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Hypercholesterolemia is associated with decreased nitric oxide (NO) bioavailability and endothelial
dysfunction, a phenomenon thought to have a major role in the altered cerebral blood flow evident
in stroke. Therefore, strategies that increase endothelial NO production have potential utility.
Vascular reactivity of the middle cerebral artery (MCA) from C57BL/6J wild-type (WT) mice,
apolipoprotein-E knockout (ApoE�/�) mice, and mice treated with the phosphodiesterase inhibitor
cilostazol (100 mg/kg) was analyzed using the tension myograph. Contractile responses to
endothelin-1 were significantly enhanced in MCA from ApoE�/� mice compared with WT mice
(P < 0.01), an effect absent in cilostazol-treated ApoE�/� mice. Acetylcholine-induced relaxation
(which is entirely NO-dependent) was significantly impaired in MCA of ApoE�/� mice compared with
WT mice (P < 0.05), again an effect prevented by cilostazol treatment. Endothelial NOS phosphoryla-
tion at Ser1179 was decreased in the aorta of ApoE�/� mice compared with WT mice (P < 0.05), an
effect normalized by cilostazol. Taken together, our data suggest that the endothelial dysfunction
observed in MCA associated with hypercholesterolemia is prevented by cilostazol, an effect likely
due to the increase in eNOS phosphorylation and, therefore, activity.
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Introduction

Atherosclerosis is a major underlying cause for
ischemic stroke, and therapuetics targeting athero-
genesis (particularly statin therapy) decrease the risk
of stroke in high-risk individuals or in patients with
stroke or transient ischemic attack (Amarenco and
Labreuche, 2009). In part, this improved outcome
has been attributed to a slowed progression of
intracranial (carotid) atherosclerosis (Konishi et al,
1993) consequent to a decrease in hypercholester-
olemia (Amarenco and Labreuche, 2009). However,
there is also evidence that the beneficial effects of

such interventions potentially relate to effects in-
dependent of lipid modification. Alterations in
vascular function precede, and are thought to be
pathogenic, in cardiovascular disease, including
stroke (Knottnerus et al, 2009). Altered vascular
reactivity associated with atherosclerotic disease in
patients has been attributed to hypercholesterolemia-
induced ‘endothelial dysfunction,’ which is character-
ized specifically by a decrease in the bioavailability
of the vasodilator endothelium-derived nitric oxide
(NO) (Casino et al, 1993). This view, that endo-
thelial vasodilator NO production is reduced in
stroke, is supported by observations that patients
with ischemic stroke have impaired cerebral blood
flow (Maeda et al, 1993), an effect that is predictive
of lacunar infarction (Molina et al, 1999) and is
associated with a higher risk of stroke (Yonas et al,
1993). In addition, recent work suggests that reduced
capacity to generate NO, reflected by decreased
levels of the metabolites of NO in plasma, correlates
with risk of stroke (Rashid et al, 2003) and may be
due to the presence of specific genetic polymorph-
isms in the endothelial form of the NO synthase
enzyme, eNOS, gene (Tao and Chen, 2009).
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Conceptually, therapeutic targeting of vascular
dysfunction in stroke has become an attractive
proposition with the findings that a component of
the beneficial effects of statin therapy in patients at
risk of stroke is the result of improvements in
cerebral blood flow. Moreover, this effect is second-
ary to a reversal of endothelial dysfunction (Sterzer
et al, 2001; Pretnar-Oblak et al, 2006) resulting in
improved levels of NO (Endres, 2005). This pheno-
menon of decreased bioactive NO in disease is
recapitulated in animal models of atherosclerosis,
particularly in the apolipoprotein-E (ApoE�/�)
knockout mice that develop spontaneous hypercho-
lesterolemia and atherosclerotic lesions resembling
those observed in humans (Zhang et al, 1992;
Breslow, 1996). Studies show that NO-mediated
endothelium-dependent relaxation is impaired in
the systemic and the cerebral vasculature of ApoE�/�

mice (d’Uscio et al, 2001; Kitayama et al, 2007) and
that the effects of ischemic stroke are substantially
enhanced in these animals compared with wild-type
(WT) controls (Sheng et al, 1999). Such observations
suggest that these mice provide a useful model not
only to investigate mechanisms of cerebrovascular
dysfunction but also for testing the potential of novel
therapeutics.

Although there has been some recent advance in
the treatment of ischemic stroke, therapeutics that
limit cerebral infarct and decrease further risk of
stroke after transient ischemic attacks are limited.
Cilostazol is a selective inhibitor of phosphodies-
terase-3 (PDE3) and as such inhibits hydrolysis of
cyclic AMP (cAMP) by PDE3 resulting in increases
in intracellular cAMP levels in platelets (Kimura
et al, 1985) and vascular smooth muscle cells
(Takahashi et al, 1992). Moreover, cilostazol
reduces infarct volume in animal models of
ischemic stroke (Yuzawa et al, 2008) and reduces
the recurrence of cerebral infarction (Gotoh et al,
2000) and prevents the progression of intracranial
arterial stenosis in stroke patients (Kwon et al,
2005). These findings underlie the approval for
use of cilostazol for stroke in Japan.

The beneficial effects of cilostazol appear to extend
beyond the obvious antiplatelet effects and have,
in part, been attributed to its vasodilator actions
(Tanaka et al, 1998). In line with such an effect is the
demonstration of improvement in cerebrovascular
blood flow in patients with stroke (Kobayashi
et al, 1985; Mochizuki et al, 2001). However, the
mechanisms regarding its beneficial effect remain
unclear. In addition to its direct effect on smooth
muscle cells (Tanaka et al, 1998), a recent study has
shown that cilostazol causes vasodilatation through
an endothelial-NO-dependent pathway in rat aorta
(Nakamura et al, 2001). In addition, in human aortic
endothelial cells (HAECs) in culture (Hashimoto
et al, 2006), cilostazol increases eNOS activity by
stimulating phosphorylation, an important pathway
regulating vascular NO synthesis (Dimmeler et al,
1999; Fulton et al, 1999).

The aim of this study was to investigate whether
the vasomotor function in the middle cerebral artery
(MCA) of ApoE�/� mice is altered compared with WT
animals. In addition, we have examined the possibi-
lity that cilostazol might improve vascular function
in ApoE�/� mice and dissected the mechanisms
involved in any beneficial effects seen.

Materials and methods

Experimental Animals

All experiments were conducted according to the Animals
(Scientific Procedures) Act of 1986 (United Kingdom).
Male C57BL/6J WT (Charles River, UK) or ApoE�/� mice
(Jackson Lab, Bar Harbor, ME, USA) at 16 weeks of age
were used in this study. All mice were maintained on
normal chow diet. In some experiments, ApoE�/� mice
were given cilostazol (100 mg/kg/day orally) (Takase et al,
2007) or 0.5% w/v carboxylmethylcellulose in dH2O
vehicle by gavage for 2 weeks from 14 weeks of age.

Plasma Lipid, Nitrite and Nitrate, and Cyclic
Guanosine Monophosphate Measurement

Mice were anesthetized (sodium pentobarbital, 60 mg/kg,
intraperitoneally) and blood samples collected by intracar-
diac puncture into heparin (12 U/ml). Blood was centrifuged
at 13,000 r.p.m. and plasma collected. High-density lipopro-
tein (HDL) and low-density lipoprotein (LDL)/very-low-
density lipoprotein (VLDL) levels were measured using a
commercially available ELISA Kit (Abcam, Cambridge, UK)
and the triglyceride level was measured with the Serum
Triglyceride Determination ELISA Kit (Sigma, Poole, UK)
according to the manufacturer’s instructions. Plasma NOx
(nitrite and nitrate) was measured using chemilumines-
cence as previously described (Ignarro et al, 1993). Cyclic
guanosine monophosphate (cGMP) levels were determined
using an enzyme immunoassay (cGMP EIA Biotrak System,
GE Healthcare UK Ltd, Chalfont St. Giles, UK) according to
the manufacturer’s instructions.

Tension Myograph

After sacrifice of mice, the brain was carefully removed
and the MCA cleared of extraneous tissue. Segments
(B2 mm lengths) of MCA were mounted in an automated
tension myograph (Danish Myotechnology, Aarhus, Den-
mark) containing Krebs solution gassed with 95% O2 and
5% CO2 at 371C. After an equilibration period of 60 mins,
vessels were normalized to give approximately 1 to 1.5 mN
basal tension. In brief, vessels were stretched in 0.5 mN
steps until a tension of X2.5 mN was achieved. Using
the automated myograph software (to construct a
diameter tension graph), the vessel was set at a diameter
90% of that when under 2.5 mN, approximating to the
tension these vessels usually sustain in vivo (Mulvany
and Halpern, 1977). Vessel viability was assessed by the
addition of KCL (75 mmol/L), and only vessels developing
tension X1 mN were used. Vessel tension was recorded
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with an isometric force transducer and Powerlab software
(ADInstruments, Chalgrove, UK). In all experiments, only a
single concentration–response curve was conducted in any
vessel.

Cumulative concentration–response curves to the vaso-
constrictors endothelin-1 (ET-1; 0.01 to 30 nmol/L), throm-
boxane A2 mimetic U-46619 (1 to 3000 nmol/L), or
phenylephrine (0.001 to 300 mmol/L) were constructed.
As these studies showed that the vascular reactivity to ET-1
was the most altered in MCA from ApoE�/� mice compared
with WT, further experiments testing the effect of cilostazol
treatment focused on measuring alterations in ET-1
reactivity.

Cumulative concentration–response curves to ET-1 were
constructed in arteries of ApoE�/� mice and those treated
with cilostazol. To examine the relationship between
vascular reactivity to ET-1 and NO production, vessels
were preincubated with NOS inhibitor L-NAME (300 mmol/
L for 15 mins) and cumulative concentration–response
curves to ET-1 constructed.

To investigate changes in basal endothelial NO produc-
tion in MCA, contractile concentration–response curves to
L-NAME (1 to 300mmol/L) were constructed in arteries of
WT, ApoE�/�, and ApoE�/� + cilostazol-treated mice.
Vessels were pretreated with U-46619 (1 to 30 nmol/L) to
produce a small level of tone (EC10) and then L-NAME
curves constructed. To investigate endothelium-dependent
relaxant responses, in a separate series of experiments,
vessels were precontracted with U-46619 at a concen-
tration designed to induce 80% of the maximum
contraction to KCL (75 mmol/L), after which cumu-
lative relaxation concentration–response curves were
constructed for acetylcholine (ACh; 1 to 30mmol/L) or the
NO donor spermine-NO (SPER-NO; 1 to 30 mmol/L) in
MCA of WT, ApoE�/�, and ApoE�/� + cilostazol-treated
mice. All relaxations were expressed as % reversal of the
U-46619-induced tone.

Western Blot Analysis

Owing to the limitation in sample size of cerebral arteries,
thoracic aortae of mice were collected for western blotting.
Aortae of ApoE�/� and ApoE�/� + cilostazol-treated mice
were individually homogenized, on ice, in lysis buffer
containing 10 mmol/L Tris (pH 7.5), 50 mmol/L NaCl,
30 mmol/L NaPPi, 2 mmol/L ethylenediaminetetraacetic
acid, 50 mmol/L NaF, 1% Triton X-100, 1 mmol/L phenyl-
methylsulfonyl fluoride, 1 mmol/L Na3VO4, 1mg/ml pro-
tease inhibitor mix (aprotinin, antipan hydrochloride,
benzamidine hydrochloride hydrate, and leupeptin hydro-
chloride; Sigma). Equal amounts of protein (20mg/lane)
were subjected to electrophoresis in a 7.5% Tris-HCL
polyacrylamide gel and transferred to nitrocellulose mem-
brane. The membrane was incubated overnight at 41C with
primary antibodies against phospho-eNOS (Ser1179) (1:1000
dilution; Cell Signalling, Danvers, MA, USA), eNOS
(1:2000 dilution; Santa Cruz, Santa Cruz, CA, USA), or
a-actin (1:2000 dilution; Serotec, Oxford, UK). Nitrocellulose
was then incubated with horseradish peroxide-conjugated
antirabbit or antimouse IgG secondary antibodies (1:2000

dilution; Dako, Glostrup, Denmark). Bands were visualized
by a chemiluminescence reagent (Cell Signaling) and
quantified using Scan Image software (Scion Corporation,
Frederick, MD, USA).

Human Aortic Endothelial Cells

Human aortic endothelial cells were cultured in 5% CO2

at 371C in endothelial cell growth medium (Lonza, Slough,
UK) and used at passage 4. For the study, HAECs were
incubated in the presence or absence of 100mmol/L
isobutylmethylxanthine, 30mmol/L cilostazol, and 10mmol/L
SPER-NO for 1 h before the medium was frozen for
measurement of nitrite (believed to be a more accurate
indicator of acute changes in eNOS activity (Lauer et al,
2001)) using chemiluminesence as previously described
(Ignarro et al, 1993). Cells were lysed and cGMP levels
were determined using an enzyme immunoassay (cGMP
EIA Biotrak System, GE Healthcare UK Ltd) according to
the manufacturer’s instructions.

Drugs

Cilostazol was supplied by Otsuka Pharmaceutical Co Ltd.
Acetylcholine hydrochloride, phenylephrine, L-NAME,
and isobutylmethylxanthine were obtained from Sigma.
U-46619 was from Biomol (Exeter, UK). Endothelin-1 was
purchased from Peptide Institute, Osaka, Japan. Spermine
NONOate (SPER-NO) was from Cayman Chemical (Ann
Arbor, MI, USA).

Statistical Analysis

Results are expressed as the mean±s.d. Relaxation to ACh
and SPER-NO is expressed as a percent relaxation of U-
46619-induced contraction. The n-values refer to the
number of mice from which tissues were obtained or, for
cell culture studies, the number of times the experiment
was repeated. Statistical comparisons between curves were
made using two-way analysis of variance followed by
Bonferroni’s post hoc test for individual concentration
comparisons or one-way analysis of variance followed by
Bonferroni post-tests for individual values and for cell
culture studies using Graph Pad Prism software (La Jolla,
CA, USA). A value of P < 0.05 was considered to be
significant.

Results

The internal diameter, basal tension, and contractile
response to KCL (75 mmol/L) of MCA were similar
between WT, ApoE�/�, and ApoE�/� + cilostazol-
treated mice (Table 1). HDL level was decreased,
whereas LDL/VLDL and triglyceride levels were
significantly increased in ApoE�/� mice compared
with WT mice. Cilostazol treatment did not signifi-
cantly alter these lipid levels (Table 2).
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Vasoconstrictor Responses

Contractile responses to U-46619 were not different
between WT and ApoE�/� mice (Figure 1). Analysis
of the response curve profiles to phenylephrine
using two-way analysis of variance showed a signi-
ficant (P < 0.001, Figure 1) enhancement of the
responses in ApoE�/� mice. Similarly, the vascular
reactivity to ET-1 was markedly increased in ApoE�/�

mice compared with WT mice with both an increase
in the potency and the maximum response (Figure 1,
Table 3). Cilostazol treatment of ApoE�/� mice
suppressed ET-1 responses back to levels observed
in WT mice (Figure 2A, Table 3). This effect
of cilostazol was reversed by L-NAME treatment
(Figure 2A, Table 3). Treatment of vessels from
WT mice with L-NAME substantially increased both
the potency and the maximum response to ET-1
(Figure 2B).

In contrast, there were no differences in the
contractile concentration–response curves to L-
NAME between the MCA of WT, ApoE�/�, or
ApoE�/� + cilostazol-treated mice (Figure 2C).

Endothelium-Dependent and -Independent Relaxation

Endothelium-dependent relaxation to ACh was
significantly impaired in MCA of ApoE�/� mice.
Cilostazol treatment of mice restored responses
to ACh to levels observed in arteries of WT mice
(Figure 3A). Endothelium-independent relaxation in
response to SPER-NO was not different between the
MCA of WT and ApoE�/� mice (Figure 3B).

Plasma Nitrite and Nitrate and Cyclic Guanosine
Monophosphate Levels

Plasma NOx and cGMP levels were significantly
decreased in ApoE�/� mice compared with WT
(P < 0.05). However, treatment with cilostazol re-
versed this depression (P < 0.01; Figures 4A and 4B).

Acute treatment of HAECs with cilostazol did not
alter nitrite levels in untreated cells or cells incu-
bated with SPER-NO (Figure 4C). In addition, this
treatment with cilostazol did not increase cGMP
levels in HAECs per se. In contrast, in the presence of
isobutylmethylxanthine, cGMP levels were equally
elevated in both control or cilostazol-treated cells
(Figure 4D).

Endothelial Nitric Oxide Synthase Phosphorylation
at Ser1179 and Endothelial Nitric Oxide Synthase
Expression

Western blot analysis showed that phosphorylation
of eNOS at Ser1179 was significantly decreased in
ApoE�/� mice compared with WT mice (P < 0.05).
However, levels of eNOS phosphorylation were
restored in arteries of cilostazol-treated ApoE�/�

mice (P < 0.05). Total eNOS expression was similar
between all groups (Figure 5).

Table 1 The internal diameters and mean responses to KCL
(75 mmol/L) of middle cerebral artery

WT ApoE�/� ApoE�/�

+ Cilostazol

Diameter (mm) 121.1±9.1 124.0±9.0 125.4±1.0
Response to KCL (mN) 1.79±0.36 1.81±0.38 1.86±0.28

Data are expressed as mean±s.e.m. of n = 23 for wild-type (WT), n = 28 for
apolipoprotein-E (ApoE�/�) mice, and n = 23 for ApoE�/� mice treated with
cilostazol.

Table 2 Plasma lipid profile

WT ApoE�/� ApoE�/�

+Cilostazol

HDL (mg/dL) 65.7±5.7 13.6±1.5z 13.8±1.4z

LDL/VLDL (mg/dL) 39.6±4.1 378.0±204.2* 369.0±236.8*
Triglyceride (mg/dL) 206.2±27.9 286.0±18.5z 269.4±33.1w

Apo-E, apolipoprotein-E; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; VLDL, very-low-density lipoprotein; WT, wild type.
Data are expressed as mean±s.e.m. of at least five mice per group.
Statistical significance shown as *P < 0.05, wP < 0.01, zP < 0.001 versus
WT mice.
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Figure 1 Concentration–response curves to (A) U-46619 (n = 6), (B) phenylephrine (PE; n = 6), and (C) endothelin-1 (ET-1; n = 4)
in middle cerebral artery (MCA) from wild-type (WT) and ApoE�/� mice. Data are expressed as mean±s.d. and statistical
significance is shown as ***P < 0.001 for comparison of curves followed by Bonferroni post-tests shown as #P = 0.05 and
###P = 0.001.
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Discussion

Cerebrovascular dysfunction precedes and is be-
lieved to be pathogenic in ischemic stroke. Recent
evidence suggests that the targeting of the cerebral
vasculature to improve endothelial function, in
addition to strategies that limit atherosclerotic
plaque formation, is likely to provide significantly
improved outcome in disease. Therefore, a greater
understanding of the pathways involved in cerebro-
vascular dysfunction is warranted. In this study,
using the hypercholesterolemic ApoE�/� mouse, we
show that there is a selective enhancement of
responses of cerebral arteries to the vasoconstrictor
ET-1 in addition to suppressed endothelial vasodi-
lator activity. In addition, we show that the mechan-
isms involved in both of these effects relates to a
decrease in endothelial NO generation that is likely
due to a suppression of eNOS activity, as a
consequence of reduced eNOS phosphorylation.
Moreover, we show that treatment in vivo of mice
with cilostazol, a drug relatively recently introduced
as treatment for stroke, restores vascular reactivity to
both endothelium-dependent vasodilators and ET-1,
an effect due to enhancement of eNOS phosphoryla-
tion. We suggest that drugs such as cilostazol, which
improve endothelial function, also decrease the

sensitivity to the potent vasoconstrictor ET-1, and
that this effect likely has a role in mediating the
beneficial effects of such strategies in cerebrovascu-
lar disease, specifically ischemic stroke.

In this study, hypercholesterolemia was associated
with substantial vascular dysfunction in MCA of
ApoE�/� mice as evidenced by an enhancement of
the contractile response to ET-1 (3.5-fold increase in
the maximum response) with a relatively more
moderate, albeit significant, increase in reactivity to
phenylephrine (1.2-fold) in comparison with WT
controls. In contrast, there was no alteration in the
sensitivity to the TXA2-mimetic U-46619. This
apparent selectivity, particularly for ET-1, implies
that the enhancement in contractile reactivity was
not due to a generalized alteration in function of the
underlying smooth muscle. This view is supported
by the observation that the contractile response to the
depolarizing stimulus, KCL, was almost identical in
cerebral arteries of WT and ApoE�/� mice.

In cerebral arteries, as in the peripheral vascula-
ture, ET-1 primarily acts on ETA receptors on the
vascular smooth muscle to promote vasoconstriction
but causes NO-mediated dilatation through activa-
tion of ETB receptors expressed on the endothelium
(Szok et al, 2001). However, following cerebral
ischemia, responses to ET-1 are enhanced and relate

Table 3 Reactivity parameters of ET-1 in MCA from WT and ApoE�/� mice

WT WT + L-NAME ApoE�/� ApoE KO + L-NAME ApoE�/�+Cilostazol

pEC50 8.5±0.1 9.1±0.4 9.0±0.1 9.4±0.1 8.3±0.2##

Max (mN) 0.9±0.1 2.7±0.2*** 2.8±0.3*** 3.4 ±0.5 0.8±0.3###

n 8 4 8 4 6

Apo-E, apolipoprotein-E; ET-1, endothelin-1; KO, knockout; MCA, middle cerebral artery; WT, wild-type.
Data are expressed as mean±s.e.m. The maximum response (Max) is expressed in mN. Animals were treated in vivo with cilostazol (100 mg/kg orally daily for
2 weeks), for L-NAME (300 mmol/L) experiments arteries were pretreated for 30 mins. Statistical significance shown as ***P < 0.001 versus WT, #P < 0.05,
###P < 0.01 versus ApoE�/�.
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Figure 2 (A) Concentration–response curves for endothelin (ET)-1 with or without L-NAME (300 mmol/L) in middle cerebral artery
(MCA) from ApoE�/� mice, and those treated with cilostazol, n = 4 to 6. (B) Concentration–response curves to ET-1 with or without
L-NAME (300 mmol/L) in MCA from wild-type (WT) mice, n = 4. (C) Concentration–response curves to L-NAME in MCA from WT,
ApoE�/� mice, and those treated with cilostazol (n = 4). All data are expressed as mean±s.d. Statistical significance shown as
***P < 0.001 for comparison of curves as indicated on a graph followed by Bonferroni post-tests shown as #P < 0.05 and
###P < 0.001.

Cerebrovascular dysfunction and endothelin-1
K Yamashiro et al

1498

Journal of Cerebral Blood Flow & Metabolism (2010) 30, 1494–1503



to increased ETB receptor expression on smooth
muscle cells (Stenman et al, 2002), or enhanced
signaling mediated by protein kinase-C and Rho-

kinase (Barman, 2007). It is unlikely that these latter
mechanisms underlie the enhanced activity in this
study since animals were not subjected to an
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Figure 3 Relaxation responses to the endothelium-dependent vasodilator (A) acetylcholine (ACh) and (B) the endothelium-
independent vasodilator, the nitric oxide (NO) donor spermine-NO (SPER-NO), in middle cerebral artery (MCA) from wild-type (WT)
and ApoE�/� mice and those mice treated with cilostazol. Data are expressed as mean±s.d. of five to nine mice for ACh and four to
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ischemic insult. However, previous studies have
also shown that ApoE�/� mice have elevated ETB

receptor expression and elevated ET-1 in the aorta.
Likewise, ET-1 levels have been reported to be
elevated in the plasma, coronary artery, and aorta of
patients with hypercholesterolemia (Lerman et al,
1991; Kobayashi et al, 2000). In addition, ET-1-
induced contractile responses are enhanced in the
aorta of ApoE�/� mice (Maguire et al, 2006). Our
studies show, for the first time, that in addition to the
aorta, ET-1 sensitivity is enhanced in the cerebral
vasculature of ApoE�/� mice compared with WT
controls. Although whether ET receptor expression is
also altered in the cerebral artery in the current study
is unknown.

An alternative explanation for the altered sensi-
tivity to both ET-1 and phenylephrine is that
although the contraction of smooth muscle in
response to these agonists is the consequence of
activating smooth muscle receptors, these agonists
also simultaneously result in endothelial NO gen-
eration that limits the magnitude of the contractile
response, whereas this is not the case for thrombox-
ane A2 (Chauhan et al, 2003). Therefore, in situations
where endothelial dysfunction exists, this buffering
mechanism will be diminished and contraction
enhanced. In accord with the hypothesis, the
relaxant responses to the endothelium-dependent
vasodilator, ACh, were substantially attenuated in
the MCA of ApoE�/� mice in comparison with WT
animals. This decreased response to ACh is similarly
observed in the aorta, carotid artery, and cerebral
arterioles of ApoE�/� mice (d’Uscio et al, 2001;
Kitayama et al, 2007), and also in the forearm and
coronary arteries of hypercholesterolemic patients
(Casino et al, 1993). In agreement with the thesis that
stimulus-induced NO production was altered in
ApoE�/� animals, treatment of arteries in vitro, with
L-NAME, also enhanced ET-1-induced contraction in

MCA of WT animals but had no further enhancing
effect in the arteries of ApoE�/� mice. That this effect
is due to loss of NO synthesis by the endothelium,
rather than a depressed sensitivity of vascular
smooth muscle to NO, is shown by the fact that the
relaxant effects of the NO donor, SPER-NO, were no
different between the two genotypes.

Our experiments investigating the effect of
L-NAME in uncontracted arteries suggest that
although stimulus-induced NO production is altered
in the MCA of ApoE�/� mice, basal NO synthesis is
not. This is shown by the fact that the contractile
concentration–response curve to L-NAME was iden-
tical between the genotypes. This finding contrasts
with recent observations in aortic tissue, where the
responses to L-NAME (300 mmol/L) were substan-
tially attenuated in aortic rings of ApoE�/� mice
compared with WT controls (Fransen et al, 2008).
The reason for this difference is uncertain but may
simply be a reflection of the functional differences
between a large conduit vessel, with little role in
regulating blood flow, and an artery such as the MCA
that has a major role in regulating organ perfusion
pressure.

Treatment of ApoE�/� animals with the PDE3 in-
hibitor, cilostazol, at a dose associated with de-
creased atheroma formation in ApoE�/� mice (Takase
et al, 2007) suppressed ET-1-induced contraction
and restored ACh-induced relaxation to levels
evident in the WT controls. In contrast, cilostazol
had no effect on the relaxation response to SPER-NO
and did not alter the contractile response curve to
L-NAME. These findings suggest that cilostazol
exerts a selective enhancing effect on stimulus-
evoked NO production, rather than suppressing
basal NO synthesis or by causing a generalized
alteration in vascular smooth muscle reactivity. This
apparent improvement in NO synthesis was reflected
in the plasma measures of NOx showing a recovery
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of vascular NO synthesis to levels observed in WT
animals.

Impairment of NO-mediated vasomotor function in
hypercholesterolemia is caused by several mechan-
isms including alterations of substrate and/or cofac-
tor availability for eNOS, as well as alterations of
NOS expression and/or activation and enhanced
degradation of NO by superoxide anions. In addition,
studies show that eNOS phosphorylation at Ser1179

(Ser1177 in humans) has an important role in regulat-
ing eNOS activity and NO production, as well as
vascular reactivity, in response to normal physiolo-
gical stimuli, notably physiological shear stress,
circulating hormones, and female sex hormones
(Dimmeler et al, 1999; Fulton et al, 1999). Of
particular relevance to this study, phosphorylation
of eNOS to enhance NO generation has been
implicated as an endogenous protective mechanism
limiting the damage caused by cerebral ischemia
(Atochin et al, 2007). In this study, we showed that
treatment of ApoE�/� mice with cilostazol restored
the levels of phosphorylated eNOS in blood vessels
to those evident in the blood vessels of WT animals
without changes in total eNOS expression. These
results suggest that the beneficial effects of cilostazol
likely relate to enhanced NO provision through
upregulation of the post-translational phosphoryla-
tion of eNOS. Furthermore, as cilostazol is a selective
PDE3 inhibitor, elevation of cAMP is implicated.
Indeed, it has been reported in endothelial cells in
culture that cilostazol increases eNOS activity and
NO production indirectly through cAMP/protein
kinase-A (PKA)-dependent phosphorylation of the
Ser1177 residue, as the PKA selective inhibitor PKAI
(cell-permeable inhibitor peptide sequence (14 to
22)) amide completely blocks eNOS phosphorylation
(Hashimoto et al, 2006).

The predominant cAMP PDE in endothelial cells is
PDE4 (Maurice et al, 2003), although there is also
evidence that PDE3 variants are expressed in arterial,
venous, and microvascular endothelial cells (Nether-
ton and Maurice, 2005). Moreover, in these cells,
another selective PDE3 inhibitor, cilostamide, in
addition to cilostazol, elevates cAMP levels (Nether-
ton and Maurice, 2005), supporting the view that the
effects of cilostazol likely relate to block of PDE3
activity. In terms of selectivity in studies using
recombinant enzymes, cilostazol is approximately
200 to 400 times more potent at PDE3 (IC50B0.2 m
mol/L) than at PDE4 and 20 times more potent at
PDE5 (Sudo et al, 2000). Our experiments with
HAECs suggest that it is unlikely that the elevations
in cGMP, evident in vivo, are a consequence of a
direct inhibition of PDE5 because acute treatment of
cells with cilostazol (1 h) did not alter cGMP levels in
response to the NO donor SPER-NO. These findings
suggest that the effects of cilostazol are not due to a
direct effect of the drug on the sGC/cGMP/PDE5
pathway and that our findings in vivo showing
elevated NO generation and cGMP levels relate to
the downstream effects of cilostazol on the cAMP/

PDE pathway. Whether the effect of cilostazol relates
to an action at PDE3 or PDE4, in vivo, is uncertain as
both PDEs are found in the endothelium. To address
this possibility, studies in vivo using selective PKA
inhibitors might be useful; however, these studies are
compromised by the fact that PKA has a major role in
many other pathways activated by the atherosclerotic
process, and therefore separating the effects of a
cilostazol-driven PKA pathway from other pathways
would be complicated.

It is unlikely that cilostazol caused an elevation
of NO levels by directly altering the metabolism of
NO because the levels of NOx measured in HAECs
treated with the NO donor SPER-NO were similar in
the absence or presence of the drug. This scenario
is the opposite of the findings in vivo where the
levels of nitrite and cGMP were elevated by cilosta-
zol. One could speculate that although under
unstimulated (as in the cell culture) conditions
the effects of cilostazol on the endothelial cell
are negligible, once the endothelial cells are stimu-
lated, as would occur in vivo by shear stress,
cilostazol acts to enhance the effects on the cAMP/
PKA pathway.

A limitation of our findings, however, is that our
measurements of eNOS phosphorylation were con-
ducted using aortic tissue rather than cerebral
arteries. This was due to the insufficient sample size
available to adequately estimate eNOS protein
expression using western blotting techniques. It is
possible that there may be regional differences in the
effect of cilostazol on eNOS phosphorylation that our
studies cannot account for. In addition, we cannot
exclude the possibility that the alterations in reac-
tivity, in part, relate to changes in systemic blood
pressure. However, long-term cilostazol treatment is
not associated with changes in mean arterial blood
pressure, either in preclinical studies (rats or mice:
Woo et al, 2002; Yuzawa et al, 2008; Nonaka et al,
2009) or in humans (Woo et al, 2002), although
changes in heart rate and, consequently, diastolic
blood pressure were evident.

In conclusion, we have shown that ET-1-induced
contraction is enhanced and endothelium-depen-
dent relaxation to ACh is impaired in MCA from
ApoE�/� mice. We suggest that alterations in sensi-
tivity of the cerebral vasculature to ET-1 likely has a
major role in the depressed cerebral blood flow that
both precedes and is pathogenic in ischemic stroke.
We also show that the abnormalities in vascular
reactivity are prevented by cilostazol treatment.
Cilostazol reduces infarct volume in animal models
of ischemic stroke (Yuzawa et al, 2008), prevents the
progression of intracranial arterial stenosis (Kwon et
al, 2005), and protects against recurrent stroke in at-
risk patients (Gotoh et al, 2000). In this study, we
show that cilostazol treatment reverses the vascular
dysfunction evident in the MCA of ApoE�/� mice
and that this effect is directly due to an improvement
in eNOS activity as a consequence of enhanced
phosphorylation.
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