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Abstract

SIRT1, a NAD+ dependent histone deacetylase, has been shown to act as a key regulator of
angiogenesis. The purpose of this study was to determine the effects of resveratrol (RSV, a SIRT1
activator) on the vascular endothelial growth factor receptor 2 (VEGFR?2) signaling pathway and
to establish its relevance to choroidal neovascularization (CNV), a blinding complication of age-
related macular degeneration. Western blot and ELISA assay showed that RSV inhibited hypoxia-
inducible factor (HIF)-1a accumulation and VEGF secretion induced by cobalt chloride (CoCly)
through SIRT1 in human retinal pigment epithelial (hRPE) cells. Furthermore, RSV down-
regulated VEGFR2 phosphorylation and activation induced by VEGF in endothelial cells via
SIRTL1. Thus, the inhibitory effect of RSV on the HIF-1a\VEGF\ VEGFR2 signaling axis is
mediated, at least in part, through SIRT1. The results suggest that targeting SIRT1 could have
therapeutic potential for the treatment of CNV.
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1. Introduction

Age-related macular degeneration (AMD) is the leading cause of irreversible blindness in
the developed world. Choroidal neovascularization (CNV) is a serious complication of late
AMD, characterized by growth of immature choroidal blood vessels through Bruch
membrane, where they can leak fluid or hemorrhage under the retina [1]. The retinal
pigment epithelium (RPE) is a monolayer of cells that resides between Bruch membrane and
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the neural retina and it plays a central role in the pathogenesis of CNV. The RPE synthesizes
and secretes several cytokines and growth factors that are important regulators of
angiogenesis. Among them, vascular endothelial growth factor (VEGF) is considered to be a
key factor for the induction of angiogenesis [2]. As a result, treatment with VEGF inhibitors
is the current standard of care for CNV [3]. VEGF signaling is predominately mediated
through activation of VEGF receptor 2 (VEGFR2) on endothelial cells, stimulating their cell
proliferation and migration, thus promoting new vessel formation [4].

Resveratrol (RSV) is a natural polyphenol compound enriched in several plants and red
wine. Previous studies have revealed its protective effects on the eye. It has been shown that
RSV has anti-oxidant, anti-apoptotic, anti-inflammatory, and anti-angiogenic properties [5].
Many of the activities of RSV are mediated through sirtuinl (SIRT1), which in turn acts by
deacetylation of transcription factors and other cellular proteins [6]. Recent reports have
shown that RSV can suppress hypoxia-induced VEGF expression and secretion in an
immortalized endothelial cell line derived from monkey retina/choroid [7], human adult
RPE cells [8] and macrophages [9]. Furthermore, systemic application of RSV inhibits
angiogenesis in murine CNV models [9, 10]. In this study, we show for the first time, that
the inhibition of VEGF/VEGFR?2 signaling in low passage human RPE and endothelial cells
is mediated, at least in part, through SIRT1, providing evidence for using RSV or targeting
SIRT1 as a potential therapeutic approach for CNV.

2. Methods

2.1 Cells culture and Reagents

The Institutional Review Board of the University of Southern California approved our use of
human RPE cells and conformed to the Declaration of Helsinki. HRPE cells were isolated
from fetal human eyes of 18-20 weeks gestation (Advanced Bioscience Resources, Inc,
Alameda, CA). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Fisher
Scientific, Pittsburgh, PA) with 2 mM L-glutamine, 100 U/mL penicillin, 100 pg/mL
streptomycin (Sigma-Aldrich, St. Louis, MO), and 10% heat-inactivated fetal bovine serum
(FBS; Irvine Scientific, Santa Ana, CA). Second to fourth passage cells were used. Human
umbilical vein endothelial cells (HUVECSs) were purchased from ATCC (Manassas, VA)
and were cultured in endothelial growth medium (EGM™ Bullet Kit, #CC-3124, Lonza,
Switzerland) and used from passages 2 to 8.

Cobalt chloride (CoCly; Sigma-Aldrich Co., MO, USA) solution was freshly prepared. RSV
(Sigma) was dissolved in dimethylsulfoxide (Sigma) at a concentration of 100mM.

2.2 siRNA transfection

HRPE cells or HUVECSs were seeded in 6-well plates transfecting with SIRT1 siRNA
(10nM, sc-40986, Santa Cruz Biotechnology, Inc., Texas, USA) or control siRNA (10nM,
sc-37007, Santa Cruz Biotechnology) using Lipofectamine RNAIMAX (Life Technologies,
NY, USA).
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2.3 Western blot assay

2.4 ELISA

Cells (hRPE and HUVECS) were lysed in RIPA buffer (Cell Signaling Technology, Inc.,
MA, USA) and proteins were separated using 4-15% Tris-HCI polyacrylamide gradient gels
(Bio-Rad) at 120 V. The proteins were transferred to polyvinylidene fluoride transfer
membrane (Millipore, Billerica, MA). The membranes were blocked (5% milk) and
incubated with primary antibodies overnight at 4°C. The membranes were washed and
incubated with the relevant horseradish peroxidase (HRP)-conjugated secondary antibodies
(Vector Laboratories, Inc. Burlingame, CA) for 1 hour at room temperature. Protein bands
were developed by enhanced chemiluminescent (ECL) substrates (Thermo Scientific,
Rockford, IL). All the results were calculated by mean pixel density x band area in arbitrary
units using Image J software. GAPDH (MAB374, Millipore) was used a loading control.
Antibodies detecting HIF-1a (#3716), VEGFR2 (#2479) and Phospho-VEGFR2 (#2478)
were from Cell Signaling and SIRT1 (sc-15404) from Santa Cruz.

VEGF concentrations were measured by ELISA (Quantikine; R&D Systems).

2.5 Statistical analysis

All experiments were repeated at least three times. Data are presented as mean+SEM.
Differences were analyzed by ANOVA or Student's t test and P<0.05 was accepted as
significant.

3. Results and discussion

3.1 Resveratrol inhibits HIF-1a expression and VEGF secretion in hRPE cells through
activation of SIRT1

Based on preliminary experiments on cell viability and toxicity, we selected 100uM CoCl,
and 50uM RSV as optimal doses. Expression of SIRT1 protein in hRPE cells was
significantly suppressed by SIRT1 siRNA transfection (Fig. 1A). CoCl, was used to mimic
hypoxia, a condition that plays an important role in the pathogenesis of CNV [11].
Treatment with CoCly, resulted in increased protein expression of HIF-1a protein and
suppression of SIRT1 further enhanced this effect (Fig. 1A). Importantly, pretreatment of
hRPE cells with RSV significantly inhibited HIF-1a protein expression induced by CoCl,
(Fig. 1B) and knocking down SIRT1 attenuated the inhibitory effects of RSV on HIF-1a
expression (Fig. 1B).

VEGF (VEGF165) is an important target gene of HIF1 [12]. VEGF levels in the hRPE
supernatants were increased under hypoxia but decreased after pretreatment with RSV (Fig.
1C) as shown previously [8]. This decrease was prevented by knocking-down SIRT1,
demonstrating that RSV inhibition of VEGF expression in hRPE cells was mediated mainly
through SIRTL.

3.2 Resveratrol suppresses VEGFR2 phosphorylation in HUVECs via SIRT1

Next, we explored the expression and activation of VEGFR2 after RSV treatment in
endothelial cells (HUVECSs). Although it would be more physiologically relevant to study
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choroidal endothelial cells (CEC), we were unable to utilize CEC in these experiments due
to their heightened sensitivity to transfection reagents, resulting in excessive cell death
(results not shown). As expected, VEGF induced the phosphorylation of VEGFR2 without
influencing total VEGFR2 expression (Fig.2A). Pretreating the cells with RSV reduced total
VEGFR?2 expression (Fig.2A); importantly, phosphorylation of VEGFR2 stimulated by
VEGF was also inhibited (Fig.2A). This result is consistent with the report that a RSV
derivative, Trans-3,4,5,4'-tetramethoxystilbene (DMU-212), also suppressed VEGF-induced
phosphorylation of VEGFR2 in HUVECs [12]. To further establish a role for SIRT1 in this
process, we used SIRT1 siRNA to knock-down SIRT1 expression. Here, we (Fig.2B)
showed, for the first time, that knocking down SIRT1 significantly reversed the inhibitory
effects of RSV on VEGFR2 phosphorylation induced by VEGF (p<0.05) , suggesting RSV
inhibits phosphorylation of VEGFR2 in HUVECs, at least in part, via SIRT1.

In summary, we demonstrate that RSV can disrupt HIF-1a-mediated up-regulation of VEGF
expression under hypoxia through activation of SIRT1 in RPE cells. We further show that
RSV inhibits VEGF induced phosphorylation of VEGFR2 in endothelial cells via SIRT1.
Thus RSV inhibits the HIF-1a/VEGF/VEGFR2 signaling axis in choroidal
neovascularization-related cells, at least in part, through SIRT1. These results provide
further support for evaluation of SIRT1 as a potential therapeutic target for CNV.
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Fig. 1.

(A) Effects of SIRT1 on the expression of HIF-1a in hRPE cells. Cells were transfected
using specific SIRT1 or control siRNA for 24 hours following by treatment with or without
CoCl, (100uM) for another 3 hours. Representative Western blots and densitometry analysis
are shown. SIRT1 protein expression was significantly inhibited by siRNA (*p<0.05).
HIF-1a protein expression was increased after adding CoCl, (*p<0.05). Knocking down
SIRT1 further augmented this increase (*p<0.05). (B) RSV inhibits HIF-1a through SIRT1.
HRPE cells were transfected using specific SIRT1 or control siRNA following by treatment
with or without RSV for 16 hours before co-treatment with or without CoCl, for another 3
hours. RSV impaired HIF-1a accumulation induced by CoCl, and knocking down SIRT1
attenuated the inhibitory effect of RSV on HIF-1a expression (*p<0.05). (C) RSV decreases
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VEGF secretion through SIRT1. Methods as in Fig.1B. Secreted VEGF protein in hRPE cell
supernatant was analyzed by ELISA. RSV inhibited VEGF secretion induced by CoCl, and
knocking down SIRT1 attenuated the inhibitory effect of RSV on VEGF expression
(*p<0.05).

Cytokine. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Zhang et al. Page 8

RSV . - +
A B
VEGF - + - + RSV+VEGF

p-vecrrz IS Control _ SIRTL

* * B 50 E "?’Ji:": Y
17 VEGFR2 ﬁ .
SIRT1 - F

GAPDH "D W

o o o =
IS o © =)
2 )

—_
(3]
3

e
N

Relative p-VEGFR2 Expression

N

o
=)
4
o

* mm control sSiRNA+RSV+VEGF

RSV - - + mm SIRT1 siRNA+RSV+VEGF

VEGF - + -

+ +
=
=
A

*

-
o
3

o
(3]
3

Relative Density

o
o

SIRT1 p-VEGFR2 VEGFR2

.
N

Relative VEGFR2 Expression
o
»
o
o
L

g
o
Y

RSV - - +
VEGF - + - +

Fig. 2.

(A) RSV suppresses VEGFR2 expression and phosphorylation in HUVECs. Cells were
pretreated with or without RSV for 16 hours before co-treatment with or without VEGF (25
mg/ml) for another 10 minutes. Western blots with densitometry analysis were performed.
Data show that VEGF induced phosphorylation of VEGFR2 (*p<0.05) without influencing
total VEGFR2 expression. RSV significantly decreased total VEGFR2 (*p<0.05) and
VEGFR2 phosphorylation induced by VEGF (*p<0.05). (B) RSV suppresses VEGFR2
phosphorylation in HUVECSs via SIRT1. Methods as in Fig.2B. Knocking down SIRT1
resulted in increased phospho-VEGFR2 expression compared with control siRNA group
(*p<0.05).
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