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Aims

Methods
and results

Resveratrol activates Sirtuin 1 (SIRT1), a nicotinamide adenine dinucleotide-dependent deacetylase which modulates
metabolic homeostasis and improves several pathophysiological features present in diseases of ageing. In particular, it
has been shown that SIRT1 activation improves endothelial dysfunction and suppresses vascular inflammation, two
central pathophysiological processes involved in the initiation and progression of cardiovascular disease. The down-
stream targets of SIRT1 activation in this context, however, remain poorly defined. Therefore, in this study, we aimed
to characterize mechanistically how SIRT1 activation regulates the endothelial vasoprotective phenotype.

We demonstrate that SIRT1 activation by resveratrol increases the expression of the transcription factor Kriippel-like
factor 2 (KLF2) in human vascular endothelial cells, resulting in the orchestrated regulation of transcriptional pro-
grams critical for conferring an endothelial vasoprotective phenotype. Moreover, we show that KLF2 upregulation
by resveratrol occurs via a mitogen-activated protein kinase 5/myocyte enhancing factor 2-dependent signalling
pathway.

Collectively, these observations provide a new mechanistic framework to understand the vascular protective effects
mediated by SIRT1 activators and define KLF2 as a critical mediator of these effects.
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endothelial nitric oxide synthase (eNOS).> Given the critical role

1. Introduction

In the last decade, an increasing number of studies have demon-
strated that resveratrol (3,5,4'-trihydroxystilbene) exerts a wide
range of protective effects on the cardiovascular system." These
effects, which confer anti-inflammatory, vasodilatory, and
anti-thrombotic properties to the vasculature, may be explained
by the activation of the NAD'-dependent deacetylase Sirtuin 1
(SIRT1).%* Previous studies have demonstrated that endothelial-
specific overexpression of SIRT1 improves endothelial function
and decreases atherosclerosis in ApoE null mice.* SIRT1 has also
been shown to regulate vascular tone via the activation of

for SIRT1 in maintaining vascular endothelial homeostasis, SIRT1
activators have received significant attention as potential pharma-
cological agents for the treatment of cardiovascular disease.
Indeed, resveratrol administration has been shown to improve

467 . N
and reduce vascular inflammation in

endothelial dysfunction
mice.® Despite these reported benefits, the underlying mechanisms
through which resveratrol and SIRT1 improve endothelial dysfunc-
tion remain largely unknown.

Our laboratory and others have demonstrated that the
transcription factor Kriippel-like factor 2 (KLF2) functions as

an as inhibitor of angiogenesis,” and a critical regulator of the
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flow-mediated vasoprotective endothelial phenotype,'®~"? confer-
ring anti-thrombotic, anti-inflammatory, and vasodilatory proper-
ties to the vascular endothelium.' Moreover, recently published
studies have demonstrated that ApoE null mice bearing a hemizy-
gous deficiency in the KLF2 gene exhibit an increase in athero-
sclerotic lesion area in the aorta when compared with wild-type
mice,"® thus validating the vasoprotective function of KLF2 in vivo.

Recently, we performed a small molecule screen to identify
novel regulators of KLF2 expression in endothelial cells and uncov-
ered resveratrol as a potent inducer of KLF2 (Mack P.J., Parmar
K.M., Garcia-Cardefia G., unpublished results). In this study, we
examined whether resveratrol induces a vasoprotective endo-
thelial cell phenotype via KLF2 and have begun to define the mol-
ecular mechanisms involved in this process.

2. Methods

2.1 Endothelial cell culture and
adenovirus-mediated infection

Human umbilical vein endothelial cells (HUVEC) were isolated from
several normal term umbilical cords, pooled, and cultured as described
previously'* by the core cell culture laboratory of the Centre for
Excellence in Vascular Biology at the Brigham and Women’s Hospital.
These human tissues are routinely obtained as ‘Discarded Pathology
Tissues’ for research purposes, without attributes to specific donor,
under existing institutionally approved protocols (BWH Human
Research Committee IRB). For Ad-MEKS5DN (MOl =20) and
Ad-GFP (MOI = 20) experiments, cells at 85—-90% confluency were
infected for 12 h, washed with media, and then incubated for an
additional 12 h. This was followed by 8 h of incubation with either
100 wM resveratrol (Sigma) or ethanol vehicle. For Ad-MEF2ASA
(MOI = 50) and Ad-GFP (MOI = 50) experiments, cells at 85-90%
confluency were infected for 24h, after which the cells were
washed and incubated for 16 h. Cells were then treated with
100 M resveratrol or ethanol vehicle for an additional 8 h.

2.2 Sirtinol experiments

HUVEC at 90—-100% confluency were treated for 1h with either
vehicle (DMSO), 50 uM, or 75 uM sirtinol (Sigma), after which
100 M resveratrol or ethanol vehicle was added and the cells were
incubated for an additional 8 h.

2.3 AMP-activated kinase inhibition

HUVEC at 90-100% confluency were treated for 30 min with either
vehicle (DMSO) or 20 pM compound C (Calbiochem),” then
100 wM resveratrol or ethanol vehicle was added, and the cells incu-
bated for an additional 4 or 8 h.

2.4 RNA isolation and real-time TaqMan
PCR

Cells were lysed, RNA isolated, and real-time TagMan PCR performed
as described previously.™

2.5 siRNA experiments

HUVEC were transfected as previously described with minor modifi-
cations."* Briefly, cells were transfected at 30—40% confluency using
either Lipofectamine RNAIMAX or Oligofectamine (Invitrogen). At
24 h post-transfection, cells were replated at 90—100% confluency.
For siKLF2 experiments, cells at 38 h post-transfection were treated

for an additional 24 h with either 100 WM resveratrol or ethanol
vehicle. For siSIRT1 and siERKS5 experiments, cells at 45h post-
transfection were treated for an additional 8 h with either 100 uM
resveratrol or ethanol vehicle. The following Invitrogen Stealth
siRNA duplexes were utilized: HS5145585 (KLF2, 30 nM, Lipofecta-
mine  RNAIMAX); HSS118729 (SIRT1, 100 nM, Oligofectamine);
HSS183373 (ERKS, 100 nM, Oligofectamine). Each Stealth siRNA
duplex was matched with the appropriate Stealth siRNA GC negative
control from Invitrogen. All results were validated using an additional
siRNA targeting a different region of the respective transcript [ERK5
siRNA (s11149; Ambion); SIRT1 siRNA (HSS118730; Invitrogen);
KLF2 shRNA (TRCNO0000020728; Sigma)]. The efficiency of the
siRNA experiments was further validated by analysing SIRT1 and
ERKS5 protein levels via western blotting as described below.

2.6 Western blotting

HUVEC at 90—100% confluency were incubated with either 100 uM
resveratrol, 1 wM simvastatin, or ethanol vehicle for 8 h. After stimu-
lation, cells were washed and lysed at 4°C in RIPA buffer supplemented
with protease (Roche Applied Science) and phosphatase (Thermo
Scientific) inhibitors. Cells lysates were subjected to SDS—PAGE and
immunoblotting as previously described."® ERKS polyclonal antibody
(1:1000) was from Cell Signaling (3372), monoclonal antibody against
alpha-tubulin (1:1000) was from Santa Cruz Biotechnology Inc.
(sc-14262), and SIRT1 polyclonal antibody (1:1000) was from Epi-
tomics (1104-1).

2.7 Statistical analysis

Statistical analysis was performed with SPSS Statistics Software. Stu-
dent’s t-test was used for comparing differences between two
groups, and one-way ANOVA followed by Tukey’s HSD test for com-
paring differences between multiple groups. Differences were con-
sidered significant at P < 0.05.

3. Results

3.1 Resveratrol induces endothelial
KLF2 expression

Human endothelial cells treated with increasing concentrations of
resveratrol exhibited an induction of KLF2 mRNA expression
(Figure 1A). Since 100 wM resveratrol resulted in a similar induction
of KLF2 compared with the higher dose, this concentration was
used in all subsequent experiments. As shown in Figure 1B, resver-
atrol induction of KLF2 followed a time-dependent pattern. The
resveratrol-mediated increase in KLF2 expression was detected
after 4 h of incubation, peaked at 8 h, and gradually decreased at
later time points.

3.2 Resveratrol-induced expression of
endothelial vasoprotective genes is
dependent on KLF2 expression

We and others have previously shown that atheroprotective flow
and statins increase the expression of several KLF2 downstream
transcriptional targets whose expression confers a vasoprotective
endothelial phenotype.'>"® To test whether resveratrol exerts the
same effects on gene expression, endothelial cells were incubated
for 24 h with resveratrol and the expression of eNOS, thrombo-
modulin (TM), and c-type natriuretic peptide (CNP) was analysed
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Figure 1 Resveratrol induces the expression of KLF2 and KLF2-dependent endothelial atheroprotective genes. (A) KLF2 mRNA levels in
HUVEC cultured for 8 h with 10, 50, 100, and 250 wM of resveratrol and compared with ethanol vehicle treatment (*P < 0.05 vs. ethanol
control; n = 3; ANOVA, Tukey’s HSD test). (B) KLF2 expression in HUVEC incubated with 100 wM resveratrol for the indicated periods of
time (*P < 0.05 vs. its time-corresponding ethanol vehicle control; n =4; Student’s t-test). (C) Expression of known KLF2 targets in
HUVEC after 24 h of resveratrol (100 wM) stimulation (*P << 0.05 vs. ethanol vehicle control; n = 3; Student’s t-test). (D) Effect of KLF2 silen-
cing on expression of resveratrol-induced vasoprotective targets (*P << 0.05; n=3; ANOVA, Tukey’s HSD test). Data expressed as

mean + SEM.

by quantitative PCR. As shown in Figure 1C, stimulation of endo-
thelial cells with resveratrol resulted in a significant induction of
the vasoprotective genes studied. To document whether the
expression of these vasoprotective genes was KLF2-dependent,
the resveratrol-mediated effect on eNOS, TM, and CNP
expression was assessed in endothelial cells where the expression
of KLF2 was silenced. These experiments clearly showed that
when KLF2 expression was repressed, resveratrol failed to
induce the expression of the vasoprotective genes analysed
(Figure 1D).

3.3 Resveratrol induces KLF2 expression
through SIRT1

To investigate whether resveratrol induction of KLF2 expression in
endothelial cells is mediated by sirtuins in general, and SIRT1 in
particular, we performed the following experiments. First, endo-
thelial cells were treated with two different concentrations of
the non-specific sirtuin inhibitor sirtinol, and the effect of these
treatments on resveratrol-mediated KLF2 induction was assessed.
As demonstrated in Figure 2A, sirtinol inhibited resveratrol-
mediated KLF2 induction in a concentration-dependent manner,

suggesting that sirtuin activity is necessary for KLF2 induction by
resveratrol. Second, endothelial cells were transfected using a
specific siRNA targeting SIRT1, and the induction of KLF2 was
determined after treatment with resveratrol. These experiments
clearly documented that SIRT1 mediates the resveratrol-
dependent induction of KLF2 (Figure 2B).

3.4 KLF2 induction by resveratrol is
MEKS5 and MEF2 dependent but ERK5
independent
To further investigate the signalling pathway leading to KLF2 upre-
gulation by resveratrol, we assessed the role of the three known
components of the flow-mediated KLF2 signalling pathway,
namely, mitogen-activated protein kinase 5 (MEKS5), ERKS, and
myocyte enhancing factor 2 (MEF2)."*"7

The role of MEK5 was determined by quantifying the induction
of KLF2 and its downstream transcriptional targets (eNOS, TM,
and CNP) in resveratrol-treated endothelial cells infected with
control adenovirus or virus expressing a dominant-negative
MEKS5 mutant (MEK5-DN). As shown in Figure 2C and D,
MEK5-DN abrogated the resveratrol-mediated upregulation of
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Figure 2 Resveratrol induces KLF2 expression via SIRT1 and MEKS5. (A) KLF2 mRNA expression in HUVEC stimulated with resveratrol
(100 wM) for 8 h in the absence or presence of increasing concentrations of the non-specific sirtuin inhibitor sirtinol (*P < 0.05; n = 4;
ANOVA, Tukey’s HSD test). (B) Effect of sirtuin-1 (SIRT1) silencing on induction of KLF2 expression by resveratrol (*P < 0.05; n= 3;
ANOVA, Tukey’s HSD test). Insert shows representative western blot demonstrating SIRT1 silencing efficiency. (C) KLF2 mRNA expression
in HUVEC infected with MEK5-DN or GFP-control virus followed by incubation with resveratrol or its vehicle (#P < 0.01; n = 3; ANOVA,
Tukey’s HSD test). (D) Effect of MEK5-DN on the resveratrol-dependent expression of KLF2 transcriptional targets (*P < 0.05; n = 3;

ANOVA, Tukey’s HSD test). Data expressed as mean + SEM.

KLF2 and that of its downstream transcriptional targets eNOS and
TM, demonstrating that MEKS5 involvement is conserved in both
biomechanical and resveratrol-mediated vasoprotective gene
expression.

Since ERKS5, a known target of MEKS, is activated by biomecha-

nical stimuli and statins'>'®

(Garcia-Cardena, unpublished results),
we next explored whether ERK5 was necessary for the
resveratrol-mediated induction of KLF2. ERK5 activation was
assessed by determining its phosphorylation state in cells incubated
with resveratrol or simvastatin, which served as a positive control.
As seen in Figure 3A, resveratrol did not induce ERKS5 phosphoryl-
ation, demonstrating that phosphorylation of this kinase is not
required for the resveratrol-mediated KLF2 induction. This
finding was further confirmed by documenting the effect of
ERKS silencing on KLF2 induction by resveratrol. ERK5 silencing
did not modify KLF2 induction by resveratrol (Figure 3B). These
findings demonstrate that ERKS5
resveratrol-mediated KLF2 induction.
Previous studies have shown that the transcription factor MEF2
is necessary for the induction of KLF2 by biomechanical and other

types of stimuli,'>"*1%2

is not necessary for the

therefore we next investigated whether
MEF2 was required for the resveratrol-mediated increase in

KLF2. As seen in Figure 3C, cells expressing a dominant-negative
MEF2 mutant (MEF2ASA) exhibited a significant reduction in
KLF2 induction by resveratrol when compared with cells expres-
sing GFP control. These observations demonstrate that MEF2 is
an important component of the resveratrol-KLF2 signalling
pathway.

3.5 Resveratrol-mediated KLF2
induction is AMP-activated kinase
independent

A recent report from our group has shown that the activation of
the AMP-activated kinase (AMPK) by flow leads to the expression
of KLF2 in cultured endothelial cells.” Since SIRT1 has also been
shown to activate AI"]PK,21 we next examined whether this
kinase is involved in the resveratrol-mediated KLF2 induction. As
shown in Figure 3D, AMPK inhibition by compound C caused a sig-
nificant reduction in the basal expression of KLF2, however, it did
not affect the of KLF2
expression after 8 h of treatment. Similar results were obtained

resveratrol-mediated upregulation

evaluating a shorter (4 h) stimulation period (data not shown).
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Figure 3 KLF2 induction by resveratrol is ERK5 and AMPK independent, but partly dependent on MEF2. (A) Western blot of phospho-ERKS5,
ERKS, and house keeping protein alpha-tubulin from HUVEC stimulated for 8 h with ethanol vehicle, resveratrol (100 wM) or simvastatin
(1 wM). (B) Effect of ERKS5 silencing on resveratrol-induced KLF2 expression in HUVEC (*P < 0.05; n = 3; ANOVA, Tukey’s HSD test).
Insert shows representative western blot demonstrating ERK5 silencing efficiency. (C) KLF2 mRNA expression in HUVEC infected with
MEF2ASA or GFP-control virus and stimulated with resveratrol or its vehicle (*P < 0.05; n = 3; ANOVA, Tukey’s HSD test). (D) Effect of
AMPK inhibition on resveratrol-mediated KLF2 expression in HUVEC (*P < 0.05; n = 3; ANOVA, Tukey’s HSD test). Data expressed as

mean + SEM.

4. Discussion

SIRT1 activators are being actively investigated as potential thera-
peutic agents for diseases of ageing such as type Il diabetes and
atherosclerosis.?>%3 Indeed, SIRT1 activation has been shown to
improve vascular function via an increase in eNOS expression, as
well as suppress atherosclerotic lesion formation.* Despite these
protective effects, the underlying molecular mechanisms involved
remain largely unknown.

Here, we reveal the transcription factor KLF2 as a critical
mediator of the endothelial vasoprotective phenotype conferred
by the SIRT1 activator resveratrol. Our data demonstrate that
resveratrol induces the expression of KLF2 in cultured human
endothelial cells, and importantly, that this upregulation is necess-
ary for the resveratrol-mediated increase in the endothelial vaso-
protective genes studied. Additionally, we show that the
induction of KLF2 by resveratrol is dependent on SIRT1, suggesting
that KLF2 may also be required for the vascular protection evoked
by caloric restriction, a physiological activator of SIRT1.2*

SIRT1 is capable of regulating gene expression via multiple path-
ways.? Since the screen that led us to the identification of resver-
atrol as a KLF2 inducer was based on the transcriptional activity of
the proximal KLF2 promoter, we focused our investigation on the

MEKS/ERK5/MEF2 signalling pathway. This pathway has been pre-
viously described to be necessary and sufficient for the induction
of KLF2 by atheroprotective flow.">"” Our data demonstrate
that the induction of KLF2 by resveratrol is MEK5 and MEF2
dependent, but ERK5 independent, highlighting a central role of
the MEKS5/MEF2 pathway in the expression of KLF2 in the vascular
endothelium. Consistent with these observations, a recent report
demonstrated that Angiopoietin-1 induction of KLF2 requires
MEF2 but not ERK5.2° A working model for the induction of
KLF2 by resveratrol, summarizing the herein presented data, is
depicted in Figure 4.

Previous studies have shown that resveratrol regulates the
AMPK signalling pathway via the SIRT1-mediated deacetylation of
LKB1.2" Additionally, we have recently shown that the flow-
mediated activation of AMPK leads to the expression of KLF2 in
endothelial cells.”> On the basis of these observations, in this
study, we explored the potential involvement of AMPK in the
upregulation of KLF2 by resveratrol, and document that the
pharmacological inhibition of AMPK does not affect the
resveratrol-mediated increase of KLF2 expression. Due to the
limited knowledge on additional signalling pathways linking SIRT1
and MEKS activation, high-throughput approaches are currently
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Figure 4 Working model for the resveratrol induction of KLF2.
SIRT1 (Sirtuin 1), MEK5 (mitogen-activated protein kinase 5),
MEF2 (myocyte enhancing factor 2), KLF2 (Krippel-like factor 2).

being employed to mechanistically define how resveratrol leads to
the activation of the MEK5/MEF2 signalling pathway.

Collectively, these observations provide a new mechanistic fra-
mework to better understand the effects of SIRT1 activators on
the cardiovascular system, and will allow us to examine the possi-
bility that dysregulation of the SIRT1/KLF2 axis is involved in the
transcriptional changes driving endothelial dysfunction in the dis-
eases of ageing.
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