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Figure 2. A, Measurement of the number
of progenitor cells by flow cytometer
before ischemic preconditioning in non-
smokers and smokers. B, Comparison of
the number of circulating progenitor cells
at 0 weeks and 4 weeks of ischemic pre- -
conditioning in nonsmokers and

smokers.
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to 32.4%6.6 mL/min per 100 mL of tissue (P=0.002) by 4
weeks of IPC in the nonsmoker group but was not altered in
the 4-week follow-up period in the smoker group (Figure 1). The
increases in FBF during infusion of SNP were similar at the
beginning and the end of the 4-week study period in both
the nonsmoker group and smoker group (Figure 1). No
significant change was observed in arterial blood pressure or
heart rate with intra-arterial infusion of ACh and SNP.
Intra-arterial infusion of L-NMMA significantly decreased
baseline FBF from 4.9+0.4 to 4.2%0.3 mL/min per 100 mL
of tissue (P<0.001) in the nonsmoker group and from
5.0%0.7 to 4.3+0.4 mL/min per 100 mL of tissue (P<<0.001)
in the smoker group before IPC stimulus and from 5.2:+0.6 to
4.2%0.4 mL/min per 100 mL of tissue (P<<0.001) in the
nonsmoker group and from 4.9*0.6 to 4.1%0.3 mL/min per
100 mL of tissue (P<<0.001) in the smoker group after IPC
stimulus. Baseline FBF after L-NMMA infusion was similar
in the 2 groups before (0 weeks) and after (4 weeks) the IPC
stimulus. Intra-arterial infusion of L-NMMA decreased the
response to ACh in the nonsmokers and smokers before and
after the IPC stimulus (P<<0.001, respectively; Figure 1).
After L-NMMA infusion, FBF responses to ACh were similar
in the 2 groups at 0 weeks and 4 weeks (P<<0.001, respec-
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tively; Figure 1). Intra-arterial infusion of L-NMMA de-
creased the response to ACh before and after the IPC stimulus
in the nonsmokers and smokers (Figure 1). After L-NMMA
infusion, FBF responses to ACh were similar at 0 weeks and
4 weeks in the 2 groups (Figure 1). Neither arterial blood
pressure nor heart rate was significantly changed by intra-ar-
terial infusion of ACh in the presence of L-NMMA.

Effects of IPC on Circulating Progenitor Cells

The number of circulating progenitor cells was significantly
less in smokers than in nonsmokers before and after IPC
(Figure 2A and 2B). IPC stimulus for 4 weeks increased the
number of circulating progenitor cells from 1029261 to
1232+341 mL (P=0.02) in nonsmokers, whereas there was
no significant difference between the number of circulating
progenitor cells at O weeks and that at 4 weeks in smokers
(Figure 2B). Cells demonstrating double-positive staining lectin
and 3,3,3',3'-tetramethylindo-carbocyanine perchlorate-labeled
acetylated low-density lipoprotein (Dil-AcLDL) were identi-
fied to be progenitor cells (Figure 3A). Cell migration
response to VEGF was significantly less in smokers than in
nonsmokers before and after IPC (Figure 3B and 3C). IPC
stimulus for 4 weeks increased cell migration response to
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Figure 3. A, Characterization of progeni-
tor cells by immunofiuoresence for lectin
binding (green), Dil-AcLDL uptake (red)
and lectin/Dil-AcLDL double-positive
cells (yellow; X100). B, Measurement of
the migration of cells labeled with 4',6-
diamidino-2-phenylindole by fluores-
cence before ischemic preconditioning in
nonsmokers and smokers (X200). C,
Measurement of the migration of cells
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labeled with 4',6-diamidino-2-
phenylindole by fluorescence at 0 weeks
and 4 weeks of ischemic preconditioning
in nonsmokers and smokers (left; X200).
N.S. Comparison of the migration of progeni-
tor cells in nonsmokers and that in
smakers at 0 weeks and 4 weeks of is-
chemic preconditioning (right).

VEGF from 38+16 to 52+ 17 per high-power field (P=0.02)
in nonsmokers, whereas there was no significant difference
between cell migration response to VEGF at 0 weeks and that
at 4 weeks in smokers (Figure 3C).

Changes in maximal FBF response to ACh correlated with
changes in the number of circulating progenitor cells
(r=0.59; P=0.002) and changes in cell migration response to
VEGF (r=0.36; P=0.04) in the nonsmoker group (Figure 4)
but not in the smoker group. There was a significant relation-
ship between changes in the number of circulating progenitor
cells and changes in cell migration response to VEGF
(r=0.49; P=0.01) in the nonsmoker group (Figure 4) but not
in the smoker group. There were no correlations between
changes in the number of circulating progenitor cells and
migration of progenitor cells and increase in plasma VEGF
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concentration. No correlation was found between changes in
maximal FBF response to ACh and changes in blood pres-
sure, heart rate, VEGF, or other variables or between these
variables and changes in maximal FBF response to SNP in
the 2 groups.

Discussion
Four weeks of repetition of IPC stimulus augmented FBF
response to ACh but not FBF response to SNP in nonsmok-
ers, whereas repetition of IPC stimulus did not alter either
FBF response to ACh or that to SNP in smokers. L-NMMA
abolished the IPC stimulus-induced augmentation of endo-
thelium-dependent vasodilation in nonsmokers. In addition,
the increases in maximal FBF response to ACh correlated
with the increases in the number of circulating progenitor
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Figure 4. Correlations between maximal
FBF response to ACh and number of
circulating progenitor cells {left) and
migration of progenitor cells (right) at O
weeks and 4 weeks of ischemic precon-
ditioning in nonsmokers.
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cells and migration of progenitor cells after repetition of IPC.
These findings suggest that the augmentation of ACh-induced
vasodilation may be related to an improvement in the func-
tion of the endothelium, not that of vascular smooth muscle,
and may be because of an increase in NO production through,
at least in part, an increase in circulating progenitor cells.

In the present study, to evaluate the role of smoking, per se,
in IPC stimulus-induced changes in endothelial function, we
selected healthy young men to avoid the possibility of
alteration in endothelial function and number of circulating
progenitor cells and function of progenitor cells caused by
factors such as hypertension, heart failure, atherosclerosis,
hypercholesterolemia, diabetes mellitus, aging, and menstrual
cycle.

There are several possible explanations for the IPC
stimulus-induced augmentation of endothelium-dependent
vasodilation in humans. Several lines of evidence have
shown that the “late” effect of IPC is mainly attributed to
an increase in NO production.*521.22 In the present study,
L-NMMA completely abolished the IPC stimulus-induced
augmentation of FBF responses to ACh. In a recent study,
the nonselective NO synthase inhibitor N“-nitro-L-
arginine, but not the inducible NO synthase inhibitor
1400W, completely eliminated the protective effects of
IPC against coronary endothelial injury.?! Bolli et al22
proposed that NO plays a prominent role in initiating IPC.
These findings suggest that the beneficial effects of IPC
repetition are attributed to activation of endothelial NO
synthase, resulting in increased NO production.

Several lines of evidence have indicated that hypoxia, per
se, enhances VEGF gene expression.2324 It is well known that
VEGF gene expression is upregulated by HIF-1 under the
condition of hypoxia.2* HIF-1 is a heterodimer composed of
2 subunits, HIF-1a and HIF-18, and promotes transcription
by combining with hypoxia response element in its target
gene.?* In the present study, repetition of IPC increased
plasma VEGF levels. Increases in maximal FBF response to
ACh correlated with changes in the number of circulating
progenitor cells and cell migration response to VEGF after
repetition of IPC. Recently, Hill et al'¢ also found by
measurements of flow-mediated vasodilation in healthy men
that the number of circulating progenitor cells is correlated
with endothelial function. It has been shown that VEGF-
induced and ischemia-induced mobilization of bone marrow-
derived EPCs contribute to neovascularization.?s Increases in
VEGF gene expression and circulating VEGF levels with
repetition of IPC may increase the levels of circulating
progenitor cells and lead to an increase in capillary density,
resulting in augmentation of endothelial function through an
increase in NO production. Wang et alé reported significant
increases in the number of functional capillaries and arteriole
diameter in rats 24 hours after ischemic reperfusion. These
findings suggest that the hypoxia-HIF-1-VEGF pathway may
play an important role in IPC-induced angiogenesis in skel-
etal muscle. We showed a putative model of VEGF-
modulating endothelial NO synthase activation by repetition
of IPC (please see the online Data Supplement for additional
details, Figure S2).
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Although the precise mechanisms by which repetition of
IPC stimulus does not induce augmentation of endothelium-
dependent vasodilation in smokers remain unclear, inactiva-
tion of the VEGF-EPC pathway may contribute to failure of
IPC-induced augmentation of endothelial function. In the
present study, the number of circulating progenitor cells was
decreased, and progenitor cell function was impaired in
smokers compared with that of nonsmokers. These findings
are consistent with results of previous studies.?627 In addition,
although plasma concentration of VEGF increased after 4
weeks of IPC in smokers, as well as in nonsmokers, increases
in VEGF levels did not increase the number of circulating
progenitor cells and did not enhance the function of progen-
itor cells in smokers, whereas IPC stimuli increased the
number of circulating progenitor cells and enhanced the
function of progenitor cells in nonsmokers. Recently, Ediris-
inghe et al?® have shown a potential mechanism for smoking-
induced endothelial dysfunction. In mouse lung and human
endothelial cells in vitro, cigarette smoking downregulated
VEGEF receptor-2 expression, endothelial NO synthase pro-
tein levels, and VEGF-induced VEGF receptor-2 phosphor-
ylation, leading to impaired VEGF-induced cell migration
and angiogenesis. It has been suggested that systemic inflam-
mation and oxidative stress influence the number of circulat-
ing progenitor cells and function of progenitor cells.

In the present study, urinary excretion of 8-OHdG, an
oxidative stress marker, was significantly higher in smokers
than in nonsmokers and was correlated with maximal FBF
response to ACh. Under the condition of excess oxidative
stress, depletion of VEGF-induced mobilization of progenitor
cells and enhancement of progenitor cell function and inac-
tivation of NO bioavailability may form a vicious circle,
leading to a lack of IPC-induced augmentation of endothelial
function in smokers.

Several lines of evidence have shown that cigarette smok-
ing is associated with systemic inflammation.?®-3! In the
present study, levels of inflammation markers, interleukin 6,
and hs-CRP were also significantly higher in smokers than in
nonsmokers. Inflammation has a dual-sword role in EPC
function. Although a low grade of inflammation, which
probably has a favorable effect on EPCs, augments EPC
functions, such as mobilization, proliferation, and colony
formation, a high grade of inflammation inhibits EPC func-
tions.3233 Interestingly, Verma et al3* have reported that
C-reactive protein, per se, directly inhibits EPC differentia-
tion, survival, and function. Inflammation-induced impair-
ment of EPC function might lead to a lack of IPC-induced
augmentation of endothelial function in smokers. Clinical
studies have shown that there is an association between
inflammation and endothelial dysfunction.3536 In the present
study, there was no association between vascular response to
ACh and levels of inflammation markers interleukin 6 and
hs-CRP, suggesting that systemic inflammation might not
directly affect endothelial function in smokers. In addition,
both interleukin 6 and hs-CRP were unchanged after the
repetition of IPC stimulus in both groups.

Study Limitations
In the present study, we examined the effect of IPC on
vascular endothelial function in the absence of a prolonged
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ischemia-reperfusion stimulus. Kharbanda et al3” have shown
that a clinically relevant period of ischemia reperfusion
induces endothelial dysfunction in healthy subjects and that
IPC attenuates endothelial dysfunction caused by ischemia
reperfusion. It remains possible that IPC will prevent the
attenuation of endothelium-dependent vasodilatation ob-
served with an episode of ischemia-reperfusion injury in
smokers without apparently altering the “basal state.”

The present study is essentially a prospective single-arm
study of IPC in 2 groups of subjects. A blinded, randomized,
and crossover study design would enable a more specific
conclusion concerning the role of smoking in IPC to be
drawn.

Infusion of L-NMMA reduces basal endothelial NO release
and FBF, confounding the interpretation of the inhibition of
subsequent vasodilator responses. Coinfusion of L-NMMA
with SNP to restore a steady-state NO would have improved
the study design.

Perspectives

Repetition of TPC augmented endothelial function through an
increase in NO production. Endothelial dysfunction is the
initial step in the pathogenesis of atherosclerosis, resulting in
cardiovascular complications. It is important to select an
appropriate intervention that is effective in improving or
augmenting endothelial function. Repetition of IPC may be a
simple, safe, and feasible therapeutic technique for endothe-
lial protection of peripheral vessels. Furthermore, this tech-
nique has the potential to improve endothelial function as a
new treatment for cardiovascular disease asscciated with
endothelial dysfunction. Unfortunately, IPC might not have
beneficial effects in smokers. Thus, nonsmoking and smoking
cessation are important to prevent myocardial damage after
severe ischemia, especially in patients with angina pectoris
who have brief ischemic periods. Additional studies are
needed to confirm the effects of IPC in the coronary artery in
smokers.
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Kensuke Noma?2, James K Liao® and Yukihito Higashi?

Rho-associated kinases (ROCKs) have been shown o ba invelved in the pathogenesis of atherosclercsis. Although smoking is
associated with endothelial dysfunction and ROCK inhibitors improve endothelial function in smokers, it is not known whether
ROCK activity is increased in smokers and whether this correlates with endsthelial dysfunction. The purpose of this study was to
evaluate the relationship beiween ROCK activity and endothelial function in smokers. We evaluated flow-mediaied vasodilatation
(FMD) using ulirasonography and ROCK activity in peripheral leukocytes using western blot analysis in 14 male smokers

(28.1 + 3.9 years) and 15 healthy male non-smokers (28.3 + 3.6 years). ROCK activily was defined as the ratio of phospho-
myosin-binding subunit (MBS) on myosin light-chain phesphatase to total MBS. FMD was significantly less in smokers than in
non-smokers (4.7 + 3.1 vs. 9.0 + 3.8%, P=0.005). Nitroglycerine-induced vasodilation was similar in the two groups. ROCK
activity was greater in smokers than in non-smokers (0.78 £0.27 vs. 0.54 £ 018, P=0.012). The expression of total MBS,
ROCIK1 and ROCK2 were similar in the two groups. ROCK activity correlated with systolic blood pressure (1=0.42, P=0.039).
Multiple regression analysis revealed that smoking is an independent predicior of ROCK activity. There was a significant
correlation hetween FMD and ROCK activity (/=—0.42, P=0.035). No other variable was corralated with FMD. These findings
suggest that ROCK activity is enhanced by smoking and is a predictor of endothelial function.

Hypertension Research (2010) 0, 000-000. doi:10.1038/hr.2010.3

Keywords: endotheiial function; Rho-associated kinase; smoker

INTRODUCTICN
Cigarette smoking is a major risk factor in the development of
atherosclerosis’? and independently increases clinical cardiovascular
morbidity and mortality.? Several lines of evidence have shown that
cigarette smoking alters hemostasis, causes inflammation and oxida-
tive stress in vascular walls® and impairs endothelial function.®
In addition, some studies have shown that cigarette smoking increases
the numbers of circulating leukocytes and inflammatory matkers such
as C-reactive protein (CRP), interleukin-6 and soluble intercellular
adhesion molecule type 1.57

Small guanosine triphosphate-binding protein RhoA (ras homolog
gene family, member A) mediates various cellular physiologic func-
tions such as cell proliferation, migration, adhesion, apoptosis and
contraction,® 1! all of which may be involved in the pathogenesis of
atherosclerosis. Rho-associated kinases (ROCKs), which consist of two
isoforms, ROCK1 and ROCK2, were found to be the immediate
downstream targets of RhoA,'? The RhoA/ROCK pathway has been
shown to be involved in atherosclerotic lesion formation,!? vasocon-
striction®!? and myocardial hypertrophy!® and to be activated in
patients with hypertension!® and coronary artery disease.!17 Previous

studies using ROCK inhibitors such as fasudil or Y-27632 have
suggested that ROCK may have an important role in the pathogenesis
of cardiovascular disease.'>13

The vascular endothelium is involved in the release of various
vasodilators, including nitric oxide (NO), prostaglandins and
endothelium-derived hyperpolarizing factor as well as vasoconstric-
tors.'8 NO has an important role in the regulation of vascular tone,
inhibition of platelet aggregation and suppression of smooth muscle
cell proliferation.!® Bndothelial dysfunction is the initial step in the
pathogenesis of atherosclerosis, resulting in cardiovascular and cere-
brovascular outcomes. Previous studies have shown that activation of
the RhoA/ROCK pathway impaired NO bioavailability through inhi-
bition of endothelial NO synthase (eNOS) mRNA stability and eNOS
protein phosphorylation at Ser 1177 through the Akt/ phosphoinosi-
tide 3-kinase pathway.?

Recently, it has been reported that ROCK activity is increased in
subjects with metabolic syndrome and in patients with coronary
artery disease.'%?! Tn those studies, ROCK activity in peripheral
leukocytes was directly assayed by western blot analysis using a
specific antibody to phospho-myosin-binding subunit (MBS) on
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myosin light-chain phosphatase, which is a downstream target of
ROCK. As assessment of ROCK activity in peripheral leukocytes is
minimally invasive and does not require pharmacologic intervention
using intra-arterial infusion of ROCK inhibitors, it may be useful for
evaluating ROCK activity in a clinical setting. Indeed, leukocyte
ROCK activity has been shown to correlate inversely with endothelial
function.!!

We previously reported that intra-arterial infusion of the ROCK
inhibitor, fasudil, improves endothelial function in smokers.*? How-
ever, it is not known from these studies whether ROCK activity was
higher in smokers and whether it correlated with endothelial dysfunc-
tion. The purpose of this study, therefore, is to determine whether
ROCK activity is increased in smokers and whether this correlates
with endothelial function.

METHODS

Subjecis

We studied 14 male smokers (mean age: 28.1 3.9 years) and 15 healthy male
non-smokers (mean age: 28.3 * 3.6 years) who had no history of cardiovascular
disease, hypertension or other diseases. Normal blood pressure was defined as
systolic blood pressure of <130mmHg and diastolic blood pressure of
<80 mmHg. The results of physical and routine laboratory examinations of
the subjects were normal. None of the subjects were taking oral antioxidant
vitamins or vasoactive drugs. Current smokers were defined as smokers who
had smoked at least 1 pack-year, with 1 pack-year being defined as 20 cigarettes
per day for 1 year. All of the smokers (19.1 9.2 pack-years) had a current
smoking history of more than 5 years and abstained from smoking for at least
3h before the measurement of vascular function. We defined non-smokers as
subjects who had never smoked. The study protocol was approved by the ethics
committee of Hiroshima University Graduate School of Biomedical Sciences.
Informed consent for participation in the study was obtained from all subjects.

Measurement of FMD

All studies were performed in the morning, after overnight fasting, in a quiet,
dark and air-conditioned room (constant temperature of 22-25°C). The
subjects remained supine throughout the study.

The vascular response to reactive hyperernia in the brachial artery was
assessed for ultrasound assessment of endothelium-dependent flow-mediated
vasodilatation (FMD). A high-resolution linear artery transducer (13 MHz) was
coupled to computer-assisted analysis software (e-TRACKING system, Aloka,
Tokyo, Japan) that used an automated edge detection system for measurement
of brachial artery diameter. The subjects rested and the right arm was fixed by a
special arm-holding device (MIST-100, Saraya, Osaka, Japan). A blood pressure
cuff was placed around the forearm. The brachial artery was scanned long-
itudinally 5-10 cm above the elbow. When the clearest B-mode image of the
anterior and posterior intimal interfaces between the lumen and vessel wall was
obtained, the transducer was held at the same point throughout the scan by a
special probe holder (MP-PH0001, ALOKA) to ensure consistency of the
image, Depth and gain setting were set to optimize the images of the arterial
lumen wall interface. When the tracking gate was placed on the intima, the
artery diameter was automatically tracked and the waveform of diameter
changes over the cardiac cycle was showed in real time using the FMD mode
of the e-TRACKING system. This allowed the ultrasound images to be
optimized at the start of the scan and the transducer position to be adjusted
immediately for optimal tracking performance throughout the scan. The
software could accommodate angulations of the artery from —20 to +20°
relative to the perpendicular. Pulsed Doppler flow was assessed at baseline and
during peak hyperemic flow, which was confirmed to occur within 155 after
cuff deflation. The Doppler flow signals were captured with customized
equipment. Blood flow velocity was calculated from the color Doppler data
and was showed as a waveform in real time. The baseline longitudinal image of
the artery was acquired for 30s and then the blood pressure cuff was inflated to
50 mm Hg above systolic pressure for 5min. The longitudinal image of the
artery was recorded continuously until 5min after cuff deflation. Pulsed
Doppler velocity signals were obtained for 20s at baseline and for 10s
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immediately after cuff deflation. Changes in brachial artery diameter were
immediately expressed as percent change relative to the vessel diameter before
cuff inflation. FMD was automatically calculated as the percent change in peak
vessel diameter from the baseline value. %FMD (peak diameter—baseline
diameter/baseline diameter) was used for analysis. Blood flow volume was
calculated by multiplying the Doppler flow velocity (corrected for the angle) by
heart rate and vessel cross-sectional area (—r2). Reactive hyperemia was
calculated as the maximum percentage increase in flow after cuff deflation
compared with baseline flow. After a 10-min period to allow baseline condi-
tions of the brachial artery to be reestablished, another baseline scan was
performed. The response to nitroglycerine (NTG) was used for assessment of
endothelium-independent vasodilation. After acquiring baseline resting images
for 30s, a sublingual tablet (NTG 75p1g) was given, and images of the artery
were recorded continuously for 5min. The response of the brachial artery
diameter to NTG was imniediately expressed as percent change relative to vessel
diameter. NTG-induced vasodilation was automatically calculated as the
percent change in peak vessel diameter from the baseline value. %NTG (peak
diameter—baseline diameter/baseline diameter) was used for analysis. The
intra-observer coefficient of variation for the baseline diameter was 3.5% in
the supine position and was 2.7% in the seated position. The respective inter-
observer coefficients were 2.6 and 1.9%.

Baseline fasting serum concentrations of total cholesterol, high-
density lipoprotein cholesterol, low-density lipoprotein cholesterol, triglycer-
ides, glucose, insulin, electrolytes, high-sensitivity CRP and 8-hydroxy-2'-
deoxyguanosine (8-OHdG) were obtained after a 30-min rest period before
the study.

Measurement of ROCK activity

ROCK activity was assayed in peripheral blood leukocytes as the amount of
phospho-Thr853 in the MBS of myosin light-chain phosphatase. Blood was
collected at room temperature in heparinized tubes (20 Umi™) with 10 mmoll™!
fasudil (Asahi Chemical Industry, Tokyo, Japan ). Fasudil was added to inhibit
ROCK activity and hence further formation of phospho-Thr853 MBS ex vivo.
After adding an equal volume of 2% dextran, the sample was kept at room
temperature for 30 min. The supernatant was spun at 1450 r.p.m. for 10 min.
Red blood cells in the resulting cell pellet were lysed with the addition of water
and spun at 1450 r.p.m. for 10 min after the addition of Hank’s balanced salt
solution (Hyclone, Logan, UT, USA). The resulting leukocyte pellet was
resuspended in medium 199 (Sigma Chemical) and counted using a hemato-

cytometer. Cells were fixed in 10% trichloroacetic acid and 10mmoll? [

dichlorodiphenyltrichloroethane. After centrifugation, the cell pellets were
stored at —80°C for western blot analysis. Cells pellets were dissolved in
10l of 1moll™? Tris base and then mixed with 100pl of extraction buffer
(8moll™ urea, 2% sodium dodecyl sulfate, 5% sucrose and 5% 2-mercap-
toethanol). Equal amounts of cell extracts were subjected to 7.5% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocel-
lulose membranes. NIH 3T3 cell lysates were used as a positive control and to
standardize the results of western blot analyses from several membranes. After
serum starvation for 20h, confluent cells were stimulated with 10 pumoli™
lysophosphatidic acid for 10min and then subsequently fixed and harvested
in 10% trichloroacetic acid and 10mmoll™! dichlorodiphenyltrichloroethane,
After centrifugation at 1450rp.m. for 10min at 4°C, precipitates were
dissolved in 10yl of I moll™! Tris base and mixed with 100l of extraction
buffer. An equal volume of positive control cell lysate was used for each gel.
Membranes were incubated with rabbit anti-phospho-specific Thr853-MBS
polyclonal antibody (Biosource Invitrogen, Carlsbad, CA, USA) or rabbit
anti-MBS polyclonal antibody (Covance Laboratories, Evansville, IN, USA),
anti-ROCK2 monoclonal antibody, anti-ROCKI monoclonal antibody (BD
Biosciences, San Jose, CA, USA) or antiactin monoclonal antibody
(Sigma). Bands were visualized using the enhanced chemiluminescence system

(Amersham-Pharmacia, Buckinghamshire, UK). Images were captured using

Adobe Photoshop, and the band intensities were quantified using National
Institutes of Health Image 1.61. ROCK activity was expressed as the ratio of
phospho-Thr853-MBS in each sample to phospho-Thr853-MBS in each

&=

positive control divided by MBS in each sample per MBS in each positive &=

control,



Analytical methods

Samples of venous blood were placed in tubes containing sodium EDTA
(1 mgml™') and in polystyrene tubes. The EDTA-containing tubes were chilled
promptly in an ice bath, Plasma was immediately separated by centrifugation at
3100 ¢ for 10min at 4 °C, and serum was separated by centrifugation at 1000 ¢
for 10 min at room temperature, Samples were stored at —80 °C until the time
of assay. Serum concentrations of total cholesterol, triglycerides, high-density
lipoprotein cholesterol, low-density lipoprotein cholesterol, glucose and elec-
trolytes were determined by routine chemical methods. Serum concentration of
high-sensitivity CRP was measured by a high sensitive nephelometry assay
using a CRP kit (Dade Behring, Deerfield, IL, USA), Serum concentration of 8-
OHdG was also assayed by ELISA using 8-OHdG kits (Nihon Yushi, Fukuroi,
Japan).

Statistical analysis

Results are presented as mean *s.d. Unpaired Student’s t-test was used for
comparison of mean values of parametric continuous variables between smoker
and control groups. Because of asymmetric distribution, values for ROCK
activity and the protein expression of MBS, ROCK1 and ROCK2 were analyzed
using nonparametric methods. For nonparametric analysis, we used Mann—
Whitney U-test to evaluate the difference of levels between groups. All reported
P-yalues were two sided, and a P-value of <0.05 was considered statistically
significant. Multivariate analysis was performed with the Statistical Analysis
System program package (SAS Institute, Cary, NC, USA). The data were
analyzed using the software package StatView V (SAS Institute) and Super
ANOVA (Abacus Concepts, Berkley, CA, USA).

RESULTS

Clinical characteristics

Baseline clinical characteristics of the 14 smokers and 15 non-smokers
are summarized in the Table 1. Serum concentration of 8-OHdG was
significantly higher in smokers than in non-smokers. There was no
significant difference in other parameters between the smokers and
non-smokers.

ROCK activity

ROCK activity in peripheral blood leukocytes was significantly higher
in smokers than in non-smokers (0.78 £ 0.27 vs. 0.54 £ 018, P=0.012;
Pigure 1b). Protein expression of MBS, ROCK1 and ROCK2 were

Table 1 Clinical characteristics in non-smokers and smokers

Non-smoker Smoker
Variables (n=15) (n=14)
Age (years) 34.81£6.5 35.8+3.8
Body mass index {(kgcm™) 223+1.7 237+28
Systolic blood pressure {mm Hg) 120.1+144 117.6+11.9
Diastolic blood pressure {(mmHg) 65.7+£9.4 67.5+105
Heart rate (beats min™!) 65.8+9.6 783%7.6
Total cholesterol (mg per 100mb) 184.1+32.7 206.4+31.1
Triglycerides (mg per 100mi) 126.9+96.6 144.4166.2
Low-density lipoprotein cholesterol (mg per 11244304 113£30.4
100 mb
High-density lipoprotein cholesterol (mg per 57.9+13.7 61.8+22.2
100 ml)
Fasting serum glucose (mg per 100 mi) 98.9+14.9 1086%103
Serum creatinine (mg per 100 ml) 0.80+0.09 0.8410.06
High-sensitivity C-reactive protein (mg per 0.05+£0.08 0.06+0.05
100mb)
8-hydroxy-2'-deoxyguanosine (ngmi™!) 0.22+£0.03 0.28£0.04%

All results are presented as meants.d.
*P<0.05 vs. non-smoker.
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similar for the smokers and non-smokers {(1.91 £0.87 vs. 2.04 + 1.60,
1.5440.85 vs. 1.95+1.12, and 1.45+ 0.56 vs. 1.29 % 0.14, respectively,
Figures 1c and d).

Relationship between ROCK aciivity and parameters

Using univariate linear regression analysis, only systolic blood pressure
significantly correlated with ROCK activity (r=0.42, P=0.039; Table 2
and Figure 2). Multivariate analysis was performed to explain varia-
bility (systolic blood pressure and smoking status being associated
with ROCK activity) of ROCK activity. Smoking status was an
independent predictor of ROCK activity (Table 3).

Vascular function

FMD was significantly lower in smokers than in non-smokers
(4.7 3.1 vs. 9.0 £ 3.8%, P=0.005; Figure 3a). NTG-induced vasodila-
tion was similar in smokers and non-smokers (16.5%5.8 wvs.
13.7 % 5.1%; Figure 3b). Baseline arterial diameter and peak hyperemic
blood flow were similar in the two groups (4.3+0.5 vs. 4004 mm
and 306 * 149 vs, 362 £ 167%, respectively).

Relationship between ROCK activity and EMD

There was a significant correlation between ROCK activity and FMD
(r=—0.42; P=0.035; Figwe 4), whereas ROCK activity did not
correlate with NTG-induced vasodilation. Using univariate linear
regression analysis, no variable other than ROCK activity significantly
correlated with FMD (Table 4). There was no significant relationship
between NTG-induced vasodilation and parameters.

DISCUSSION
In this present study we showed that ROCK activity in peripheral
blood leukocytes was higher in young male smokers than in non-
smolkers and was inversely correlated with FMD. Multiple regression
analysis revealed that smoking status was an independent predictor of
ROCK activity.

We selected young men to avoid the possibility of alteration in
ROCK activity and endothelial function caused by factors other than
smoking, such as hypertension, heart failure, atherosclerosis, hyperch-
olesterolemia, diabetes mellitus, aging and menstrual cycle.

We have recently reported that intra-arterial infusion of fasudil,
which is a broad ROCK inhibitor, increases forearm blood flow in
smokers but not in non-smokers, suggesting that ROCK activity may
be higher in smokers than in non-smokers?? In this study, we
confirmed that ROCK activity was increased in smokers using a
noninvasive method for measurement of ROCK activity in peripheral
blood leukocytes. It is well known that peripheral blood leukocytes
per se have an important role in the cause, maintenance and devel-
opment of atherosclerosis. Therefore, our findings suggest that the
enhancement of ROCK activity by cigarette smoking may cause
leukocyte activation and enhanced leukocyte infiltration into the
vascular wall, leading to progression of atherosclerosis. Furthermore,
leukocyte ROCK activity has been shown to correlate with endothelial
dysfunction,!! It is clinically important to estimate the degree of
ROCK activity. A noninvasive method for measuring leukocyte ROCK
activity would also be useful for assessing ROCK activity. Leukocyte
ROCK activity may become a novel biomarker of endothelial function
and atherosclerosis.

Inflammation has a critical role in the development and complica-
tions of atherosclerosis.!>?3 Previous studies have shown that cigarette
smoking causes inflammation and increases the numbers of circulat-
ing leukocytes and circulating inflammatory markers such as CRP,
interleukin-6 and soluble intercellular adhesion molecule type 1.5
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Figure 1 Rho-associated kinase (ROCK) activity in smokers and non-smokers, (a) Western blot analysis for ROCK1, ROCK2, phospho-myosin-binding subunit
(p-MBS), total-myosin-binding subunit (+MBS) and B-tubulin. (b) ROCK activity (p-MBS/t-MBS) in smokers and non-smokers. (¢} ROCK1 expression in

smokers and non-smokers. (d) ROCK2 expression in smokers and non-smokers.

Table 2 Simple regression analysis between ROCK activity and
variables

Variables Coefficient P-value
Age (years) 0.04 0.86
Body mass index (kgem2) 0.32 0.11
Systolic blood pressure (mm Hg) 0.42 0.04
Diastolic blood pressure (mm Hg) 0.08 0.94
Heart rate (beats min™1) 0.06 0.80
Total cholesteroi (mg per 100 ml) 0.35 0.10
Triglycerides (mg per 100 m!) 0.19 0.39
Low-density lipoprotein cholesterol {mg per 100 mi) 0.28 0.18
High-density lipoprotein cholesterol (mg per 100 mi) 0.03 0.80
Fasting serum glucose {mg per 100 mi) 0.24 0.23
Serum creatinine {mg per 100 mi) 0.11 0.62
High-sensitivity C-reactive protein (mg per 100 ml) 0.10 0.64
8-hydroxy-2"-deoxyguanesine (ngmi) 0.36 0.20

Abbreviation: ROCK, Rho-associated kinase.

Activation of circulating leukocytes leading to the recruitment and
infiltration of inflammatory cells into vessel walls has an important
role in the pathogenesis of atherosclerosis.*** ROCKs regulate inflam-
matory cell accumulation in the vessel wall and contribute to the
development of vascular inflammation and remodeling.!3?> Although
the mechanism by which smoking enhances ROCK activity in leuko-
cytes remains unclear, smoking may increase leukocytes chemotaxis
and recruitment to the vessel wall through activation of ROCKs.
Indeed, deletion of ROCK1 leads to impaired leukocyte chemotaxis
and migration.?>?6 In this study, there was no significant difference in
high-sensitivity CRP between the smokers and non-smokers.
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Figure 2 Relationship between Rho-associated kinase (ROCK) activity and
systolic blood pressure.

In addition, there was no significant relationship between the number
of cigarettes (pack-year) and CRP levels.

Several investigators have shown an interaction between the RhoA/
ROCk pathway and reactive oxygen species.’” Indeed, reactive oxygen
species induced by hyperglycemia enhances ROCK activity, leading to
atherothrombogenesis through an increase in expression of plasmino-
gen activator inhibitor-1 in vascular endothelial cells®® It is well
known that cigarette smoking decreases NO bioavailability through
the production of reactive oxygen species. Several investigators,
including us, have shown that there is a possible association of
ROCK activity with oxidative stress and that smoking enhances the



Table 3 Multiple regression analysis for ROCK activity

Variables Coefficient s.e. 95% CiI P-value
intercept -0.34 0.45 -1.27-0.59 0.46
Systolic blood pressure 0.01 0.003 -0.001-0.026 0.06
Smoking 0.22 0.08 0.05-0.38 0.01

Abbreviations: Cl, confidence interval; ROCK, Rho-associated kinase,
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Figure 3 Vascular function in smokers and non-smokers. (a) Flow-mediated
vasodilation {FMD) in the smokers and non-smokers. (b) Nitroglycerine
{NTG)-induced vasodilation in smokers and non-smokers.

activation of ROCKs in vascular smooth muscle cells in vivo and
in vitro.2227:29 Excess oxidative stress may have a role in the smoking-
induced activation of ROCKs in leukocytes. Increase in ROCK activity
in vascular endothelial cells directly alters EMD through the inactiva-
tion of eNOS. It is well known that activation of ROCK induces
various substrates and transcriptional factors, leading to actin cytos-
keleton organization, smooth muscle contraction, vascular inflamma-
tion, apoptosis and gene expression differentiation. Under the
condition of excessive reactive oxygen species by smoking, oxidative
stress and activated ROCK-induced impairment of various cellular
functions may cause a vicious circle. Thus, activated ROCK in vascular
smooth muscle cells and in leukocytes may also contribute to impaired
FMD through increase in oxidative stress. In this study, serum
concentration of 8-OHdG was significantly higher in smokers than
in non-smokers. However, univariate and multiple regression analyses
revealed that 8-OHdG was not an independent predictor of ROCK
activity,
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Figure 4 Relationship between Rho-associated kinase (ROCK) activity and
flow-mediated vasodilation (FMD).

Table 4 Simple regression analysis between FMD activity and
varigbles

Variables Coefficient P-value
Age (years) 0.12 0.56
Body mass index (kgcm2) 0.17 0.44
Systolic blood pressure (mm Hg) 0.22 0.30
Diastolic blood pressure {(mm Hg) 0.17 0.36
Heart rate (beats min~1) 0.32 0.16
Total cholesterol {mg per 100 mi) 0.39 0.09
Triglycerides (mg per 100mi) 0.23 0.32
Low-density lipoprotein chotestero! (rg per 100 mi) 0.23 0.33
High-density lipoprotein cholesterol {(mg per 100 mi) 0.36 0.12
Fasting serum glucose {mg per 100 ml) 0.16 0.47
Serum creatinine (mg per 100mi) 0.17 0.48
High-sensitivity C-reactive protein (mg per 100 mi) 0.18 0.45
8-hydroxy-2’-deoxyguanosine (ngmi-1) 0.16 0.63
Rho-associated kinase activity 0.42 0.03

Abbreviation: FMD, flow-mediated vasodilation.

Interestingly, ROCK activity significantly correlated with systolic
blood pressure even in the young male subjects with normal blood
pressure. This finding is supported by results of previous studies
showing that the ROCKs are involved in the pathogenesis of hyper-
tension through, at least in part, causing vascular smooth muscle cell
contraction.>'63 There is a possibility that ROCK activity regulates
blood pressure from the normal range to high levels. However,
multivariate regression analysis revealed that smoking but not blood
pressures independently correlated with ROCK activity.

FMD, as an index of endothelium-dependent vasodilation, was
impaired even in young smokers compared with non-smokers. These
findings are consistent with results of previous studies showing that
smoking is associated with endothelial dysfunction>?? One of the
important findings in this study is a significant relationship between
ROCK activity in peripheral leukocytes and FMD in smokers, As
Sauzeau et al.>® have shown in vascular smooth muscle cells, NO may
also inhibit RhoA translocation from the cytosol to membrane in
leukocytes. In addition, previous studies have shown that activation of
the RhoA/ROCK pathway impairs NO bioavailability through the
inhibition of eNOS mRNA stability, eNOS posphorylation at Ser 1177,
Akt/phosphoinositide 3-kinase pathway and enhancement of eNOS
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phosphorylation at Thrd95.2%22 Taken together, the results indicate
that ROCK activity in leukocytes may reflect ROCK activity in
vascular endothelial cells and endothelial function, suggesting an
interaction between ROCK activity and endogenous NO.

Limitation

We hypothesized that smoking causes inflammation, leading to
enhancement of ROCK activity. However, serum levels of CRP,
which is a marker of systemic inflammation, were similar in smokers
and non-smokers. The discrepancy in the effect of smoking on
inflammation between the present study and previous studies may
be due to the limited number of subjects in each group, differences in
age (our subjects being younger), the magnitude of smoking (our
subjects having a smaller number of pack-years) and body mass index
BMI (our subjects having smaller body mass index).»?*! In addition,
the levels of CRP in smokers and non-smokers in this study were
< 0.2 mg per 100 ml. The levels of CRP in this study were lower than
those in previous studies showing a relationship between smoking and
CRP levels.?! In those previous studies, the levels of CRP in smolkers
were > 0.2 mg per 100ml. However, we cannot exclude the possibility
that inflammation caused by smoking contributes to the enhancement
of ROCK activity. Further studies are required with other inflamma-
tory biomarkers to determine whether there is any relationship
between inflammation and ROCK activity.

In conclusion, measurement of ROCK activity in peripheral leuko-
cytes is minimally invasive and does not require pharmacologic
intervention (for example, intra-arterial or intravenous infusion of
ROCK inhibitors) and may be useful as a novel predictor of athero-
sclerotic disease in a clinical setting. It remains to be determined
whether ROCK activity is a predictor of cardiovascular outcome.
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Abstract

Objectives

We sought to investigate the association of visceral adipose tissue (VAT) with the
presence, extent, and characteristics of noncalcified coronary plaques (NCPs) using
64-slice computed tomographic angiography (CTA).
Background

Although visceral adiposity is associated with adverse cardiovascular events, its
association with NCP burden and vulnerability is not well known.
Methods

The study population consisted of 427 Japanese patients (age, 67 = 11 years; 63%
men) with proven or suspected coronary artery disease undergoing 64-slice CTA. We
evaluated the vulnerable characteristics of NCPs with positive remodeling (remodeling
index > 1.05), low CT density (< 38 HU), and the presence of adjacent spotty calcium.
Plain abdominal scans were also performed to measure the VAT area.



Results

A total of 260 (61%) patients had identifiable NCPs. Multivariate analyses
revealed that increased VAT area (per 1 standard deviation, 58 cm®) was significantly
associated with both the presence [odds ratio (OR) 1.79; 95% confidence interval (CI)
1.22 to 2.77] and extent (B-estimate 0.34, p = 0.001) of NCP. Increased VAT area was
also independently associated with the presence of NCP with positive remodeling (OR
1.69; 95% CI 1.16 to 2.51), low CT density (OR 1.57; 95% CI 1.08 to 2.32), and
adjacent spotty calcium (OR 1.53; 95% CI 1.03 to 2.31).
Conclusions

Increased VAT is significantly associated with NCP burden and vulnerable
characteristics identified by 64-slice CTA. Our findings may explain the excessive
cardiovascular risk in patients with visceral adiposity, and support the potential role of
CTA to improve risk stratification in such patients.

Keywords: visceral adipose tissue, noncalcified coronary plaque, plaque vulnerability,
64-slice computed tomographic angiography

Abbreviations and Acronyms
ACS = acute coronary syndrome
BMI = body mass index

CAC = coronary artery calcium
CAD = coronary artery disease

CT = computed tomography

CTA = computed tomographic angiography
IVUS = intravascular ultrasound
NCP = noncalcified coronary plaque
PR = positive remodeling

VAT = visceral adipose tissue

It is well accepted that obesity is a risk factor for coronary artery disease (CAD)

(1). Specifically, visceral adipose tissue (VAT) accumulation has been focused as a

better predictor of metabolic abnormalities and atherosclerosis than total body fat (2, 3).

Recent epidemiological studies have suggested that visceral adiposity, as evaluated by

the waist-to-hip ratio (4) or computed tomography (CT) scanning (5), is more closely

related to cardiovascular events than body mass index (BMI), as a crude marker of total
adiposity.

We previously reported that VAT area is associated with the presence and extent

of coronary artery calcium (CAC), independently of BMI, using multi-detector CT (6).

However, CAC represents only a limited portion of the overall atherosclerotic plaque



burden. The residual plaque burden is composed of noncalcified coronary plaque (NCP),
which might be associated with acute coronary syndrome (ACS) (7-9). Previous
intravascular ultrasound (IVUS) (7) and pathologic (8) studies have underscored the
critical importance of positive vessel remodeling and large lipid cores as the
characteristics of ruptured plaques which are considered to be the major substrate for
ACS. In addition, spotty calcifications embedded in atherosclerotic lesions have been
shown to contribute to plaque instability (10).

The recently introduced multi-detector computed tomographic angiography
(CTA) is a robust and reliable noninvasive imaging modality that permits visualization
of the coronary artery wall and was shown to detect calcified and noncalcified plaques
with good correlation to IVUS (11). Moreover, we previously reported that 64-slice
CTA allows the characterization of NCPs such as composition (e.g, predominantly
fibrous vs. lipid-rich plaque), vascular remodeling, and adjacent calcium morphology,
showing good agreement with IVUS (12). We further documented that low CT density,
positive remodeling (PR), and the presence of adjacent spotty calcium are “vulnerable”
features of NCPs, which characterize ACS culprit lesions (13).

To our knowledge, very few studies have examined the association between VAT,
as an entity, with NCP, particularly regarding its composition and morphology.
Assessing the associations between VAT area and NCP burden or vulnerable
characteristics seems to be important from preventive perspectives. Therefore, in the
present study, we used 64-slice CTA to quantitatively and qualitatively assess coronary
artery plaques to test whether the amount of VAT is associated with the presence, extent,
and vulnerable characteristics of NCPs.

Methods

Study patients

Between November 2006 and December 2008, we recruited 565 consecutive
Japanese patients with proven or suspected CAD, who underwent 64-slice CTA for the
follow-up or diagnosis of CAD in our institution. For the present study, we excluded
138 subjects with a history of percutaneous coronary intervention (n = 63) or coronary
artery bypass grafting (n = 62), subjects with poor image quality due to motion artifacts
or inadequate contrast concentration (n = 6), and subjects with missing information on
one or more traditional CAD risk factors (n = 7). As a result, a total of 427 patients (267
men and 160 women, 67 + 11 years) were finally enrolled and included in this study. In
all patients, plain cardiac and abdominal scans were performed to measure the CAC
score and the VAT area. The study was approved by the hospital’s ethical committee,
and written informed consent was obtained from all patients.

Risk factor assessment



All patients provided details of their demographics, medical history, and
medications at the clinical consultation. Patients were considered current smokers if
they had smoked at least one cigarette per day within the previous year. Hypertension
was defined as systolic blood pressure > 140 mmHg, diastolic blood pressure > 90
mmHg, or on antihypertensive therapy. Diabetes mellitus was defined by self-report, a
fasting plasma glucose level > 126 mg/dl, or current use of hypoglycemic agents.
Hypercholesterolemia was characterized by a fasting serum low-density lipoprotein
cholesterol level > 140 mg/dl on direct measurement (14) or current use of

lipid-lowering agents. Height (m) and body weight (kg) were used to calculate the BMI.

Coronary CT scan protocol and reconstruction

CT examinations were performed using a 64-slice CT scanner (LightSpeed VCT,
GE Healthcare, Waukesha, Wisconsin) with a gantry rotation time of 350 ms. In order to
avoid motion artifacts in patients with high heart rates, oral medication with 40 mg
metoprolol 60 min before the CT scan was administered to patients with a resting heart
rate > 60 beats/min. All patients received 0.3 mg nitroglycerin sublingually just before
scanning. A non contrast-enhanced scan with prospective electrocardiographic gating
was performed before CTA to measure the CAC score according to the Agatston method
(sequential scan with 16 x 2.5 mm collimation; tube current, 140 mA; tube voltage, 120
kV). Following a test bolus examination to determine the start of the contrast-enhanced
scan, retrospective electrocardiogram-gated CTA was performed using a helical mode
during an inspiratory breath-hold (64 x 0.625 mm collimation; CT pitch factor, 0.18 —
0.24:1; tube current, 600 — 750 mA with electrocardiogram correlated tube current
modulation; tube voltage, 120 kV). A body weight-adapted volume (0.6 — 0.7 ml/kg) of
contrast material (Iopamidol, 370 mg I/ml, Bayer Healthcare, Berlin, Germany) was
injected over the course of 10 seconds, followed by a saline flush of 25 ml. The
effective radiation dose was estimated based on the dose-length product and ranged
from 15 to 18 mSv (12).

Image reconstruction was retrospectively gated to the electrocardiogram.
Depending on the heart rate, either a half-scan (temporal window = 175 ms) or a
multi-segment (temporal window < 175 ms) reconstruction algorithm was selected, and
the optimal cardiac phase with the fewest motion artifacts was chosen individually. The
reconstructed image data were transferred to a remote computer workstation for
post-processing (Advantage Workstation Ver.4.2, GE Healthcare) and analyzed using
dedicated software (CardlQ™, GE Healthcare).

Evaluation of NCP characteristics

All coronary segments > 2 mm in diameter were evaluated by two blinded and
independent observers using curved multiplanar reconstructions and cross-sectional
images rendered perpendicular to the vessel center line. The definitions of NCP and
coronary calcium were as follows (12): NCP, a low-density mass > 1 mm? in size,



located within the vessel wall and clearly distinguishable from the contrast-enhanced
coronary lumen and the surrounding pericardial tissue; coronary calcium, a structure on
the vessel wall with a CT density greater than that of the contrast-enhanced coronary
lumen, or with a CT density of > 130 HU assigned to the coronary artery wall in a plain
image. For NCP and calcium analyses, the optimal image display setting was chosen on
an individual basis; in general, the window was between 700 and 1000 HU and the level
was between 100 and 200 HU.

We evaluated NCP characteristics on CTA by determining the minimum CT
density, vascular remodeling index, and adjacent calcium morphology, as previously
described (12). The minimum CT density was determined as the lowest density of at
least five regions of interest (area = 1 mmz), which was placed in each lesion in a
random order. Based on our comparison of CTA and IVUS data (12), we defined NCP <
38 HU (corresponding to IVUS-identified hypoechoic plaque) as a low-density plaque.
We then measured the cross-sectional vessel area (mm?) at each NCP site by manually
tracing the outer vessel contour (border to low-signal epicardial fat). Vascular
remodeling was assessed using the remodeling index, which was calculated by dividing
the cross-sectional lesion vessel area by the proximal reference vessel area. PR was
defined as remodeling index > 1.05 (12). Finally, we assessed calcium deposits in or
adjacent to each NCP by determining their presence or absence, and their morphology.
Spotty calcium was defined as follows: length of calcium burden < 3/, of the vessel
diameter and width <%/ of the vessel diameter (15).

Measurement of VAT area

In addition to cardiac scans, abdominal scans were performed at the 4 — 5th
lumbar levels in spine position, and single 5-mm slices were taken during suspended
respiration after normal expiration. The adipose tissue areas and waist circumference in
each subject were determined from an image at the level of the umbilicus using
dedicated software (Virtual Place, AZE Inc., Tokyo, Japan). Subcutaneous adipose
tissue was defined as extraperitoneal fat between the skin and muscles, with attenuation
ranging from —150 to —50 HU. Intraperitoneal fat with the same density as the
subcutaneous adipose tissue layer was defined as VAT. The adipose tissue areas were
determined by automatic planimetry. The waist circumference was determined at the
umbilicus level using a mobile caliper.

Statistical analysis

Categorical variables are presented as number of patients (percentage), and
continuous variables are expressed as means + standard deviation (SD) or medians
(interquartile range). We compared sex-specific clinical and CTA characteristics
between patients divided by the median values of VAT area. Differences between
patients with high and low VAT area were evaluated using y*-test for categorical
variables and Student’s t test or the Mann-Whitney U test for continuous variables. The



presence of NCP was assessed as a binary outcome and the extent of NCP was defined
as a continuous variable indicating the number of detectable NCPs. Stratified analyses
were also performed according to the vulnerable NCP characteristics (PR, low CT
density, and spotty calcium). Multivariate logistic and linear regression analyses were
performed to determine whether the association between VAT area and the presence and
extent of NCP was independent of age, sex, traditional risk factors (hypertension,
hypercholesterolemia, diabetes mellitus, current sinoking, and medications), and other
adiposity indices (BMI, subcutaneous adipose tissue, and waist circumference). We
further assessed the relationship between VAT area and the presence of vulnerable NCP
characteristics using age- and sex-adjusted, and multivariate logistic regression models
in a hierarchal fashion. All analyses were done using JMP 5.0.1 statistical software
(SAS Institute Inc, Cary, North Carolina). A p-value of < 0.05 was considered
statistically significant.

Results

Patient characteristics

Table 1 lists the clinical characteristics of the study patients according to the
median VAT area (men, 126 cm*, women, 91 cm?). Compared with patients with low
VAT area, those with high VAT area had a higher BMI, waist circumference, and
subcutaneous adipose tissue area, and a higher prevalence of hypertension,
hypercholesterolemia, and diabetes mellitus in both sexes. In addition, the triglyceride
and hemoglobin Alc levels were higher and that of high-density lipoprotein cholesterol
was lower in patients with high VAT in both sexes. With respect to medications, patients
with high VAT area had a higher prevalence of using antihypertensive agents in men,
and hypoglycemic agents in both sexes.

CTA plaque characteristics

Of 427 patients, 95 (22%) had no coronary plaques. Of the remaining 332 (78%)
patients, although only calcified plaques were observed in 72 (17%) and NCPs were
detected in 260 (61%, 189 men). A total of 576 NCPs were visualized (mean 2.2 + 1.1
per patient) and the NCPs were localized to the left main trunk (n = 57), left anterior
descending artery (n = 245), left circumflex artery (n = 103), and the right coronary
artery (n = 171). Of 427 patients, 120 patients (28%) had a > 50% stenotic lesion in at
least 1 coronary vessel. The number of patients with NCPs with PR (remodeling index >
1.05), low CT density (< 38 HU), and adjacent spotty calcium deposits was 166 (39%),
159 (37%), and 114 (27%), respectively. Seventy-one patients (17%) had NCP with all
three characteristics.

Comparisons of plague burden and vulnerable characteristics between patients



with high and lew VAT area

Figure 1 shows a representative CTA finding in a patient with high VAT area
presenting with unstable angina pectoris. Figure 2 shows the prevalence of NCP
characteristics in patients with high and low VAT area. Compared with patients with low
VAT, those with high VAT were more likely to have NCP in men (82% vs. 60%, p <
0.0001) and in women (56% vs. 33%, p = 0.003). In analyses stratified for vulnerable
NCP characteristics, patients with high VAT had a higher prevalence of NCP with PR
(59% vs. 30%, p < 0.0001), low CT density (55% vs. 34%, p = 0.0007), and adjacent
spotty calcium (41% vs. 26%, p = 0.01) in men and PR (41% vs. 18%, p = 0.001) and
low CT density (34% vs. 16%, p = 0.01) in women. The frequency of patients with NCP
with all three characteristics was higher in men with high VAT (29% vs. 13%, p =
0.001). Figure 3 shows the comparison of CAC score and the number of NCPs between
patients with high and low VAT. In both sexes, patients with high VAT area were more
likely to have high CAC score [138 (18 —342) vs. 60 (0 —292), p = 0.008 in men, 46 (0
— 246) vs. 0 (0 — 45), p = 0.0001 in women] and a greater extent of NCP distribution
(mean; 2.0 £ 1.4 vs. 1.3 + 1.3, p = 0.0001 in men, 1.2 + 1.4 vs. 0.7 £ 1.2, p = 0.007 in
women) than those with low VAT.

Multivariate associations of VAT area with NCP burden and vulnerable
characteristics

Table 2 shows the association between VAT area and clinical variables with the
presence and extent of NCP in all patients. In addition to age and traditional coronary
risk factors such as hypertension, hypercholesterolemia, diabetes mellitus, and current
smoking, increased VAT area (per 1-SD, 58 cm?) was significantly associated with the
presence [odds ratio 1.79; 95% confidence interval 1.22 to 2.77] and extent (B-estimate
0.34, p = 0.001) of NCP. Despite positive correlations between other adiposity
measurements and VAT (age- and sex-adjusted Pearsons’ correlation coefficient vs.
VAT: 0.65 for BMI, 0.77 for waist circumference, and 0.53 for subcutaneous adipose
tissue; p < 0.0001 for all), these adiposity variables had no associations with NCP. The
results of age- and sex-adjusted and multivariate analyses of the association between
VAT and vulnerable NCP characteristics are depicted in Table 3. Increased VAT area
was an independent factor associated with the presence of NCP with PR, low CT density,
and adjacent spotty calcium.

Discussion

In the present study, we showed that the amount of VAT was significantly
associated with the presence and extent of NCP, as detected by 64-slice CTA. This
association was independent of traditional coronary risk factors. Taken together with
our previous reports (6), the present data indicate that visceral adiposity was associated



with a higher likelihood of having CAD and, if present, more diffuse CAD compared
with patients without visceral adiposity. Importantly, the study also demonstrated that
high VAT area was significantly associated with the presence of NCP with PR, low CT
density, and spotty calcium, which may represent vulnerable characteristics, as
previously described (9, 12, 13). Thus, our data support the possibility that the
accumulation of VAT could contribute not only to the acceleration of atherosclerosis
but also to plaque vulnerability.

Association between VAT area and coronary plaque burden in 64-slice CTA

We have reported that the accumulation of VAT is an independent predictor of
the presence and extent of CAC by multi-detector CT (6). Despite several
epidemiological studies, there is a paucity of data regarding the direct association of
VAT with the distribution of NCP. While quantification of CAC is considered to
provide prognostic information (16), a recent CTA study suggested that the number of
NCPs with a calcified component (namely, mixed plaques) was an independent
predictor of acute cardiac events (17). In the present study, we found a positive
association between VAT accumulation and NCP burden using 64-slice CTA. These
findings may have important therapeutic implications that information about the plaque
burden determined by CTA may help to identify patients with visceral adiposity at high
risk for cardiovascular events and that identification of such patients is essential to
initiate aggressive therapeutic strategies, such as lifestyle modification and
pharmacological interventions.

The present data suggest that VAT accumulation accelerates atherosclerosis,
independently of traditional cardiovascular risk factors such as hypertension,
hypercholesterolemia, and diabetes. These observations may contribute to our
understanding that the nontraditional risk factors such as hyperinsulinemia and elevated
apolipoprotein B and small low-density lipoprotein particles, which are commonly
found in patients with visceral adiposity, may increase the risk of CAD beyond that
predicted by the presence of traditional risk factors (18). Notably, smoking showed the
higher odds ratio for NCP than VAT in a multivariate model, suggesting that it may
possibly facilitate the accumulation of VAT. Taking into account the previous report
that smoking habits are independently related to VAT (19), smoking may be the
potential confounder in the relation between VAT and CAD risk.

BMI was not significantly related to NCP in the present study. We have also
shown that BMI and VAT area were only moderately related, indicating that BMI and
VAT carry different information. Interestingly, we found that subcutaneous adipose
tissue tended to be protective for NCP, which confirms previous results that
subcutaneous adiposity has favorable effects on CAD (4).

Association between VAT area and the vulnerability of NCP

Several epidemiological studies have suggested that visceral adiposity is linked to

the development of ACS (4, 5). However, its association with coronary plaque



vulnerability is unclear. Several prior CTA studies have indicated that NCP is
associated, more so than calcified coronary plaque, with the occurrence of ACS (9).
Moreover, we previously documented that PR, low CT density, and adjacent spotty
calcium represent CTA-detected plaque vulnerability (13). In the present study, using
64-slice CTA, we provide definitive evidence of increased coronary plaque
vulnerability in patients with visceral adiposity.

Although there are many pathways by which visceral adiposity is causally linked
to atherosclerosis, one possible mechanism proposed recently is that adipocytokines
secreted from VAT, including tumor necrosis factor-o, IL-6, free fatty acids,
adiponectin, and plasminogen activator-1, may directly influence the vessel wall
atherogenic environment by regulating gene expression and function of endothelial,
arterial smooth muscle, and macrophage cells (20). For example, insulin resistance,
which is promoted by free fatty acids, is thought to increase atherogenesis and
atherosclerotic plaque instability by inducing proinflammatory activities in vascular and
immune cells (21). Furthermore, increased levels of plasminogen activator-1 can inhibit
plasminogen-induced migration of vascular smooth muscle cell proliferation, leading to
plaques that are prone to rupture with thin fibrous caps, necrotic cores and rich in
macrophages (22).

Taken together, our findings may partially explain the excess risk in visceral
adipose patients, suggesting that elevated VAT accumulation is associated with a
pro-inflammatory metabolic profile that is predictive of an unstable atherosclerotic
plaque. Therefore, stabilization of the atherosclerotic plaque may offer a legitimate
therapeutic target to reduce the risk of ACS in patients with visceral adiposity.

Study limitations

First, although our data support the notion that VAT is an important factor in the
pathogenesis of atherosclerosis, causality cannot be established since this is a
cross-sectional study. Prospective and larger population studies are needed to elucidate
whether the occurrence of CTA-detected vulnerable NCP in combination with increased
VAT area might be a useful tool to identify patients at high risk for cardiovascular
events. Second, the study population comprised patients with proven or suspected CAD;
thus, our results do not apply to patients with a lower probability of CAD. Finally, the
current appropriate clinical guidelines do not recommend screening with CTA because
of the high radiation exposure, the use of contrast agents, cost effectiveness, and limited
evidence (30). However, investigational studies using CTA should be encouraged to
better understand the role of detecting the plaque burden and vulnerability in patients
with visceral adiposity, which may help improve risk prediction and the prevention of
such events.

Conclusions
We have demonstrated that increased VAT is significantly associated with the



