

0 showing normal vascular development (arrows), B) Intensity
m control : " ; W
15 - . g of ISVs is slightly reduced, C) ISVs sprouting is irregular
i W10 and reduced and D) Complete absence of ISVs indicating
10 - " # 50uM  rteduced angiogenesis at 100uM. Each bar represents the
* mioopm mean + SEM of three independent observations. °*
represents statistical significance between control versus
' . ;_ compound treatment groups at p<0.05 level using Student’s-
R TS ! Newman-Keul’s test.

No. of blood vessels

control  10pM 50puM  100pM
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3.3. Anti-angiogenic effect of resveratrol in zebrafish embryos

We used RBC staining to evaluate the effects ofamsdrol on the blood vessel patterning in zebhnafisodel.

Zebrafish embryos were treated with different comiaions of resveratrol (10, 50 and 100 uM) at 588#boly

stage and maintained till 72 hpf. Figure 6 illustgathe formation of intersegmental vessels (Ivgws1 with

arrows) in zebrafish. At 72 hpf, a significantwetion in the number of complete ISVs and angiogsprouts was
observed in resveratrol treated groups when cordgareontrol group (Figure 5 A), with the moderegduction at
10 and 50 pM resveratrol groups (Figure 5 B anaurt) greatest reduction at 100 uM resveratrol grébjagire 5

D). These results demonstrate that resveratrotieability to inhibit ISVs but have to be furthesnfirmed with

transgenic model.

Our study provides novel insight into the mechasisshaction of resveratrol in a living organism.eféfore, we
further explored their anti-angiogenic effects dodnd that resveratrol could disrupt major bloodsedsin vivo
through RBC staining. It is interesting to notettti@ observed regression in the blood vesseleeo&mbryos was
towards the outer edges of the ISVs, indicatinghges that newly formed blood vessels are the tmrgét
resveratrol. ISVs reduced to nearly 90% when tckatéh 10QuM resveratrol treated embryos. The RBC staining
assay allowed a more sensitive detection of vasaeééects [43, 44hnd by this means, we performed, to our
knowledge, the largest forward genetic screen food vessels involved in angiogenesis. Taken tagetbur in-
depth study on resveratrol in zebrafish embryeggests that this flavanoid has the potentiahliibit angiogenesis
which further lead to deformities in developing eytds at micromolar (LM) concentration. Results wamailar to

a previous study in which resveratrol showed angji@genic and vascular-targeting activities usimgivo models
[45] and alsdMyricetin, a flavonol inhibited ISV formation andan-regulatedVEGF-A expression in zebrafish
embryos [46].

3.4. Down-regulation of VEGF/VEGFR-2 mRNA in zebrafish embryos

We examined the mRNA expression VEGF and VEGFR2 in embryos treated with resveratrol of different
concentrations using RT-PCR. Distinct differenageshie expression of boMEGF and VEGFR2 mRNAs between
resveratrol treated groups (0 and 100 puM) and the control group was obseriedrestingly both these genes
were down-regulated (Figure 7) when treated wilveeatrol of 100uM with a significant reductiontie mRNA
levels even at lower concentration of 50 pM. Theras less reduction IWVEGF and VEGFR2 at 10uM
concentration almost similar to that obtained weibimtrol.

Lanel Lane2 Lane3 Laned4 Lane5

= VEGF (398bp)

w— B-Actin (223 bp)

100bp 10pM 50pM  100pM  control
Ladder

) PB-Actin (223 bp)
; Pegfr2 (158 bp)

100bp control 10pM 50uM 100pM
Ladder

Figure 7: VEGF and VEGFR2 band intensity decreased with increasing
concentration of resveratrol at 72hpf, with 100uM showing reduced
expression.

The data indicates that resveratrol suppressedxpeession oWEGF and VEGFR2 in embryos in a concentration-
dependent manner. Thus resveratrol could inhikitféhmation of major blood vessels probably by daegulating
VEGF/VEGFR2 mRNA expression. Our research intensively focasethe inhibitory effects of resveratrol on ISVs
development in response WEGF/VEGFR2 gene expression. Phenotypic changes of angiogeakgys involve in
angiogenesis- related signaling pathwaySGF is a potent pro-angiogenic factor that stimulagedothelial cell
proliferation, migration and tube formation, someykevents of the angiogenic process [47]. The bio&ly
relevant VEGF signaling events are mainly mediated B§GFR2 [47-50]. Strong evidences are there to
demonstrate that blocking the activity \dEGFR2 can limit the ability of angiogenesis [48], adBGFR inhibitors
are a promising class of angiogenesis treatmeigisdelf]. In the present study, we investigated Wwbetesveratrol,
a natural polyphenol compound found in various fgldancluding grapes and their related products)ccahibit
blood vessel formation in embryonic zebrafish maaiedl act as an angiogenesis inhibitor. We fount ahlaalf-
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maximum inhibitory concentration of 100uMsveratrol significantly blocke dEGF andVEGFR2 gene expression
suggesting resveratrol to be a pot¢RGF andVEGFR2 inhibitor [51].

CONCLUSION

In this study, we report the novel biological funas of resveratrol as an inhibitor of angiogenésizebrafish
embryonic model. Altogether, our study elucidates mechanism of the anti-angiogenic activity ofvezatrol at
least in part. We have shown that resveratrol couiibit angiogenesis through down-regulatio’V&GF/VEGFR2

gene expression at 10 resveratrol, suppressingeEGF mediated signaling pathway which plays multipleesdn

regulating neovascularization and inducing apoptosideveloping zebrafish embryos. Hence, our figdiprovide
inspiration for further development of plant basedpounds such as resveratrol and flavanoids asel VEGFR2

inhibitor for the treatment of angiogenesis-reladéexbrders.
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