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Shear stress imposed by blood flow is crucial for maintaining
vascular homeostasis. We examined the role of shear stress in reg-
ulating SIRT1, an NAD+-dependent deacetylase, and its functional
relevance in vitro and in vivo. The application of laminar flow in-
creased SIRT1 level and activity, mitochondrial biogenesis, and ex-
pression of SIRT1-regulated genes in cultured endothelial cells
(ECs). When the effects of different flow patterns were compared
in vitro, SIRT1 level was significantly higher in ECs exposed to phys-
iologically relevant pulsatile flow than pathophysiologically rele-
vant oscillatory flow. These results are in concert with the finding
that SIRT1 level was higher in the mouse thoracic aorta exposed to
atheroprotective flow than in the aortic arch under atheroprone
flow. Because laminar shear stress activates AMP-activated protein
kinase (AMPK), with subsequent phosphorylation of endothelial
nitric oxide synthase (eNOS) at Ser-633 and Ser-1177, we studied
the interplay of AMPK and SIRT1 on eNOS. Laminar flow increased
SIRT1-eNOS association and eNOS deacetylation. By using the
AMPK inhibitor and eNOS Ser-633 and -1177 mutants, we demon-
strated that AMPK phosphorylation of eNOS is needed to prime
SIRT1-induced deacetylation of eNOS to enhance NO production.
To verify this finding in vivo, we compared the acetylation status of
eNOS in thoracic aortas fromAMPKα2−/−mice and their AMPKα2+/+

littermates. Our finding that AMPKα2−/− mice had a higher eNOS
acetylation indicates that AMPK phosphorylation of eNOS is re-
quired for the SIRT1 deacetylation of eNOS. These results suggest
that atheroprotective flow, via AMPK and SIRT1, increases NO bio-
availability in endothelium.
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SIRT1, also known as Sirtuin 1 (silent mating type information
regulation 2 homolog), contributes to the caloric restriction

(CR)-induced increase in lifespan in species ranging from yeast
to mammals (1–3). Functioning as an NAD+-dependent class III
histone deacetylase (4), SIRT1 deacetylates multiple targets in
mammalian cells, including tumor suppressor p53, Forkhead box
O1 and 3 (FOXO1 and FOXO3), peroxisome proliferator-acti-
vated receptor γ (PPARγ) coactivator 1α (PGC-1α), liver X re-
ceptor, and hypoxia-inducible factor 2α (5–14). By regulating
these molecules involved in cell survival and in carbohydrate and
lipid metabolism, SIRT1 functions as a master regulator of stress
response and energy homeostasis.
SIRT1 is also an important modulator in cardiovascular functions

in health and disease. The beneficial effects of SIRT1 on endothelial
cell (EC) biology were demonstrated by several previous studies. Ota
et al. (15) showed that overexpression of SIRT1 prevented oxidative
stress-induced endothelial senescence, whereas inhibition of SIRT1
led to premature senescence. Treatment of human coronary arterial
ECs with resveratrol (RSV), an SIRT1 activator, increased themito-
chondrial mass and key factors mediating mitochondrial biogenesis,
such as PGC-1α and nuclear respiratory factor 1 (NRF1) (16).
Mattagajasingh et al. (17) demonstrated that inhibition of SIRT1
in rat arteries attenuated endothelium-dependent vasodilation, which
might be due to the enhanced acetylation of endothelial nitric oxide
synthase (eNOS). Inmice,RSVadministration increasedaortic eNOS
activity (18). Furthermore, EC-specific overexpression of SIRT1 de-
creased atherosclerosis in ApoE-knockout mice (19).

The endothelium forms a bioactive interface between the
circulating blood and the vessel wall. The constant exposure of
ECs to shear stress maintains vascular tone, which is mediated in
part through its regulation of eNOS. Depending on the flow
pattern, the associated shear stress can be atheroprotective or
atheroprone. Steady pulsatile flow present in the straight parts of
the arterial tree is atheroprotective, which increases the eNOS-
derived NO bioavailability and exerts antiinflammatory and
antioxidative effects. In bends and bifurcations, disturbed flow
patterns induce the expression of molecules involved in athero-
genesis and elevate the level of reactive oxygen species (ROS) in
ECs (20). Using the flow channel as a model system, we have
shown that laminar flow causes activation of AMP-activated
protein kinase (AMPK), which in turn phosphorylates eNOS at
Ser-633 and -1177, thus leading to enhanced NO bioavailability
(21, 22).
In hepatocytes, SIRT1 regulates lipid metabolism through

AMPK (23). In skeletal muscles, however, AMPK regulates
SIRT1 by modulating the activity of nicotinamide phosphor-
ibosyl transferase (24). A recent report by Canto et al. (25)
showed that the phosphorylation of PGC-1α by AMPK primes
the PGC-1α deacetylation by SIRT1 in myocytes. These studies
suggest that AMPK may crosstalk with SIRT1 to modulate
downstream targets. Because shear stress regulates the endo-
thelium in health and disease, and both AMPK and SIRT1 play
critical roles in endothelial biology, we investigated the effect of
shear stress on SIRT1 in ECs and its functional consequences.
Our results show that laminar flow elevates SIRT1 in ECs and
that the laminar flow-activated SIRT1 acts synergistically with
AMPK to increase NO bioavailability in vitro and in vivo.

Results
Shear Stress Increases SIRT1 Level/Activity in ECs. To explore
whether shear stress regulates SIRT1 and AMPK in ECs, we
applied a laminar flow at 12 dyn/cm2 to cultured human umbil-
ical vein ECs (HUVECs) for various durations. Western blot
analysis revealed that laminar flow increased the SIRT1 level
and AMPK phosphorylation at Thr-172 and that these elevations
lasted for at least 16 h (Fig. 1A). Concomitant with the increase
in SIRT1 level, shear stress also augmented its deacetylase ac-
tivity, as demonstrated by the decreased acetylation of Arg-His-
Lys-Lys(ac) (Fig. 1B). Because p53 Lys-382 is an SIRT1 target
site (26), the acetylation status of this Lys in ECs was examined.
Shear stress decreased the acetylation of p53 Lys-382 in cells
under shear stress, as compared to static controls (Fig. 1C).
Because the enzymatic activity of SIRT1 depends on the cellular
level of NAD+ and shear stress has been shown to increase the
activity of NAD(P)H oxidase, which converts NADH to NAD+

Author contributions: Z.C., I.-C.P., X.C., Y.-S.L., S.C., and J.Y.-J.S. designed research; Z.C.,
I.-C.P., and X.C. performed research; Z.C., I.-C.P., X.C., Y.-S.L., S.C., and J.Y.-J.S. analyzed
data; and Z.C., S.C., and J.Y.-J.S. wrote the paper.

The authors declare no conflict of interest.
1Z.C. and I.-C.P. contributed equally to this work.
2To whom correspondence may be addressed. E-mail: john.shyy@ucr.edu or schien@bioeng.
ucsd.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1003833107/-/DCSupplemental.

10268–10273 | PNAS | June 1, 2010 | vol. 107 | no. 22 www.pnas.org/cgi/doi/10.1073/pnas.1003833107

mailto:john.shyy@ucr.edu
mailto:schien@bioeng.ucsd.edu
mailto:schien@bioeng.ucsd.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1003833107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1003833107/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1003833107


(27), we compared the cellular level of NAD+ in ECs under
shear stress and in controls. Compared with static control con-
ditions, laminar flow increased NAD+ level by ∼50% (Fig. 1D).
Together, Fig. 1 suggests that laminar flow elevates SIRT1 level
with an attendant increase in SIRT1 deacetylation activity.

Shear Stress Increases Mitochondrial Biogenesis in ECs. In several cell
types, the elevation of SIRT1 is tightly correlated with increased
mitochondrial biogenesis (12, 16, 25). In the present study, laminar
flow indeed increased the mitochondrial mass (Fig. 2A), with at-
tendant increase in the activity of mitochondrial reductase (Fig. 2B).
Because PGC-1α and NRF1 are key regulators of mitochondrial
biogenesis and COX4 is involved in the mitochondrial respiratory
chain (28), we examined whether laminar flow increases the ex-
pressionof thesemolecules inECs.As shown inFig. 2C, laminarflow
increased the mRNA level of PGC-1α, NRF1, and COX4 in a time-
dependent manner. Importantly, SIRT1 knockdown by small in-
terferingRNA(siRNA)abolished theflow-inducedPGC-1α,NRF1,
and COX4 (Fig. 2D and E). These results suggest that laminar flow
increases mitochondrial biogenesis in ECs and that this effect is
mediated through SIRT1.

Shear Stress Induction of SIRT1 Is Independent of AMPK. Depending
on the stimuli, AMPK and SIRT1 can regulate each other recip-
rocally (23, 24). Because laminar flow concurrently activatedAMPK
and SIRT1, we investigated whether AMPK regulates SIRT1 or vice
versa inECs under shear stress.As shown inFig. 3A, AMPKα knock-
down by siRNA did not affect the laminar flow induction of SIRT1,
indicating that AMPK is not upstream of SIRT1. That the shear-
induced increase inSIRT1 level is independentofAMPKwas further
verified by the finding that ablation of both AMPKα1 and α2 in
murine embryonic fibroblasts (MEFs) had little effect on the shear
induction of SIRT1 (Fig. 3C). Furthermore, the level of SIRT1 was
comparable in wild-typeMEFs infected with Ad-null or Ad-AMPK-
CA expressing the constitutively activated form of AMPK (Fig. 3E).
These experiments demonstrate thatAMPK is neither necessary nor
sufficient for the laminar flow-induced SIRT1. We also knocked

downSIRT1 inECsandusedMEFs isolated fromSIRT1-nullmouse
embryos to determinewhether SIRT1 regulatesAMPK.As shown in
Fig. 3 B and D, laminar flow was still able to activate AMPK in ECs
with SIRT1 knocked down or in SIRT1−/− MEFs, indicating that
SIRT1 is also not upstream to AMPK in our system. The results
presented inFig. 3 suggest thatAMPKandSIRT1are independently
activated by laminar flow; neither is upstream to the other.

AMPK and SIRT1 Synergistically Activate eNOS. Although AMPK
and SIRT1 were independently activated by laminar flow, there
is the possibility that they may act synergistically on eNOS to
increase NO bioavailability. Hence, we examined first whether
laminar flow can increase the association of SIRT1 with eNOS.
Following immunoprecipitation of SIRT1 from ECs, subsequent
anti-eNOS immunoblotting showed an increase in the level of
coimmunoprecipitated eNOS in lysates from ECs that had been
subjected to laminar flow (Fig. 4A). The increased association
between SIRT1 and eNOS in ECs exposed to laminar flow was
further confirmed by double immunostaining (Fig. 4B).

Fig. 1. Laminar shear stress increases SIRT1 level/activity in ECs. Confluent
monolayers of HUVECs were subjected to laminar flow at 12 dyn/cm2 for
various times or kept as static controls represented as time 0. (A and C) Cell
lysates were analyzed by Western blotting with anti-SIRT1, anti-phospho-
AMPK (Thr-172; T172), anti-AMPK, anti-α-tubulin, anti-acetyl-p53 (Lys-382;
K382), and anti-p53 antibodies. The bar graphs below are results of densi-
tometry analyses of the ratios of SIRT1 to α-tubulin, phospho-AMPK to
AMPK, and acetyl-p53 to p53. (B) SIRT1 deacetylase activity in HUVECs under
shear stress or static conditions was assessed by using fluorogenic Arg-His-
Lys-Lys (ac) as the substrate. The fluorescent intensities obtained from dif-
ferent groups were compared, with the value obtained at time 0 set as 1. (D)
NAD+ level in HUVECs under laminar flow or static condition for 16 h was
measured by spectrophotometry. The reading of the static group was set as
1. The bar graphs in all panels are mean ± SD averaged from three in-
dependent experiments. *, P < 0.05 vs. static control.

Fig. 2. Shear stress-increased mitochondrial biogenesis is mediated by
SIRT1. Confluent monolayer of HUVECs were subjected to laminar flow for
16 h or kept under static condition. (A) Mitotracker Green FM staining. (B)
Quantification of mitochondrial reductase activity by MTT assay from ab-
sorbance at 540 nm. (C) Assay of levels of mRNA encoding PGC-1α, NRF1, and
COX4 in HUVECs subjected to laminar flow for various durations by quan-
titative RT-PCR (qRT-PCR). (D and E) HUVECs were transfected with SIRT1
siRNA or control RNA (20 nM) and then exposed to laminar flow for 16 h or
were kept as static controls. SIRT1, PGC-1α, and α-tubulin levels were
assessed by Western blot analysis in (D), and NRF1 and COX4 mRNA levels
were analyzed by qRT-PCR in (E). Bar graphs are mean ± SD from three in-
dependent experiments. *, P < 0.05 between indicated groups.
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Next, we examined the functional consequence of the SIRT1-
eNOS association. eNOS immunoprecipitation followed by immu-
noblottingwith anantibody recognizingacetylatedLys revealed that
acetylation of eNOS was decreased in ECs exposed to laminar flow
(Fig. 4C). We have shown that the application of laminar flow
causes AMPK activation before SIRT1 elevation (22) (Fig. 1), sug-
gesting that eNOS phosphorylation by AMPKmay prime eNOS for
deacetylation by SIRT1. This possibility was verified by the finding
that the increase in eNOS phosphorylation and deacetylation in-
duced by laminar flow were blocked by the AMPK-inhibitor Com-
pound C (Fig. 4C). In contrast, SIRT1 inhibition by nicotinamide
(NAM in Fig. 4C) abolished eNOS deacetylation without affecting
eNOS phosphorylation.

To further delineate the requirement of eNOS phosphoryla-
tion for SIRT1 deacetylation, we transfected human embryonic
kidney 293 (HEK293) cells with plasmids overexpressing gain- or
loss-of-function mutants of bovine eNOS (bovine eNOS Ser-635
and -1179 corresponds to human eNOS Ser-633 and -1177).
S635D and S1179D (Asp replacing Ser) are the phosphomi-
metics that simulate the phosphorylation by AMPK, whereas
S635A and S1179A (Ala replacing Ser) are the non-
phosphorylatable mutants. As shown in Fig. 4D, eNOS S635A
and S1179A were more acetylated than the wild-type, S635D, or
S1179D. The transfected cells were also infected with adenovirus
overexpressing the wild-type SIRT1 (Ad-SIRT1) to mimic the
induction by flow (Fig. 4E). In parallel control experiments, cells
were infected with a dominant negative mutant of SIRT1 (Ad-
SIRT1-DN) (Fig. 4F). Overexpression of Ad-SIRT1, but not Ad-
SIRT1-DN, increased NO production by cells overexpressing
S635D or S1179D. In cells transfected with S635A or S1179A,
the NO production was not changed by overexpressing SIRT1,
nor by using SIRT1-DN (Fig. 4 E and F).

Pulsatile and Oscillatory Flows Have Opposite Effects on Regulating
SIRT1. To correlate the results obtained from flow channel
experiments with physiological and pathophysiological flow
conditions in arteries, we compared the SIRT1 level in ECs
subjected to pulsatile flow (12 ± 4 dyn/cm2) and oscillatory flow
(1 ± 4 dyn/cm2) representing steady flow that has a distinct di-
rection and disturbed flow with little net direction, respectively.
As shown in Fig. 5A, pulsatile flow, but not oscillatory flow, in-
creased the SIRT1 level in ECs. As a positive control, RSV
treatment increased the SIRT1 level in ECs similar to that with
pulsatile flow. Consistent with the increase in SIRT1 level, the
NAD+ level in ECs was higher under pulsatile than oscillatory
flow (Fig. 5B). Mitochondrial mass, revealed by Mitotracker
Green staining, was also increased by pulsatile, but not oscilla-
tory, flow (Fig. 5C).
Poly(ADP ribose) polymerase-1 (PARP-1), which is highly

sensitive to ROS, consumes NAD+ for catalysis of poly(ADP
ribosyl)ation on target proteins (29, 30). Because oscillatory flow
causes a sustained activation of NAD(P)H oxidase and a high

Fig. 3. Shear stress-increased SIRT1 is AMPK independent. (A and B)
HUVECs were transfected with AMPK α1 and α2 siRNAs (10 nM each), SIRT1
siRNA (20 nM), or with control RNA (20 nM) before being subjected to
laminar flow for 16 h. (C and D) MEFs ablated with AMPKα or SIRT1 (i.e.,
AMPKα−/− and SIRT1−/−) were subjected to laminar flow, and cell extracts
were collected at the indicated times. (E) Wild-type MEFs were infected with
Ad-AMPK-CA [100 multiplicities of infection (MOIs)] or Ad-null for 48 h. Total
cell proteins were then resolved by SDS/PAGE and subjected to Western
blot analysis with various antibodies as indicated.

Fig. 4. Synergistic effects of AMPK and SIRT1
on eNOS. (A) HUVECs were exposed to lami-
nar flow for the durations indicated or kept as
static controls. SIRT1 was immunoprecipitated
(IP) with anti-SIRT1, and immunoblotting (IB)
was performed with anti-eNOS. In parallel,
IgG was used as an IP control. The level of
immunoprecipitated SIRT1 was also assessed
by Western blot. (B) HUVECs under laminar
flow or static condition for 4 h were subjected
to immunostaining with anti-SIRT1 and anti-
eNOS, followed by conjugated secondary
antibodies. The cell nuclei were counter-
stained with DAPI. The colocalization of SIRT1
and eNOS is demonstrated by the merging of
pseudocolors. (C) HUVECs were pretreated
with DMSO, Compound C (10 μM), or nico-
tinamide (NAM) (5 mM) for 30 min before
being exposed to laminar flow for 4 h. The
phosphorylation of eNOS Ser-633 and Ser-
1177 was probed in the input lysates. In ad-
dition, eNOS was immunoprecipitated from
whole-cell lysates, and the acetylation of
eNOS and total eNOS were assessed by im-
munoblotting with anti-Ace-Lys and anti-
eNOS. (D–F) HEK293 cells were transfected with plasmids expressing bovine eNOS wild-type (WT), S635A, S635D, S1179A, or S1179D. (D) eNOS was immu-
noprecipitated and then examined by Western blot analysis with anti-eNOS and anti-Ace-Lys. (E and F) Transfected HEK293 cells were infected with Ad-(Flag)-
SIRT1 or Ad-(Flag)-SIRT1-DN with various MOIs, as indicated. Twenty-four hours after infection, the NO bioavailability in the cells was determined by Griess
assay and expressed as NOx. The expressions of SIRT1 and eNOS were examined by Western blot.
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level of intracellular ROS (27, 31), we considered the possibility
that PARP-1 may be involved in the differential regulation of
SIRT1 in ECs subjected to different flow patterns. Fig. 5D shows
the level of PARP-1 was indeed higher under oscillatory than
pulsatile flow.

Differential Regulation of SIRT1-eNOS in the Vessel Wall. To de-
termine whether SIRT1 is differentially regulated in atheroprone
vs. atheroprotective areas in the arterial tree, we isolated the
aortic arch and thoracic aorta from C57BL6 mice. These areas
correspond to regions under disturbed and pulsatile flows, re-
spectively (32). Western blot analysis showed that the SIRT1
level was higher in the thoracic aorta (under pulsatile flow) than
in the aortic arch (under disturbed flow) (Fig. 6A). Because the
isolated tissues were a mixture of ECs, vascular smooth muscle
cells, and connective tissues, we performed en face staining on
the mouse arterial tree. Confocal microscopy revealed that the
level of SIRT1 in the endothelium of the thoracic aorta was
significantly higher than that in the inner curvature of the aortic
arch (Fig. 6B). Furthermore, colocalization of SIRT1 and eNOS
was noticeably higher in the thoracic aorta than aortic arch en-
dothelium. To confirm the synergistic effect of AMPK and
SIRT1 on eNOS in vivo, we compared the phosphorylation and
acetylation of eNOS in thoracic aortas from AMPKα2−/− mice
and their AMPKα2+/+ littermates. As seen in Fig. 6 C and D,
acetyl-CoA carboxylase (ACC), the AMPK canonical target, and
eNOS phosphorylations were lower, whereas eNOS acetylation
level was higher in the thoracic aortas of AMPKα2−/− mice, as
compared with their AMPKα2+/+ littermates. However, the
SIRT1 level was comparable between the two lines of mice.
These results suggest that eNOS deacetylation by SIRT1 in the
vessel wall requires AMPK.

Discussion
Dysfunctional ECs, signified by enhanced inflammation and ox-
idative stress, prelude atherosclerosis and other vascular im-
pairments. Theeffectsof shear stressonECscanbeatheroprotective
or atheroprone depending on the associated flow patterns. Because
SIRT1 exerts antiinflammatory and antioxidative effects on various
cell types, including ECs, we studied the shear stress regulation of
SIRT1 inECs.Our results indicate that laminarflowcauses amarked
increase in SIRT1 level, and that AMPK and SIRT1 synergistically
increase the eNOS-derived NO bioavailability in ECs responding to
laminar flow.
Consistent with its effects of elevating the levels of SIRT1 and

NAD+, laminar flow increased the mitochondria mass and levels
of PGC-1α, NRF1, and COX4. siRNA knockdown experiments
presented in Fig. 2 showed that these key regulators of mito-
chondrial biogenesis are up-regulated by the flow-elevated
SIRT1 (Fig. 2 C–E). Increased mitochondrial biogenesis is im-
plicated in the balance of the endothelial redox state (33). By
scavenging free radicals (e.g., ROS and reactive nitrogen species)
through PGC-1α-induced ROS detoxifying enzymes (34), the
laminar flow-enhanced mitochondrial biogenesis may protect
ECs against oxidative stress. We have previously shown that
laminar flow activates endogenous PPARγ and its target genes in
ECs and that these effects are ligand-dependent (35). Together
with the ligand-activated PPARγ, the elevated PGC-1α, func-
tioning as a transcriptional coactivator of PPARγ, may also
contribute to the positive effects of PPARγ on EC biology, in-
cluding reverse cholesterol transport, antiinflammation, and
antiatherosclerosis (36). In addition, laminar flow is known to
arrest the EC cycle at the G0/G1 phase (37), which may explain
the quiescence of ECs in the straight part of the arterial tree.
Inhibition of SIRT1 by sirtinol or siRNA causes premature se-
nescence-like growth arrest in ECs (15). The implication of this
notion in the current study is that the elevated SIRT1 by laminar
flow may ameliorate aging-related senescence of ECs, even if
they are quiescent.
eNOS-derived NO bioavailability, which is critically important

for EC physiological functions, is regulated by multiple mecha-
nisms at transcriptional and posttranslational levels (38). Among
the various mechanisms, phosphorylations at Ser-633 and Ser-
1177 enhance eNOS activity, and AMPK can phosphorylate both
sites (21, 22, 39). Although the shear stress activation of AMPK
and SIRT1 seems to be independent processes, the activated
AMPK and SIRT1 converge at eNOS in that AMPK phos-
phorylation may prime eNOS for SIRT1 deacetylation (depicted
in Fig. 6E). Such a model is supported by the following obser-
vations: eNOS was no longer deacetylated following inhibition of
AMPK activity by Compound C (Fig. 4C), and eNOS S635A and
S1179A were much more acetylated than eNOS S635D and
S1179D (Fig. 4D). This mode of action is reminiscent of the
synergistic effects of AMPK and SIRT1 on PGC-1α (25). By
using AMPKα2−/− mice, we showed that this synergism occurs in
vivo. Because shear stress appears to preferentially activate
AMPKα2 in ECs (40), and AMPKα1 ablation caused anemia
and severe splenomegaly in the knockout animals (41),
AMPKα2−/− instead of AMPKα1−/− mice were used. AMPKα2
ablation resulted in a lower level of eNOS phosphorylation and
a higher level of eNOS acetylation, even though SIRT1 was as
abundant as in the wild type (Fig. 6 C and D). These results
indicate that AMPK phosphorylation of eNOS is required for the
deacetylation by SIRT1 in the mouse thoracic aorta. SIRT1 in-
hibition by nicotinamide resulted in superphosphorylation of
eNOS (Fig. 4C). It seems that eNOS deacetylation is also cor-
related with its dephosphorylation. Such a mechanism may re-
store the set point for eNOS activation. Despite the fact that
eNOS phosphorylation sites have been extensively studied, the
acetylation sites remain unclear. Two potential residues are Lys-

Fig. 5. SIRT1 is differentially regulated by pulsatile flow vs. oscillatory flow.
HUVECswereexposed topulsatileflow (PS) (12±4dyn/cm2, 1Hz) or oscillatory
flow (OS) (1± 4 dyn/cm2, 1Hz), treatedwith resveratrol (RSV) (100 μM), or kept
under static condition for 16 h. (A) The levels of SIRT1, phospho-AMPK (Thr-
172), AMPK, and α-tubulin were assessed byWestern blot analysis. *, P < 0.05
compared to static control; #, P < 0.05 between PS and OS. (B) NAD+ level was
measured spectrophotometrically. *, P < 0.05 compared to static control. (C)
The mitochondria in static cells and those exposed to pulsatile or oscillatory
flow were stained with Mitotracker Green FM. *, P < 0.05 between indicated
groups. (D) PARP-1 expression in HUVECs exposed to pulsatile or oscillatory
flow was revealed by Western blot analysis. *, P < 0.05 compared to PS. Bar
graphs represent densitometry analysis of three independent experiments,
with the static group set as 1 in (A), (B), and (C). In (D), the level of PARP-1/
α-tubulin in ECs exposed to pulsatile flow was set as 1.
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494 and Lys-504 (17). The identification of SIRT1-targeted sites
in eNOS and their interplay with phosphorylation sites warrant
future research.
Cellular NAD+ level can modulate SIRT1 activity and ex-

pression (42, 43). Thus, one possible mechanism by which lam-
inar/pulsatile flow augments SIRT1 level and/or activity is
through the elevated NAD+ level. Such an enhanced oxidized
state in ECs may be caused by the increase in NAD+ (Figs. 1D
and 5B) resulting from an increased activity of NAD(P)H oxi-
dase. Indeed, laminar flow induces a transient increase in the
activity of NAD(P)H oxidase (27). Previously, Nisoli et al. (44)
found that the SIRT1 induction by CR involves eNOS-derived
NO, as evidenced by the attenuated SIRT1 in white adipose
tissue of the eNOS-null mice. However, laminar flow was able to
increase SIRT1 level in eNOS-null MEFs and in HUVECs
treated with the NOS inhibitor nitro-L-arginine methyl ester (L-
NAME) (Fig. S1). These results suggest that the flow induction
of SIRT1 does not depend on eNOS. One possible explanation
for this independency is that the moderate and transient increase
in ROS by pulsatile flow is able to induce SIRT1. This is in line
with the recent finding that oxidative stress generated by short-
term H2O2 treatment enhanced SIRT1 (45). In contrast to pul-
satile flow, oscillatory flow causes a sustained activation of NAD
(P)H oxidase with an attendant strong elevation of ROS (27, 31,
46). This pathophysiological ROS level should induce or activate
PARP-1 (29), which in turn depletes cellular NAD+ to diminish
the expression or activity of SIRT1 as seen in Fig. 5 A and B.
The differential effects of pulsatile vs. oscillatory flow on

SIRT1 expression was verified in the mouse arterial tree (Fig. 6).
SIRT1 level was higher, with increased eNOS colocalized in the
atheroprotective areas. It is known that endothelial dysfunction
(which is signified by increased oxidative and inflammatory
responses) predisposes the arteries to atherosclerosis. Hence,
SIRT1 activation by pulsatile flow may prevent EC dysfunction
and counteract the risk factors associated with atherosclerosis.
Compared with therapeutic interventions such as RSV and sev-
eral small molecules developed for SIRT1 activation, shear stress
would be more physiologically relevant. The molecular basis
underlying the marked differences between pulsatile and oscil-
latory flows in the modulation of SIRT1 may provide new

insights into the mechanism of regulation of EC biology by
shear stress.

Materials and Methods
The resources of antibodies and reagents, as well as detailed methods for cell
culture, adenoviral infection, siRNA knockdown, transient transfection,
Western blot analysis, immunoprecipitation, qRT-PCR, NAD+ measurement,
MTT assay, and NO bioavailability assay are described in SI Materials
and Methods.

Fluid Shear Stress Experiments. The shear stress experiments were performed
as previously described (22, 47, 48). Various types of cells were exposed to
laminar flow at 12 dyn/cm2 for different times. In some experiments, a re-
ciprocating syringe pump was connected to the circulating system to in-
troduce a sinusoidal component with a frequency of 1 Hz onto the shear
stress. Pulsatile shear flow or oscillatory shear flow was applied to ECs with
a shear stress of 12 ± 4 dyn/cm2 or 1 ± 4 dyn/cm2, respectively.

SIRT1 Activity Assay. SIRT1 activity was assessed as previously described (24),
with minor modification. Briefly, 10–20 μg of EC extracts were used in
a deacetylation assay, with Fluor de Lys-SIRT1 as the substrate (Biomol). The
deacetylation of the substrate was measured by use of a microplate-reading
fluorimeter, with excitation set at 380 nm and emission at 460 nm.

Animal Experiments. The animal experimental protocols were approved by
the Institutional Animal Care and Use Committee of University of California,
Riverside. The thoracic aorta andaortic arch frommaleC57BL6miceolder than
20 weeks were isolated for both Western blot analysis and en face immu-
nostaining as previously described (47, 48). In addition, thoracic aortas were
dissected from 20-week-old AMPKα2−/− mice and their AMPKα2+/+ litter-
mates. Tissue extracts from aortas were pooled for eNOS immunoprecipita-
tion and immunoblotting.

Mitotracker and Immunofluorescence Staining. Mitotracker Green FM (Invi-
trogen) was used to stain mitochondria in HUVECs as previously described
(49). The cells were washed twice with PBS and then incubated with 20 nM
Mitotracker Green FM for 30 min. After 3 washes with PBS, the cells were
subjected to fluorescence detection (excitation, 490 nm; emission, 516 nm)
by using a Leica SP2 confocal microscope.

For immunostaining, HUVECs were fixed with 4% paraformaldehyde in
PBS (pH 7.4) for 30 min at room temperature. For en face staining, mouse
aortas were perfused with 4% paraformaldehyde in PBS for 15 min, and the
dissected specimens were fixed for another 60 min after the removal of
tunica adventitia. Primary antibodies, i.e., rabbit anti-SIRT1 and mouse anti-

Fig. 6. Differential regulation of SIRT1/eNOS in the vessel wall
in vivo. (A) Tissue extracts of the aortic arch (AA) and thoracic
aorta (TA) from two C57BL6 male mice were pooled and sub-
jected to Western blot analysis with anti-SIRT1 and α-tubulin
antibodies. Data shown represent results from a total of eight
mice. (B) Confocal microscope images of en face immunos-
taining of SIRT1 and eNOS in the endothelium of the aortic
arch and thoracic aorta of C57BL6 mice. The primary anti-
bodies were anti-SIRT1 and anti-eNOS, and secondary anti-
bodies were Alexa Fluor 488-conjugated chicken anti-rabbit or
Alexa Fluor 555-conjugated chicken anti-mouse, respectively.
Nuclei were counterstained with DAPI. Shown are represen-
tative images from six animals. (C and D) Tissue extracts were
isolated from the thoracic aorta of AMPKα2−/− and their
AMPKα2+/+ littermates. In (C), the level of phospho-eNOS Ser-
633, Ser-1177, AMPKα, phosphorylated ACC, SIRT1, and
α-tubulin was determined by Western blot. In (D), eNOS was
immunoprecipitated and the acetylation of eNOS in the
immunoprecipitates was determined by immunoblotting with
anti-Ace-Lys. After stripping, the blot was reprobed with anti-
eNOS. The presented results on AMPKα2−/− and AMPKα2+/+

mice were pooled from eight aortas in each group. The
experiments were repeated with another group of seven ani-
mals per mouse line. Bar graphs below are densitometry
analysis of the ratios of acetyl-eNOS to eNOS from the two experiments. (E) Schematic model of the synergistic effects of AMPK and SIRT1 on eNOS activity.
Laminar/pulsatile shear stress increases the NAD+ level in ECs, thus leading to elevation of SIRT1. Concomitantly, AMPK is activated by upstream AMPK kinase
(AMPKK), which in turn phosphorylates eNOS. The phosphorylated eNOS enhances its affinity toward SIRT1 so that eNOS is deacetylated. Such a synergism
between AMPK and SIRT1 augments the eNOS-derived NO bioavailability.
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eNOS, were applied at 1:100 dilution to the specimens, which were in-
cubated at 4 °C overnight and then washed off with PBS and 0.1% Tween-20
(PBST), followed by the application of Alexa Fluor 488-conjugated chicken
anti-rabbit or Alexa Fluor 555-conjugated chicken anti-mouse (Invitrogen).
After PBST wash, coverslips were mounted with Prolong Gold Antifade Re-
agent (Invitrogen) and viewed with a Leica SP2 confocal microscope. For all
immunofluorescence experiments, parallel groups of cells or aorta speci-
mens were stained with only primary antibody or secondary antibody as
a control. Multiple images were captured from three to four regions in the
aortic arch and thoracic aorta of every mouse.

Statistical Analysis. The significance of variability was determined by Stu-
dent’s t test or one-way ANOVA. All results are presented as mean ± SD from
at least three independent experiments. Unless otherwise indicated, P < 0.05
was considered statistically significant.
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