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Abstract: Objectives: Vascular endothelium, the innermost monolayer of endothelial cells lining the vessel wall,
plays a vital physiologic role in the functional integrity of the aorta. Endothelial-derived nitric oxide (NO) is an im-
portant molecule regulating vascular endothelial function by its vasodilatory properties and inhibiting pathological
inflammatory and oxidative consequences of vascular aging and cardiovascular disorders. Sirtuin 1 (Sirtl), has
recently emerged as an important regulator of vascular endothelial NO production. The effect of niacin on Sirtl
in human arterial tissue has not been studied. Methods: Using primary cultures of human aortic endothelial cells
(HAEC), we examined the effect of niacin on endothelial Nicotinamide Adenine Dinucleotide+ (NAD"), Sirt1 and NO
production. Results: In HAEC, we show that pharmacologically relevant doses of niacin at 0.2-0.3 mM for 24 h signifi-
cantly increased cellular NAD* levels, Sirt1 activity, and NO production as compared to controls. Using silencing of
Sirtd by siRNA, we observed that Sirt1 mediates niacin-induced NO production. Conclusions: Translationally, these
findings suggest that Sirt1 activation by niacin may be one of the mechanisms of action of niacin acting on NO to
improve endothelial function and mitigate human vascular aging and its deleterious cardiovascular consequences.
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Introduction

The aortic endothelium plays a vital role in
maintaining arterial homeostasis and function-
al integrity of the aorta as well as pathophysio-
logic processes involved in cardiovascular dis-
eases [1, 2]. The healthy endothelium is the
innermost monolayer of endothelial cells lining
the vessel wall. It is able to respond optimally to
physical and chemical signals by generating
factors that regulate endothelial function, such
as vascular tone, cellular adhesion, vessel wall
inflammation, and thrombosis [3].

The Nobel Laureates, Furchgott, Murad, and
Ignarro, showed that endothelial-derived relax-
ing factor nitric oxide (NO) is an essential regu-
lator of endothelial function and vasodilation
involved in various vascular disorders [4-6].
Endothelial nitric oxide synthase (eNOS) is a
key enzyme in NO production from L-arginine.

NO diffuses into vascular smooth muscle cells
and activates guanylate cyclase, resulting in
cGMP-mediated vasodilatation. NO has also
been shown to exhibit anti-atherosclerotic prop-
erties such as mitigating leukocyte adhesion,
vascular oxidative stress, and inflammation,
platelet aggregation, and smooth muscle cell
proliferation [7].

Aging is associated with a profound decline in
vascular endothelial mass and function and is
an independent risk factor for endothelial dys-
function and cardiovascular disorders [8, 9].
The important observation and the discovery of
sirtuins in the late 1990s as critical molecules
involved in aging processes gained the atten-
tion of researchers to explore the critical role of
sirtuin 1 (Sirtd; Silent Information Regulator 1)
in aortic endothelial function, vascular aging,
and its impact on atherosclerotic vascular dis-
orders. The yeast Silent information regulator 2
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(Sir2) gene was shown to extend lifespan in
yeast and mice [10, 11]. Sirtuins are nicotin-
amide adenine dinucleotide (NAD*)-dependent
histone deacetylases that are found in organ-
isms ranging from bacteria to humans. Seven
mammalian sirtuins (Sirt 1-7) were identified
and were shown to exhibit a wide variety of
roles, including DNA repair and extending lifes-
pan. Human Sirt 1 (an ortholog of Sirt2 in yeast)
is the most extensively studied sirtuin for its
role in biologic processes involved in aortic
endothelial function and vascular disorders.

With reference to the current communication,
emerging evidence indicates that the mam-
malian Sirtl, a ubiquitous protein deacetyla-
se localized in nuclear/cytoplasmic compart-
ments, deacetylates both histone and non-his-
tone target proteins that are involved in vascu-
lar endothelial function, inflammation, and
atherogenesis [12-14]. Mattagajasingh and col-
leagues have reported an important observa-
tion linking Sirtl to endothelial function by
showing that Sirtl, by deacetylating lysine 496
and 506 of eNOS, stimulates endothelial cell
eNOS activity and NO production [15]. Inhibition
of Sirtl in the endothelium of the arteries
inhibited endothelium-dependent vasodilation
and decreased bioavailability of NO [15]. Using
endothelial cell-specific Sirtl transgenic mice,
Zhang et al. showed that Sirtl overexpression
increased aortic eNOS, improved vasorelax-
ation, and decreased atherosclerosis in high-
fat fed apoE-deficient mice [16].

Since NAD* serves as an essential co-substrate
required for Sirtl activation, much research
interest has focused on NAD* boosting
approaches to activate Sirtl over the past
decade. Cellular supply of NAD* in the body is
generated either by de novo synthesis from
dietary tryptophan or via salvage pathways
from precursors. In the heart and cardiovascu-
lar system, more than 99% of NAD* is generat-
ed by the salvage pathway by mainly its precur-
sors, including niacin and nicotinamide [NAM;
17]. Since NAD* serves as an essential co-sub-
strate for Sirtd, cellular NAD* levels have been
shown to play an important regulatory role in
Sirtl activation and its downstream biologic
actions [18].

Niacin, at pharmacological doses, is the oldest
currently used therapeutic agent for the treat-
ment of dyslipidemia and atherosclerotic coro-
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nary artery disease [19, 20]. Furthermore, nia-
cin therapy has been shown to improve
endothelium-dependent flow-mediated dila-
tion, a surrogate biomarker for endothelial
function, in healthy and CVD patients [21, 22].
However, the mechanism of action of niacin on
human endothelial function is not clearly
understood.

During the past several years, our laboratory
has been very active in defining mechanisms of
action of niacin on lipid and lipoprotein meta-
bolic pathways, aortic endothelial cell oxidative
stress processes, and inflammatory processes
that are key cellular events involved in athero-
sclerotic cardiovascular disease [23]. To gain
further mechanistic knowledge on niacin, in
this study, we hypothesized that in human aor-
tic tissue, niacin by increasing endothelial
NAD*, activates Sirtl and NO production. Using
primary cultures of human aortic endothelial
cells, the findings reported in this communica-
tion show that pharmacological doses of niacin
increased cellular NAD* levels, Sirtl activity,
and NO production. Additionally, the data show
that niacin-mediated Sirt1 activation regulates
NO production, a key player in endothelial
function.

Materials and methods
In-vitro model system

We used primary cultures of human aortic
endothelial cells as an in-vitro model system.
Normal human aortic endothelial cells (HAEC)
were obtained from Invitrogen (Life Technologies
Corp., Carlsbad, CA). Cells were provided as
cryopreserved vials of a third passage in media
containing 2% fetal bovine serum (FBS). These
cells are shown to exhibit endothelial cell char-
acteristics such as being positive for factor VIII-
related antigen (von Willebrand’s factor) and
LDL uptake and express adhesion molecules.
Cells were grown in endothelial cell growth
medium (M200, Invitrogen) with 2% fetal bovine
serum in a 37°C, 5% CO,, 95% air incubator.
Cells were used for in-vitro studies between
4-6 passages.

Niacin at concentrations of 0.1-0.3 mM were
used for all studies for incubations with HAEC.
In humans, the niacin’s plasma level is about
0.3 mM after oral ingestion of 2 g of niacin, a
commonly used therapeutic dose in humans
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[24]. Thus, the doses of niacin used in our in-
vitro experiments are clinically relevant and
comparable to the niacin concentrations ob-
served in human plasma.

For all in vitro studies, HAEC (passages 4-6)
were treated with niacin (0-0.3 mM) for 24-48
h in the presence of 0.5% serum-containing
media. After washing, cellular lysates were pre-
pared by sonicating cells in a buffer containing
0.5 M NaCl, 20 mM Tris-HCI (pH 7.5), and 10%
glycerol. Cellular lysates were used for various
assays, as indicated below.

Measurement of cellular NAD content

NAD* levels were measured using a very sensi-
tive (in the range of 10-400 nM NAD*) bio-
luminescent-based NAD/NADH-Glo Assay kit
(Promega) per manufacturer’s instructions. In
this assay kit, the NAD cycling enzyme converts
NAD* to NADH. In the presence of NADH,
Reductase enzymatically reduces a proluciferin
reductase substrate to luciferin. Luciferin is
detected using Ultra-Glo Luciferase, and the
amount of luminescent light produced is pro-
portional to the amount of NAD".

Measurements of Sirt1 activity

Cellular nuclear extracts were prepared using a
nuclear and cytoplasmic extraction kit (Pierce
Biotechnology, Rockford, IL). Sirtl activity in
nuclear extracts was assessed using Sirtl
direct fluorescent assay kit (Cayman Chemical)
by measuring the deacetylation of p53 Sirtl-
specific peptide according to the assay proce-
dure described in the assay kit. In brief, this
assay involves 2 steps, and both steps are per-
formed in the same microplate. In the first step,
the substrate, which comprises the acetylated
p53 protein sequence Arg-His-Lys-Lys (acetyl)-
tagged with a fluorescent probe aminomethyl
coumarin is incubated with a cellular extract
containing Sirtl or human recombinant Sirtl
(as a standard) along with its co-substrate
NAD". In the second step, deacetylation sensi-
tizes the p53 substrate such that the treatment
with the developer releases a fluorescent
deacetylated product. The fluorescence is mea-
sured in a fluorometer using an excitation wave-
length of 350-360 nm and an emission wave-
length of 450-465 nm.
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Measurement of NO

The production of NO was measured by assess-
ing stable NO metabolites nitrite (NO,) and
nitrate (NO,) using a commercially available
Nitrate/Nitrite Fluorescent assay kit (Cayman
Chemicals) according to the manufacturer’s
instructions. In brief, this assay consists of two
steps: the first step is the conversion of nitrate
to nitrite catalyzed by nitrate reductase, and
the second step involves the addition of DAN
(2,3, diaminonaphthalene), providing an acidic
solution and followed by the addition of NaOH
which enhances the detection of the fluores-
cent product 1(H)-naphthotriazole. Measure-
ment of fluorescence using an excitation wave-
length of 360-365 nm and an emission wave-
length of 430 nm accurately measures NO
concentration.

Transfection of cells with Sirt1-specific SiRNA

For silencing Sirt1, HAEC were transfected with
Sirtl siRNA for 48 h using commercially avail-
able and validated Sirtl siRNA: TTGGGT-
CTTCCCTCAAAGTAA and HiPerFect transfec-
tion reagent (Qiagen). Real-time PCR analysis of
Sirtl mRNA expression after normalization with
B-actin indicated that siRNA transfection mark-
edly silenced the mRNA expression of Sirtl in
HAEC (Sirtl mRNA, change over control: con-
trol, untransfected cells = 1.0 + 0.10, siRNA
transfected cells = 0.19 + 0.02).

Statistical analysis

Data presented are the mean + SE of 3 sepa-
rate experiments. Statistical analysis for two-
group comparisons was performed by using an
unpaired Student’s t-test (two-tailed), and a
value of P<0.05 was considered significant.

Results
Niacin increases NAD* levels in HAEC

HAEC were incubated in the absence (control)
or presence of niacin (0.2-0.3 mM) for 24 h. As
shown in Figure 1, treatment of HAEC with
pharmacologically relevant doses of niacin at
0.2-0.3 mM significantly increased cellular
NAD* levels as compared to controls. Incubation
of cells with niacin for 48 h also had similar
effects on NAD* levels as compared to 24 h
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Figure 1. Niacin increases NAD* levels in human
aortic endothelial cells (HAEC). Cells were incubated
in the presence or absence of niacin for 24-48 h.
NAD* levels in cellular extracts were measured as
described in Methods, and NAD* concentrations ex-
pressed as nmol/mg cellular protein. Data are mean
+ SE of 3 experiments. P-values shown are com-
pared to controls.

incubation (data not shown). Niacin doses
below 0.1 mM had no effect on NAD* levels
(data not shown).

Niacin increases Sirt1 activity in HAEC

As shown in Figure 2, treatment of HAEC with
niacin (0.2 mM and 0.3 mM) significantly aug-
mented Sirtl activity by about 30% when com-
pared to control cells without a niacin treat-
ment (Figure 2A).

Niacin blocks oxidative-stress mediated de-
crease in Sirt1 activity

Mediators of oxidative stress (such as hydro-
gen peroxide, H,0,) are shown to inhibit Sirt1
activity through promoting Sirt1l protein degra-
dation and lowering Sirt1 gene expression [25].
This study tested whether niacin protects H,0O,-
mediated effects on Sirtl activity. As shown
in Figure 2B, stimulation of HAEC with H2O2
decreased Sirtl activity as compared to con-
trols. Treatment of cells with niacin protected
H,0,-mediated reduction in Sirtl activity
(Figure 2B).

Niacin increases NO production
Since Sirtl has been previously reported to

regulate endothelial NO production, we tested
whether niacin-mediated increased Sirtl acti-
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vation translates to NO production in HAEC. For
this study, we examined the effect of niacin on
NO production by measuring the stable NO
metabolites nitrite (NO,) and nitrate (NO,).
Treatment of HAEC with niacin (0.2 mM and 0.3
mM) markedly increased NO production by
40-76% when compared to controls without
niacin treatment with (Figure 3).

Niacin-induced Sirt1 mediates NO production
by HAEC

Using silencing of Sirtl by siRNA, we assessed
the participation of Sirtl in niacin-mediated
effects on NO production. HAEC were transfect-
ed with Sirt1 siRNA for 48 h using commercially
available and validated Sirtl siRNA. As shown
in Figure 4, niacin in non-Sirt1 siRNA transfect-
ed cells robustly increased NO production. In
Sirtl siRNA transfected cells, niacin (0.3 mM)
failed to increase NO production to the same
extent as seen in non-transfected cells (Figure
4). These data suggest that Sirtl participates
in niacin-mediated effects on NO production.

Effect of niacin on Sirt 1-targeted and marker
genes relevant to human vascular endothelial
cell function

In addition to Sirt 1-mediated NO production,
NFKB and subsequent expression of vascular
inflammatory genes including VCAM-1 (vascular
cell adhesion molecule-1) and MCP-1 (mono-
cyte chemotactic protein-1) are major cardio-
vascular relevant Sirt 1 targeted and marker
genes involved in vascular endothelial cell func-
tion, early development of atherosclerotic
lesions, and vascular aging. Stein and col-
leagues have shown that Sirtl deacetylates
RelA/p65 subunit of NFKB at K310 and sup-
presses its binding to the DNA and activity in
human aortic endothelial cells [26]. Sirtl, by
interfering with this key step in NFkB signaling,
reduces vascular endothelial inflammation by
inhibiting endothelial expression of key adhe-
sion molecules such as VCAM-1, ICAM-1, and
MCP-1 that regulate monocyte adhesion and
migration into the endothelium and subsequent
formation early atherosclerotic lesions [26]. In
Sirtl transgenic mouse models with apoE-defi-
ciency, decreased aortic endothelial expres-
sion of VCAM-1 and ICAM-1 in Sirt1”*apoE” was
seen when compared to Sirtl7*apoE” mice
[27].
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Figure 2. Niacin increases Sirt1 activity in HAEC. A: Cells (2x10°) were incubated with niacin for 24 h. Sirt1 activity
in cellular nuclear extracts was measured according to the assay kit noted in Methods. Sirt1 activity expressed per
mg cellular protein. P-values shown are compared to the control. B: Cells (1x10°) were incubated with either vehicle
(Control), H,0, (100 mM), or H,0, + niacin (0.3 mM) for 24 h. Sirt1 activity expressed per 0.5 mg cellular protein.
Data are mean * SE of 3 experiments. The P-value shown on H,0, is compared to control, and H,0, + niacin is

compared to H,0, treated cells.
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Figure 3. Niacin increases NO production in HAEC.
NO production in cellular extracts was measured ac-
cording to the procedures described in Methods, and
concentrations were expressed as nmol/mg cellular
protein. Data are mean + SE of 3 experiments. P-
values shown are compared to controls.

To gain further insight into the effect of niacin
on Sirt 1-targeted and marker genes relevant to
endothelial cell function, we examined the
effect of niacin on NFkB, VCAM-1, and MCP-1 in
HAEC and endothelial monocyte adhesion. Our
data from these studies shown previously indi-
cated that niacin at 0.25 mM concentration sig-
nificantly inhibited p65/ NFkB binding activity
stimulated by TNF-a by 46% [28]. Additionally,
we showed previously that niacin significantly
inhibited VCAM-1 and MCP-1 expression by
77% and 34% respectively and monocyte adhe-
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Figure 4. Silencing of Sirtl by siRNA blocks niacin-
mediated NO production. For silencing Sirt1, HAEC
were transfected with Sirtl siRNA for 48 h using
commercially available and validated Sirt1 siRNA as
described in Methods. Sirtl siRNA was transfected,
and control cells were incubated with niacin for 24
h. Cellular extracts were used for NO production as-
says. NO levels are expressed as nmol/0.5 mg cel-
lular protein. Data are mean + SE of 3 experiments.
P-values shown are compared to the respective bar
diagrams in the figure.

sion to endothelial cells by 41% [28]. Taken
together, our findings show that niacin signifi-
cantly inhibited Sirt 1 targeted and marker
genes including NO production, NFKB, VCAM-1
and MCP-1 that are relevant to human vascular
endothelial function and vascular aging.
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Niacin had no effect on cell viability in HAEC

Using CellTiter-Glo cell viability assay kit, previ-
ously we have shown that niacin at these doses
(0.2-0.3 mM) used in our studies had no toxic
effect on HAEC viability [28].

Discussion

In pharmacologic doses, niacin remains a clini-
cally used therapeutic agent with over half-cen-
tury history of impressive broad-spectrum
effects on plasma lipids, lipoproteins, and
other pleiotropic anti-atherosclerotic actions.
As monotherapy, it lowers atherogenic apo
B-containing lipoproteins [e.g., LDL, VLDL, and
Lp(a)] and raises apo A-containing high-density
lipoprotein [19, 20]. Importantly, in arterio-
graphic studies, in patients with atherosclerotic
cardiovascular disease (CVD), it reverses ath-
erosclerosis in coronary, femoral, and carotid
arteries when used with LDL-C lowering agents,
bile acid sequestrants, or statins [19, 20].
Additional studies have also showed that nia-
cin therapy improves endothelium-dependent
flow-mediated dilation, a surrogate biomarker
for endothelial function, in healthy and CVD
patients [21, 22]. Nevertheless, the mecha-
nism of action of niacin on human endothelial
function is not clearly understood. To the best
of our knowledge the effect of niacin on human
aortic endothelium has not been reported.

In an attempt to shed light on the cellular mech-
anism of action of niacin on human endothelial
function and its regulatory processes, our data
clearly demonstrate that pharmacologically rel-
evant doses of niacin markedly increased
human aortic endothelial cell production of NO,
a vital regulatory molecule involved in endothe-
lial function. In mechanistic studies, we further
showed that niacin by increasing cellular levels
of NAD* activates Sirtl, and niacin-induced
Sirtd regulates NO production in human aortic
endothelial cells. Although the regulatory role
of cellular NAD* in Sirtl activation and Sirt1-
mediated NO production is well established,
our findings showed for the first time that niacin
(@ precursor of NAD*) in primary cultures of
human aortic endothelial cells activates Sirtl
and increases NO production by a Sirtl-
mediated pathway.

Furthermore, Sirtl has also emerged as a criti-
cal endogenous regulator of biological aging
and aging of the vascular system [reviewed in
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29]. As we age, there is a profound decline in
vascular endothelial mass, NAD* levels, and
endothelial function, and aging has been
thought to be an independent risk factor for
increased incidence and prevalence of endo-
thelial dysfunction and cardiovascular disor-
ders in older population [30-32]. Our findings
also suggest that niacin, through NAD*-Sirtl
and NO mediated mechanisms, improves
vascular aging and its deleterious vascular
consequences.

Based on the current and our previously report-
ed studies, we suggest that the mechanism of
action of niacin and Sirt 1-mediated processes
to improve human vascular endothelial func-
tion and vascular aging include: 1) niacin, by
increasing aortic endothelial NAD* increases
Sirtl activity, and niacin in a Sirtl-dependent
mechanism augments endothelial NO produc-
tion, 2) niacin-induced Sirtl inhibits NFkB,
VCAM-1 and MCP-1 that are cardiovascular rel-
evant Sirt 1 targeted and marker genes involved
in vascular endothelial function, and endotheli-
al inflammation. Translationally, these findings
suggest that niacin, through Sirtl-mediated
mechanism(s), beneficially improves endotheli-
al function and aging of the cardiovascular sys-
tem. Furthermore, our data suggest that niacin
and its analogs may be included as one of the
activators of Sirtl alongside other natural and
synthetic Sirtl activating compounds (STACs)
[33].
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