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Abstract

Objective: Effects of potent free radical scavenger. edaravone. on oxidative stress-induced endothelial damage and early atherosclerosis were
investigated using animal models and cultured cells.

Methods and results: Endothelial apoptosis was induced by 5-min intra-arterial exposure of a rat carotid artery with 0.01 mmol/L H,O,.
Edaravone treatment (10 mg/kg i.p.) for 3 days suppressed endothelial apoptosis. as evaluated by chromatin staining of en face specimens at
24 h, by approximately 40%. Similarly, edaravone dose-dependently inhibited H,0,-induce apoptosis of cultured endothelial cells in parallel
with the inhibition of 8-isoprostane formation, 4-hydroxy-2-nonenal (4-HNE) accumulation and VCAM-1 expression. Next, apolipoprotein-E
knockout mice were fed a high-cholesterol diet for 4 weeks with edaravone (10 mg/kg i.p.) or vehicle treatment. Edaravone treatment decreased
atherosclerotic lesions in the aortic sinus (0.18 £ 0.01 10 0.09 £ 0.01 mm?, P<0.001) and descending aorta (5.09 £0.86 to 1.75 £ 0.41 mm?,
P <0.05). as evaluated by oil red O staining without influence on plasma lipid concentrations or blood pressure. Dihydroethidium labeling
and cytochrome ¢ reduction assay showed that superoxide anions in the aorta were suppressed by edaravone. Also, plasma 8-isoprostane
concentrations and aortic nitrotyrosine. 4-HNE and VCAM-1 contents were decreased by edaravone treatment.

Conclusions: These results suggest that edaravone may be a useful therapeutic tool for early atheroscler051s pending the clinical efficacy.
© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: Atherosclerosis; Reactive oxygen species; Free radical scavenger; Edaravone; 4-HNE: Apolipoprotein E knockout mouse

1. Introduction

Accumulating evidence has shown that stress-induced
injury of vascular endothelial cells (ECs) is an initial event in
the development of atherosclerosis [1]. In particular, oxida-
tive stress has been implicated in endothelial injury caused
by oxidized LDL and smoking as well as hypertension, dia-
betes and ischemia-reperfusion {1-3]. This notion is sup-
ported by the findings that the production of reactive oxygen
species (ROS) is upregulated in vascular lesions {4,5], and
that lesion formations such as endothelial dystunction [6]

' Corresponding author. Tel.: +81 3 5800 8832; fax: +81 3 5800 &883].
E-mail address: akishita-tky @ umin.ac.jp (M. Akishita).
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and atherosclerosis [7] are accelerated by superoxide anion
(0:*7).

Experimental studies have shown the protective effects
of antioxidants on atherosclerosis and endothelial injury.
Dietary antioxidants were reported to preserve endothelial
function [8.9] and inhibit atherosclerosis [10] in cholesterol-
fed rabbits. In a well employed animal model of atherosclero-
sis, apolipoprotein E knockout (ApoE-KO) mouse fed a high
tat diet, it has been shown that there was a significant increase
in basal superoxide products [ 11,12], and that both O»*~ lev-
els and aortic lesion areas were attenuated by treatment with
Vitamin E [11] or superoxide dismutase [13]. By contrast,
it has been reported that elimination of NAD(P)H oxidase
[14] or disruption of its subunit p47phox [15] had no effect
on lesion size in ApoE-KO mice. Clinical experiments have
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also shown that antioxidants such as Vitamins C and E can
ameliorate endothelial dysfunction in patients with hyper-
cholesterolemia or atherosclerosis [16,17], although recent
clinical trials have failed 1o prove the protective eftects of
Vitamin E on cardiovascular events in patients with risk fac-
tors | 18] and in healthy subjects [19].

Edaravone is a potent free radical scavenger that has
been clinically used to reduce the neuronal damage follow-
ing ischemic stroke [20]. Edaravone has promising prop-
erty to quench hydroxyl radical (*OH) and show inhibitory
effects on peroxynitrite (ONOO™) and both water-soluble
and lipid-soluble peroxyl radical (LOO®) [21,22]. Accord-
ingly, this compound exerts a wide range of antioxidant
activity on ROS beyond the effects of water-soluble or
lipid-soluble antioxidant vitamins. Based on this idea, we
hypothesized that edaravone would inhibit the process of
atherosclerosis.

To test this hypothesis, we investigated the effects of
edaravone in two experimental models. First, we examined
whether edaravone could inhibit hydrogen peroxide (H2Oa)-
induced EC apoptosis in a rat model [23] and cultured ECs.
Second, we examined whether edaravone could suppress the
atherosclerotic lesion formation in ApoE-KO mice.

2. Methods

2.1. Animals

Male Wistar rats aged 10~-12 weeks (Japan Clea), and male .

C57BL./6 mice and ApoE-KO mice on C57BL/6 background
aged 4—6 weeks (Jackson Laboratory) were used in this study.
All of the experimental protocols were approved by the Ani-
mal Research Committee of the Kyorin University School of
Medicine.

2.2. H;O;-induced EC apoptosis in rats and in culture

EC apoptosis was induced by 5-min intra-arterial treat-
ment of a rat carotid artery with 0.01 mmol/L H»O» as
previously described [23]. Briefly, edaravone (3-methyl-1-
phenyl-2-pyrazolin-5-one; 3 or 10mg/kg; donated by Mit-
subishi Pharma Corporation, Japan) or its vehicle was intra-
peritoneally injected daily for 3 days before H>O, treat-
ment. A catheter was placed in the common carotid artery
via the external carotid artery. The lumen was flushed with
saline, replaced with 0.01 mmol/L H>O» diluted with saline
for 5 min and recovered. At 24 h after H»,Oa treatment, EC
apoptosis was evaluated by chromatin staining of en face
specimens of the carotid artery using Hoechst 33342 dye.
Apoptotic cells were identified by their typical morpho-
logical appearance; chromatin condensation, nuclear trag-
mentation, or apoptotic bodies. The numbers of apoptotic
cells and intact cells were counted in 10 high-power fields
for each specimen by an observer blinded to the treatment
group.

Apoptosis of ECs isolated from a-bovine carotid artery
was induced as previously described [24]. Briefly, subcon-
fluent ECs were pretreated for 24 h with culture medium
containing edaravone or vehicle. After washing twice with
Hank’s balanced salt solution, the cells were exposed to
H>0» (0.2 mmol/L) diluted in Hank’s balanced salt solution
for 1.5h at 37 °C to induce apoptosis. Then ECs were cul-
tured in culture medium containing edaravone or vehicle until
assay. Apoptosis was evaluated at 24 h after H>O» treatment
as histone-associated DNA fragments using a photometric
enzyme immunoassay (Cell Death Detection ELISA, Roche),
according to the manufacturer’s instructions.

2.3. Atherosclerosis in ApoE-KO mice

ApoE-KO mice received a high-cholesterol diet (1%
cholesterol, 10% fat in CE-2 standard diet; Japan Clea)
for 4 weeks. Simultaneously, edaravone (10 mg/kg) or its
vehicle was intra-peritoneally injected daily throughout the
experiments. Body weight and systolic blood pressure were
recorded every week in a conscious state by the tail cuff
method (BP-98A; Softron, Tokyo).

At 4 weeks of treatment, mice were sacrificed with an
overdose of diethyl ether and perfusion-fixed. Atherosclerotic
lesions in the aortic sinus were quantified according to the
method described previously [25]. We also measured the sur-
face area of atherosclerotic lesions in the whole descending
aorta including the abdominal aorta just proximal to the iliac
bifurcation. En face specimens of the descending aorta were
stained with oil red O, photographed and analyzed using the
NIH image software. Total cholesterol, high-density lipopro-
tein cholesterol and low-density lipoprotein cholesterol in
mice plasma were determined by a commercial laboratory
(SRL, Japan).

2.4. Measurement of ROS

Aortic samples for ROS measurements were prepared
separately from those for atherosclerosis evaluation. At 4
weeks of treatment, ApoE-KO mice were sacrificed with
CO» inhalation. Descending aortas were rapidly removed and
placed into chilled modified Krebs/HEPES buffer. C57BL/6
mice fed a standard diet were also used as the con-
trol. To determine superoxide production in siru, frozen
cross-sections of the aorta were stained with 10 pmol/L
dihydroethidium (DHE; Molecular Probes), followed by
fluorescent microscopy [26]. Also, superoxide produc-
tion in aortic rings was quantified using the superoxide
dismutase-inhibitable cytochrome ¢ reduction assay as pre-
viously described |27]. Immunohistochemical detection of
3-nitrotyrosine in the aorta was visualized by diaminobenzi-
dine as reported previously | 28].

Intracellular production of superoxide anions was mea-
sured using DHE as described previously [29], and the inten-
sity values were calculated using the Metamorph software
{24]. Concentrations of 8-isoprostane (8-iso prostaglandin
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F>,) in the culture supernatants and mouse plasma were
measured using a commercially available EIA kit (Cay-
man Chemical). Culture supernatants were directly applied
to EIA, while plasma was applied to EIA after solid
phase extraction purification according to the manufacturer’s
instructions.

2.5. Western blotting

Western blotting was performed as previously described
{30], to detect the expression of VCAM-1 and 4-HNE in
cultured ECs and mouse aortas. Descending aortas were pre-
pared as described in ROS measurements. The antibodies
used in. this study were anti-4-HNE monoclonal antibody
(JaICA, Shizuoka, Japan), anti-VCAM-1 polyclonal anti-
body (Santa Cruz Biotechnology) and anti-3-nitrotyrosine
monoclonal antibody (Upstate). Densitometric analysis was
performed using an image scanner and the NIH software.

2.6. Data analvsis

All values are express as mean & S.E.M. Data were ana-
lyzed using one-factor ANOVA. If a statistically significant
effect was found, Newman—Keuls’ test was performed to iso-
late the difference between the groups. Differences with a
value of P <0.05 were considered statistically significant.

3. Results

3.1. Effects of edaravone on H;Q;-induced EC
apoptosis and ROS

As shown in Fig. 1A, edaravone dose-dependently inhib-
ited EC apoptosis in culture, which was induced 24 h after
H»> O, treatment. Edaravone was then employed in a rat model
of H2O»-induced EC apoptosis. Consistent with the in vitro
experiment, edaravone of 10 mg/kg/day decreased EC apop-
tosis of the rat carotid artery by approximately 40% (Fig. I B).

We next examined whether edaravone decreased ROS
production in the process of HyO;-induced EC apoptosis.
For this purpose, DHE fluorescent, a marker of intracellu-
lar production of superoxide anions, release of 8-isoprostane
into the culture supernatants and accumulation of 4-HNE,
a pivotal end-product of lipid peroxidation (31], were mea-
sured using cultured ECs. We also examined the expression
of VCAM-1 as a marker of endothelial injury or activation
[32]. Edaravone decreased DHE fluorescent, 8-isoprostane
formation and VCAM-1 expression at 3 h after H»O» treat-
ment in a dose-dependent manner (Fig. 2A-C). As shown
in Fig. 2D, multiple bands showing 4-HNE-Michael protein
adducts |33.34] were accumulated after H,O» treatment in
a time-dependent manner. Consequently, the ettect of edar-
avone on 4-HNE expression was examined at 3 h atter H,Oa
treatment (4.5 h after H-O» was initially added). Edaravone
decreased 4-HNE expression in a dose dependent manner.

Cultured EC

w
A

nN
i

(arbitrary unit)

DNA fragmentation

Ed (umolll.c; - - 0.1 10 10
H202(0.2mmol/L) - + + . .
(A)

Rat model

15

10

% Apoptotic cells

o_.
Ed (mg/kg)
(B)

Fig. 1. Effects of edaravone (Ed) on H>O;-induced EC apoptosis in culture
(A) and in a rat model (B). (A) Ed or its vehicle was added to the culture
medium 24 h before H,O; treatment until assay. EC apoptosis was evaluated
24 h after H2O; treatment (0.2 mmol/L) by means of DNA fragmentation.
Values are expressed as mean £+ S.E.M. (n=3). "P <0.05 vs. H,0; (+)+Ed
(—).(B) Ed or its vehicle was intraperitoneally injected once a day for 3 days
before H;O, treatment. At 24 h after H,O; treatment, apoptotic ECs were
counted per high power field and the ratio of the apoptotic cell number to
the intact cells was calculated using en face specimens of the carotid artery
stained with Hoechst 33342, Values are expressed as nean +: S.EM. (n=7).
P <0.05 vs. vehicle.

3.2. Effects of edaravone on atherosclerotic lesions and
ROS in ApoE-KO mice

In the next set of experiments, we examined whether edar-
avone could suppress the atherosclerotic lesions in ApoE-KO
mice fed a high cholesterol diet for 4 weeks. As shown
in Fig. 3A and B, atheromatous lesions both in the aor-
tic sinus and the descending aorta were smaller in mice
treated with 10 mg/kg/day edaravone than in those with vehi-
cle. This dose of edaravone did not influence body weight,
blood pressure or plasma LDL and HDL cholesterol levels
(Table 1).

Then, we examined whether the anti-atherogenic effects
of edaravone were associated with the decrease in ROS
production. Peroxynitrite formation was assessed as 3-
nitrotyrosine accumulation in the aorta {28]. Both immuno-
histochemistry and Western bloiting showed that edaravone
inhibited nitrotyrosine accumulation in the aorta of ApoE-
KO mice (Fig. 4A(a) and A(b)). Superoxide production
in situ was examined using DHE staining of the descend-
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Table }
Body weight, blood pressure and plasma lipid levels in ApoE-KO mice
treated with edaravone or vehicle

Vehicle Edaravone
Body weight (g) 214 £ 05 210 £ 05
Systolic blood pressure (mmHg) 106 £ 2 103+ 3
Total cholesterol (mg/dL) 1967 £+ 38 1872 £ 66
HDL cholesterol (mg/dL) 66 £ 6 82+9
LDL cholesterol (mg/dL) 602 + 24 602 £ 12

The values are shown as mean+ S.E. (= 14). There were no significant
differences in the values between the two groups.

DHE fluorescent

Veh

H,0,+Ed (0.1umol/L)

ing aorta. As shown in Fig. 4B, ethidium fluorescence,
which was amplified in ApoE-KO mice, was decreased by
edaravone treatment. A quantitative analysis by the super-
oxide dismutase-inhibitable cytochrome ¢ reduction assay
revealed that O»*~ levels in aortic rings of ApoE-KO mice
were decreased by 43% in edaravone-treated ApoE-KO
mice compared to those in vehicle-treated mice (Fig. 4C).
Consistent with these results, plasma 8-isoprostane lev-
els and 4-HNE expression in the descending aorta, both
of which were elevated in ApoE-KO mice compared to

H,0,+Ed (10umol/L)

80

60 4

20 4

Fluorescence intensity {arbitrary unit)

0
(b)
Ed (pmolil)

(A) H,0,{0.2mmoliL} -

* *
0.1 10
+ +

Fig. 2. Effects of edaravone (Ed) on DHE fluorescent (A) and 8-isoprostane formation (B). VCAM-1 expression (C) and 4-HNE expression (D) in cultured
EC. Ed or its vehicle was added to the culture medium 24 h before H2O- treatment until assay. DHE fluorescent (n = 6), 8-isoprostane concentration (n= 3)
and VCAM- 1 expression (n = 3) in the cell lysate were measured 3 h after H>0 treatment. Values are expressed as mean £ S.E.M. Time dependent changes of
1-HNE expression after H,0» treatment was detected by Western blotting. Representative image showed that 4-HNE-Michael protein adducts were accumulated
after treatment (D(a)). The major 97 kDa band was measured 4.5 h after H,O» treatment in the presence or absence of edaravone (D(b)). Values are expressed

as mean+ S.EM. (n=3). "P<0.05. 7P <0.01 vs. H:0, (+)+Ed (—).
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Fig. 2. (Continued ).

Aortic sinus
Vehicle Edaravone

(mm?) Lesion area
0.2 ' ‘ '
P<0.05
0.1
(1]
Veh Ed

(mm?)  Lesion area
Vehicle Edaravone

m | P<°‘01
(8)
Veh Ed

Fig. 3. Effects of edaravone on atherosclerotic lesion in ApoE-KO mice. ApoE-KO mice were fed a high-cholesterol diet for 4 weeks with the administration
of edaravone (10 mg/kg daily) or its vehicle by i.p. injection. (A) Oil red O-stained cross-sections of the aortic sinus (bar = 100 um) and morphometric analysis
of the lesions are shown. (B) Oil red O-stained en fuce specimens of the descending aorta (bar =5 mm) and morphometric analysis of the lesions are shown.
Values are expressed as mean + S.EM. (n=14).

(A)

Descending aorta
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those in wild-type C57BL/6 mice fed a normal chow, 4. Discussion
were decreased by edaravone treatment (Fig. 4D and E).
Finally, the increase in VCAM-1 expression in the aorta A number of studies have shown that ROS contribute to the
of ApoE-KO mice was attenuated by edaravone as well pathogenesis of endothelial dysfunction and atherosclerosis
(Fig. 4F). formation. In addition to O,°*~ that is predominantly pro-
Nitrotyrosine
{kDa)
220 —P
90—
66 —P
45 —p
6
=
S 4
2
g
£ 2]
<
04
Cs7BLE veh Ed
(a) (normal chow) ApoE-KO
ApoE-KO
C67BL/6

(normal chow) Vehicle Edaravone

~

(A) (bj

Fig. 4. Effects of edaravone (Ed) on ROS production {A-E) and VCAM-1 expression (F) in ApoE-KO mice. (A) Nitrotyrosine contents in the aorta was
examined by Western blot analysis (A(a), # =6) and immunohistochemistry (A(b)). Bar=50 pm. {B) Fresh-frozen cross-sections of the aorta were stained
with DHE, and representative fluorescent micrographs are shown (bar = 100 pm). {C) Superoxide anion in aortic rings was determined using SOD inhibitable-
cytochrome ¢ reduction assay (1 = 6). (D) 8-Isoprostane level in mouse plasma was measured with EIA (n=6). (E and F) Representative Western blotting for
4-HNE (97 kDa band) and VCAM-1 expression in the aorta and densitometric analysis are shown (7 = 3). Values are expressed as mean £ S.E.M. "P <0.05,
" P <0.01 vs. vehicle (Veh). C57/BL6 mice fed a normal chow serve as the control.
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Fig. 4. (Continued ).

duced via NAD(P)H oxidase [35], ®*OH as well as LOO® [36]
and ONOO™ [37] play a role in atherogenesis. In particular,
*OH is extremely strong in terms of oxidative activity and cel-
lular damage [38]. Therefore, it might be essential to scavenge
the wide range of ROS for the prevention of atherosclerosis.
As a matter of fact, recent clinical trials have denied the pro-
tective effects of Vitamin E, which predominantly reacts with
LOO* [39], on cardiovascular events [18,19].

Edaravone, a potent free radical scavenger with unique
properties, works by donating an electron from edaravone
anion to free radicals [22]. Edaravone quenches *OH and
inhibits both *OH-dependent and *OH-independent lipid per-
oxidation [22]. Edaravone shows inhibitory effects on both
water-soluble and lipid-soluble LOO-induced peroxidation
systems [22]. Edaravone also inhibits ONOO™-induced tyro-
sine nitration [22]. These properties are different from those
of water-soluble Vitamin C and lipid-soluble Vitamin E.

In the present study, we demonstrated that edaravone
suppressed endothelial apoptosis and fatty streak forma-
tion. Reduced expression of VCAM-1, a marker of vascu-
lar injury and activation [32], were corroborated with these
results. In cultured ECs, protein expression of VCAM-I
was induced as early as 3 h after HoO» treatment (actually
4.5h after addition of H»Oa, Fig. 2C). This is reasonable
based on our time course experiments (data not shown),
and is consistent with the previous reports that VCAM-
| protein has been induced 4-6h after cytokine stimula-
tion through an antioxidant-sensitive mechanism {40,41].
Although the experimental conditions were different between
the cell culture and animal studies, edaravone inhibited both
the rapid induction of VCAM-1 in cultured ECs and the
chronic upregulation of VCAM-1 in the aorta of ApoE-
KO mice, further supporting the vasoprotective effects of
edaravone.
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Edaravone has been clinically used as a neuroprotectant
in the treatment of ischemic stroke in Japan from 2001. The
dose of edaravone used in this study (intraperitoneal injection
of 10 mg/kg) has been reported to be comparable to that of
intravenous injection in clinical use in terms of plasma con-
centration [42]. This compound has been reported to preserve
endothelial function in ischemic brain [43] and ameliorate
ischemia-reperfusion injury in various organs such as kidney
|[44] and heart [45]. Also, edaravone has been shown to inhibit
pressure overload-induced cardiac hypertrophy [42]. To our
knowledge, however, the effect of edaravone on atheroscle-
rosis has never been reported till now.

The effects of edaravone on endothelial injury and
atherosclerosis were associated with the decrease in ROS
production including peroxynitrite, superoxide anion and
8-isoprostane, suggesting the mechanistic role of antioxi-
dation in vascular protection. Edaravone also inhibited the
expression of 4-HNE in vascular tissues, further indicating
the antioxidant activity and suggesting the signaling cas-
cade leading to endothelial injury, because 4-HNE triggers
cellular damages through the MAP kinase pathway as an
end-product of ROS [34]. Antioxidant effects of edaravone
on lipoproteins were not determined in the present study
because of the methodological limitation in mice. It has been
reported, however, that edaravone can inhibit oxidative mod-
ification of low-density lipoprotein in vitro and in rats [46].
Consequently, it is likely that reduced lipoprotein oxidation
would have played a role in the anti-atherosclerotic effects
of edaravone in ApoE-KO mice. Furthermore, edaravone has
been reported to stimulate the expression of endothelial nitric
oxide synthase in cultured ECs [46] and the artery [47],
leading to the increased production of nitric oxide. Taken
together with the effects on peroxynitrite formation, edar-
avone might synergistically increase the availability of nitric
oxide, which exerts vasoprotective and anti-atherosclerotic
action.

The effects of edaravone on advanced and complicated
lesions of atherosclerosis were not investigated in this study.
Neither, the effects on plaque ruptures nor consequent car-
diovascular events are known. This study demonstrated that
edaravone might be a potential new therapeutic agent for
the prevention and treatment of early atherosclerosis. For
the purpose of chronic use, however, the innovation of drug
preparation for oral administration is necessary. Another
application of edaravone might be the prevention of restenosis
after percutaneous coronary interventions, since ROS plays
an important role in neointimal formation after angioplasty
[48]. Intravenous injection of edaravone for several days
might inhibit neointimal formation in addition to ischemia
reperfusion injury of cardiomyocytes [45]. Taken together,
edaravone is expected to show protective effect on ROS-
related vascular diseases beyond cerebral infarction.

In summary, edaravone, a free radical scavenger
with unique properties, attenuated oxidative stress-induced
endothelial damage in rats and early atherosclerosis in ApoE-
KO mice in association with the inhibition of ROS formation.

These findings provide new information on the role of ROS in
atherogenesis and the therapeutic strategy for atherosclerosis.
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Objective: The objective was to test effects of aerobic
exercise training on metabolic syndrome (MetSyn) im-
provement in response to weight reduction. '
Research Methods and Procedures: A total of 459 over-
weight and obese women (age, 49 = 9 years; BML, 28 = 3
ke/m?) were recruited for a baseline examination (o test the
relationship between cardiorespiratory fitness and metabolic
syndrome prevalence: among these, 67 subjects with
MetSyn were treated with 14-week weight-loss programs,
which included low-calorie diet and aerobic exercise. The
MetSyn was defined according to the Examination Com-
mittee of Criteria for “Metabolic Syndrome™ in Japan. Max-
imal oxygen uptake (VO,,,,,,) during a maximat cycling test
was measured as an index of cardiorespiratory fitness at
baseline and after the intervention.

Results: In the baseline examination, age- and BMI-ad-
justed odds ratios for MetSyn prevalence in the Jow, middle,
and upper thirds of V0,,,. were 1.0 (referent), 0.50 (V5%
confidence interval, 0.26 to 0.95), and 0.39 (95% confi-
dence interval, 0.14 t0 0.96), respectively (linear trend, p =
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0.02). The adjusted odds ratios for MetSyn improvement in
the two interventions with diet alone and diet plus exercise
were 1.0 and 3.68 (95% confidence interval, 1.02 o 17.6:
p = 0.04), respectively.

Discussion: These results suggest that adding aerobic ex-
ercise training to a dietary weight-reduction program further
improves MetSyn (adjusted odds ratio, 3.68) in obese
women, compared with diet alone. Further studies on an
association between V0, change and MetSyn improve-
ment are needed.

Key words: exercise intervention, diet, aerobic exercise,
metabolic syndrome

Introduction

Metabolic syndrome is a cluster of interrelated risk fac-
tors (visceral obesity, dyslipidemia, hyperglycemia, and hy-
pertension) (1) that increase susceptibility to cardiovascular
disease (2,3) and type 2 diabetes (4,5). The National Cho-
lesterol Education Program’s Adult ‘Treatment Panel 111
report (6) stated that the increasing prevalence of obesity
has been accompanied by a parallel increase in the preva-
lence of metabolic syndrome, which together constitutes the
“obesity epidemic.”

Cross-sectional data indicate that high levels of cardio-
respiratory fitness are associated with low prevalence of
metabolic syndrome (7-9). Several prospective studies have
found that cardiorespiratory fitness is a significant predictor
for metabolic syndrome incidence (10,11). Another study
found that 20 wecks of aerobic exercise training reduced
metabolic syndrome prevalence (12). Clinical intervention
studies in obese people have also revealed that regular
acrobic exercise (raining clearly improves risk factors for
metabolic syndrome (13.14).

Detecting metabolic syndrome in asymptomatic obese
individuals is useful in identifying high-risk individuals for
intensive primary preventive therapy (15), and litestyle
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therapy is recognized as an important approach in the var-
ious clinical and educational settings of obesity treatment.
However, little is known of the effects of diet and/or acrobic
exercise training on metabolic syndrome improvement in
obese individuoals.

We have investigated these issues in overweight and
obese Japanese women. On the basis of the studies cited
above, we hypothesized that change in cardiorespiratory
fitness, defined as maximal oxygen uptake (VO,,,,,)". would
be a predictor for improvement in metabolic syndrome in
obese subjects during weight reduction. We first determined
whether cardiorespiratory fitness was assoctated with met-
abolic syndrome prevalence at baseline. Next, we assigned
subjects with metabolic syndrome 1o (wo treatment groups,
which received diet therapy alone or with aerobic exercise
training, and we investigated the effects of cardiorespiratory
fitness change and these two treatments on metabolic syn-
drome improvement during weight reduction.

Research Methods and Procedures

Subjectys

Participants were sedentary overweight and obese Japa-
nese women who were recruited through advertisements in
local newspapers in Ibaraki prefecture, Japan, and partici-
pated in a 14-week weight-reduction program between 2000
and 2004. Before the program, we excluded subjects who
smoked, had concomitant renal, hepatic, or cardiac disease,
or were being treated with hormone replacement or drugs,
which could affect the variables of the study. Consequently,
459 women, 34 10 66 years of age, were chosen as subjects
(Table 1) after they met the following criteria: 1) sedentari-
ness, defined as exercise-induced energy expenditure of
<60 minutes/wk, and 2) overweight or obesity, defined as a
BMI of, respectively, >25 kg/m? and >30 kg/m? (16). Of
these women, 185 were postmenopausal and 274 were pre-
menopausal. Menopause was defined as the absence of
menses for at least 12 months, as reported by questionnaire.
This study conformed to the principles outlined in the
Helsinki Declaration and was approved by the Review
Board of the University of T'sukuba. The aim and design of
the study were explained to each subject before she gave her
written, imformed consent.

Research Procedures

First, we cross-sectionally examined the relationship be-
tween cardiorespiratory fitness and metabolic syndrome
prevalence in all subjects. Next, 67 subjects were diagnosed
as having the metabolic syndrome according to the criteria
for the Japanese population, which are described below

tNonstandatd abbreviaiions: VO apaae Nt onygen uplake: CT. cotputed omography
Cl. confidence interval

Table 1. Bascline characteristics of subjects (n =
439)
Characteristic Value

Age (yrs) 49 x99
BMI (kg/m?) 275+ 34
Waist (¢cm) 99.4 £ 95
Visceral fat arca (em?) 96 £ 47
Systolic BP (mm Hg) 132 £ 18
Diastolic BP (mm Hg) 83 £ 11
Triglycerides (mM) 1.21 £ 0.86
HDI.-C (mM) 1.64 * 0.3Y
Glucose (imM) 549 = 1.16
VO, (ML/Ke per min) 252 +40
Vs (mL/min) 1714 + 280
Visceral fat obesity (%) 42
High BP (%) 54
High triglycerides (%) 16
Low HDL-C (%) 2
High glucose (%) 13
No. of subjects with metabolic syndrome

(%) 67(15)

BP. blood pressure: HDL-C. high-density lipoprotein cholesterol:
Vi), Maximal oxygen uptake. Values are mean = SI) unless
specified otherwise.

(17). To increase subjects” adherence to the weight loss
programs, the subjects” personal lifestyles (occupations,
daily schedules, etc.) and preferences were taken into ac-
count, and the 67 subjects were assigned 0 (wo 14-week
weight-reduction programs cousisting of a low-calorie diet
(n = 24 target energy intake. 1200 kcal/d) or the diet-plus-
aerobic exercise (n = 43). Three subjects in the diet alone
eroup and 5 in the diet plus exercise group were unable to
complete the study successfully for personal reasons. As a
consequence, 21 subjects in the diet alone group and 38
subjects in the diet plus exercise group completed the study
requirements. Assays and measurements were carried out
before and after the [4-week intervention period. We pro-
spectively examined the relationship between cardiorespi-
ratory fitness change and metabolic syndrome improvement
in response to weight reduoction.

Anthropometric Variables

Body mass was measured to the nearest 0.1 kg using a
digital scale, height was measured to the nearest 0.1 c¢m
using a wall-mounted stadiometer, and BMI was calculated
as mass (kg) divided by height squared (m?). Waist girth
was measured to the nearest 0.1 em at the level of the
umbilicus with subjects in the standing position.

OBESITY Vol. 15 No. 10 October 2007 2479
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Visceral Fat Area by CT Scans

Visceral fat area (¢cm?) was measured at the level of the
umbilicus (L4 -1.5) using computed tomography (CT) scans
(SCT-6800TX, Shimadzu, Tokyo, Japan) performed on
subjects in the supine position and was calculated using a
compulter software program (FatScan. N2system, Osaka,
Japan) (18). The intra-class correlation for repeated deter-
minations of visceral fat area in our laboratory was 0.99.

Definition of Metabolic Syndrome

For the Japanese population, the Examination Commitiee
of Criteria for “Metabolic Syndrome™ in Japan (17) defined
metabolic syndrome as the presence of visceral fat obesity
(visceral fat area 2100 ¢m?) and 1two or more of the fol-
lowing criteria: 1) triglycerides =1.70 mM (150 mg/dL)
and/or high-density lipoprotein cholesterol <1.04 mM (40
mg/dl.), 2) systolic blood pressure =140 mm Hg and/or
diastolic blood pressure =90 mm Hg, and 3) fasting plasma
elucose 6.1 mM (110 mg/dL). Systolic and diastolic blood
pressures were taken from the left arm using a sphygmo-
manometer alter the subjects rested at least 20 minutes in @
sitting position. Cuff sizes were selected based on upper arm
eirth and length. A blood sample of ~10 mL was drawn
from each subject after an overnight fast. Triglycerides were
determined enzymatically, and fasting plasma glucose was
assayed by a glucose oxidase method. Serum high-density
lipoprotein-cholesterol was measured by the heparin-man-
vanese precipitation method.

Maximal Oxygen Uptake

Maximal oxygen uplake (VOs,,... ml/kg per min and
mL/min) was determined during a graded exercise test using
a cycle ergometer (818E, Monark, Stockholm, Sweden).
After a 2-minute warm-up, the subject started with a work-
load of 15 W, which was increased by 15 W each minute
until volitional exhaustion occurred. Pulmonary ventilation
and gas exchange were measured breath-by-breath with an
online data acquisition system (Oxycon « System, Mijn-
hardt, Breda, Netherlands).

Diet and Exercise Regimens

Dietary Protocol. Subjects were instructed to take a well-
balanced supplemental food product (MicroDiet, Sunny-
Health, Nagano, Japan) every day. It was developed for very

low-energy diets (170 keal per pack) and is comprised of

protein, carbohydrates, fat, various amino acids, vitamins,
and minerals. Two other meals per day were allowed, con-

sisting, on average, of 240 kcal of protein, 480 kcal of

carbohydrate, and 240 kcal of fat. Subjects also kept daily
food diaries during the l4-week intervention period and
learned about proper daily nutrition through weekly lectures
and counseling by skilled dieticians.

Evercise Protocol. In addition 1o restricting energy in-
take, the subjects from the diet plus exercise training group

2480 OBESITY Vol. 15 No. 10 October 2007

performed a bench-stepping exercise 3 diays/wk for 45 min-
ttes per session, supervised in the hospital by two or three
physical trainers. The bench-stepping exercise is a combi-
nation exercise of low impact aerobic dance and stepping
with a step bench (10 to 20 cm high) (19). The exercise
started with basic steps for the first 4 weeks and then
progressed to combination of basic steps and lunge steps for
the next 6 weeks, and finally progressed to more advanced
lunge steps tor the last 4 weeks. Subjects were instructed to
perform the aerobic dance at a level that raised their heart
rate 0 70% 1o 85% of the corresponding heart rate at their
VOsmax- The target Borg's scale (ratings of perceived exer-
tion) (20) ranged from 13 (fairly hard) to 17 (very hard).

Statistical Analysis

Values are mean £ standard deviation. Paired 1 tests were
used to assess differences between variables before and
after the weight-reduction intervention pertod. Unpaired ¢
lests were used to test difference in variables between the
two treatment groups. Qualitative data were analyzed by a
x° test. We used logistic regression 1o estimate odds ratios
and 95% confidence intervals (ClIs) as an index of the
strength of associations between cardiorespiratory fitness
and metabolic syndrome prevalence or improvement, and
between treatment (diet alone vs. diet plus exercise) and
metabolic syndrome improvement. Multivariate analyses
were adjusted for age (years), menopause (yes/no). BMI
(kg/m?), and body weight change (kg). General linear model
analyses [repeated-measure two-by-two way (baseline vs.
after treatment) ANOVA with post hoc tests] were used to
test for difference in measurement variables between groups
with diet alone and diet plus exercise, and between baseline
and after treatment. In each statistical analysis, probability
values below 0.05 were regarded as significant. The data
were analyzed with the Statistical Analysis System, version
9.01 for Microsoft Windows (SAS Institute, Inc., Cary,
NC).

Results

At baseline, we observed an inverse gradient (linear
trend, p < 0.05) of age- and BMI-adjusted odds ratios for
metabolic syndrome prevalence in the low (average VOy ..
20.8 mL/kg per min), middle (average VO, 25.2 ml/kg
per min), and upper (average Vs 29.5 mL/kg per min)
thirds of V0,,.... They were 1.0 (referent), 0.50 (95% C1,
0.26 1o 0.95), and 0.39 (V5% C1, 0.14 10 0.96), respectively
(lincar trend, p = 0.02) (Table 2). The significant trend
(linear trend, p = 0.03) remained after adjustment for age,
BMI, and menopausal status. The adjusted risks of meta-
bolic syndrome were 48% (—67% 10 75%) and 63% (—4Y 10
87%) lower in the middle and upper thirds of fitness,
respectively, compared with the lower third. On average,
each 1 mL/kg per min increment in Vos,,,,, Was associated
with 7% lower risk of metabolic syndrome.
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Table 2. Qdds ratios and 95% Cls for metabolic syndrome according to Voo, (ml/kg per min)

VO, tertile

Linear trend

Covariates Low Middle High )

All (n = 459)

No adjustment 1.0 (referent) 0.38 (0.21 10 0.68) 0.13(0.05100.28) <0.001

Age, baseline BMI 1.0 (referent) 0.50 (0.26 10 0.9 0.39 (0.14 to 0.96) 0.02

Agé. menopause, baseline BMI 1.0 (referent) 0.52 (0.25 10 1.06) 0.37 (0.1310 1.04) 0.03
Postmenopausal (n = 143)

No adjustment 1.0 (referent) . 0.39 (0.15 10 0.96) 0.24 (0.08 10 0.66) <0.01

Age, baseline BMI 1.0 (referent) 0.45(0.16101.21H 0.45(0.1310 1.47) 0.14
Premenopausal (7 = 212)

No adjustment 1.0 (referent) 0.35 (0.0 10 1.12) 0.18 (0.03100.70) 0.02

Age, baseline BMI 1.0 (referent) 0.53(0.13 10 1.83) 0.34 (0.06 to 2.14) 0.26

ClL confidence interval: Vo, . maximal oxygen uptake.

Sixty-seven women (15% of all subjects) were diagnosed
as having metabolic syndrome. The subjects were assigned
to two groups, treated with a low-calorie diet (n = 24) or the
diet-plus-aerobic exercise training (n = 43) (Table 3). Three
subjects in the diet alone group and five in the diet plus
exercise group were unable to complete the weight-reduc-
tion program successfully, for personal reasons. Conse-
quently, 21 subjects in the diet alone group and 38 subjects
in the diet plus exercise group were included in the final
analysis. The average weight reductions in the diet group
and diet plus exercise group were 6.0 kg and 8.8 kg,
respectively. The prevalence of metabolic syndrome and
metabolic syndrome risk factors was significantly decreased
and improved in both groups. For the group treated with diet
alone, of the 21 subjects with the metabolic syndrome at
bascline, 15 (719%) were no longer diagnosed with the
metabolic syndrome after the weight-loss treatment. For the
eroup treated with diet plus exercise, of the 38 subjects with
the metabolic syndrome at baseline, 36 (95%) were no
longer diagnosed as having the metabolic syndrome after
the weight-loss treatment.

We next examined whether treatment (diet alone vs. diet
plus exercise) affected metabolic syndrome improvement in
response 1o weight reduction (Table 4). The adjusted odds

ratios in the groups with diet alone and diet plus exercise for

metabolic syndrome improvement were 1.0 (referent) and
3.68 (95% CI, 1.02 to 17.6: linear wrend, p = 0.04).

Discussion
Several organizations have recommended clinical criteria
for the diagnosis of the metabolic syndrome (1.21). There

are some slight differences in the criteria for diagnosis of

the metabolic syndrome used by these organizations. Ac-
cording to the delinition of the World Health Organization
(22), insulin resistance is a required component and two
other risk factors are sufficient for a diagnosis of metabolic
syndrome. The National Cholesterol Education Program’s
Adult Treatment Panel IIT has stated that when three of five
listed characteristics are present, a diagnosis of metabolic
syndrome can be made (6). The criteria of the International
Diabetes Federation include “central obesity™ as an essential
component and ethnic-specific values for waist girth (23). In
the present study, we used Japanese-specific criteria recom-
mended by the Examination Committee of Criteria for Met-
abolic Syndrome in Japan (17). This is in accordance with
the International Diabetes Federation definition, whereas a
stight difference was found in the criteria of low high-
density lipoprotein cholesterol and high fasting plasma glu-
cose between the two organizations. It is well known that
Japanese individuals are likely to develop obesity-related
disorders with even mild obesity (24). [nter-relations among
anthropometric variables, body composition, fat distribu-
tion, and lipid/glucose metabolism, which may be affected
by genetic factors, are quite different in the Japanese, U.S,,
and European populations. Therefore, we decided (0 use the
Japanese-specific definition of metabolic syndrome.

A few prospective studies have revealed that physical
activity and cardiorespiratory fitness are predictors of mel-
abolic syndrome incidence (10,11). One study reported that
a 20-week supervised acrobic exercise training reduced
metabolic syndrome prevalence by 31% (12). The subjects
in the above studies, however, were not all obese. Clinical
intervention studies have shown that regular acrobic cxer-
cise training clearly improved risk factors for metabolic
syndrome in obese people (13.14), but no study, w0 our

OBESITY Vol. 15 No. 10 October 2007 2481

— 288 —



Aerobic Exercise and Metabolic Syndrome, Okura et al.

Table 3.
(n = 59)

Descriptive characteristics of subjects with metabolic syndrome at bascline (n = 67) and after trecaument

Diet alone

Diet plus exercise

Baseline After treatment Baseline After treatment
(n = 24) (n =21) 4 (n = 43) (n = 38) )4

No. of subjects

With metabolic syndrome 24 6 43 2

Without metabolic syndrome ‘ 0 15 <0.001 0 36 <0.00]
Age (yrs) 52+8 , 556
BMI (kg/m?) 304 £49 27.1 =43 <0.001 292=*x23 258 £22 <0.001
Visceral fat area (¢cm™) 161 £ 52 119 £ 45 <0.001 136 = 24 92 + 26 <0.001
Systolic BP (mm Hg) 150 = 15 133 £ 11 <0001 147x19 133 = 16 <0.001
Diastolic BP (mm Hg) 91 + 10 87 Y <0.05 89 * 10 81 £ 10 <0.01
Triglycerides (mM) 1.77 £ 0.75 1.23 £ 0.55 <0.001 2.19 * 094 1.09 = 0.29 <0.001
HDL-C (mM) 1.43 £ 0.34 1.46% 0.29 NS 1.43 £0.34 1.51 £ 0.29 <0.05
Glucose (mM) 6.82 x 227 577 £2.27 <0.01 699 *+ 211 560 % 1.11 <0.001
VOs0 (IML/KE per min) 226+ 34 240 £ 35 <0.05 229 *32 27.0 £ 38 <0.001
Vs, (M1 /min) 1617 = 320 1584 + 291 NS 1596 = 258 1657 = 284 NS
Visceral [at obesity (%) 100 76 <0.001 100 47 <0.001
High BP (%) 96 76 <(.001 84 74 <0.01
High wriglycerides (%) 58 48 <0.05 67 13 <0.001
Low HDL-C (%) 8 5 NS 10 5 NS
High glucose (%) 67 48 <0.01 58 34 <0.01

BP. blood pressure: HDIL-C. high-density lipoprotein cholesterol: Vo, . maximal oxygen uptake: NS. not significant. Values are mean *
standard deviation unless otherwise specified. Qualitative data were analyzed by a x? test.

knowledge, has confirmed the improvement of metabolic
syndrome with increased cardiorespiratory fitness. To our
knowledge, the present study is, therefore, the first to in-
vestigate the association between cardiorespiratory fitness
and metabolic syndrome in overweight and obese populations.

Table 2 suggests that, even with overweight and obesity,
high VO, is associated with low prevalence of metabolic
svndrome. This finding is in accordance with previous

cross-sectional studies on the association of physical activ-
ity and cardiorespiratory fitness with the prevalence of
metabolic syndrome (7-9). In obese patients, high cardio-
respiratory fitness may prevent metabolic syndrome. Hence,
clinicians should counsel their sedentary patients with obe-
sity to become more physically active.

It is well known that an excess visceral fat accumulation
is strongly associated with a high prevalence of risk factors

Table 4.
treatment

Odds ratios and 95% confidence intervals for improvement of metabolic syndrome according to
Y 0

Treatment

Diet alone

Diet plus exercise Linear trend (p)

No adjustment
1.0 (referent)

Adjusted for age and body weight chunge
1.0 (referemt)

7.20(1.47-53.1) 0.02

3.68 (1.02-17.6) 0.04
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for coronary heart discase, such as lipid metabolic disorders,
hypertension, and type 2 diabetes. Moreover, several studies
have shown that the visceral fat area above which metabolic
disturbances increase is 100 or 110 em® (25,26). Japan
Society for the Study of Obesity has adopted visceral fat
area of 100 ¢em? as the cut-off point for diagnosing high-risk
obesity (16). Our data showed that average visceral fat area
became <100 ¢m® in the group treated with diet plus
exercise after weight loss, but that still remained >100 cm?
in the group with diet alone. Table 3 shows that, although
the prevalence of metabolic syndrome and metabolic syn-
drome risk factors was significantly decreased in both
aroups, the decreases tended to be larger in the group with
diet plus exercise compared with the diet alone group. These
data were accordance with previous studies on the associa-
tion of visceral fat accumulation with the prevalence of risk
factors for coronary heart disease.

In the present study, relative values of Vo, . (unil,
ml/kg per min) increased significantly between baseline
and after weight reduction, whereas a significant increase
was not found in absolute values of Vo, (unit, mL/min),
even in the group treated with diet plus exercise. A study
design that includes exercise of higher intensity and greater
frequency and a longer intervention period, which could
increase cardiorespiratory fitness, might be needed.

Acrobic exercise training may, however, be essential in
treating obese patients with metabolic syndrome, even if the
exercise does not increase their Vo,,,... The adjusted odds
ratio for metabolic syndrome improvement in our study was
3.68 in the group with dict plus exercise training compared
with diet alone, when adjusted for age and body weight
change. That is to say, adding aerobic exercise training to
dietary weight reduction may bave a synergistic effect on
the improvement of risk factors for metabolic syndrome.
This is partly supported by our previous studies (27,28). In
one (27), we found that the addition of exercise training
contributes to the maintenance of fat-free mass and might be
more etfective for improving physical fitness and risk fac-
tors for coronary heart disease during weight reduction in
obese women, compared with diet alone. Another study
revealed that a 14-week weight-loss program with diet plus
aerobic exercise training reduced visceral adipose tissue by
a factor of 1.3 (dict plus exercise, 49.3 em?: diet alone, 37.8
em? by CT scans) compared with diet alone. after adjust-
ment for age, menopausal status, and body weight reduction
(28). These studies suggest that adding aerobic exercise
training to a dietary weight-reduction program further re-
duces visceral adipose tissue and further improves coronary
heart disease risk tuctors compared with diet alone. even it
weight reduction is the sume with either treatment.

This study has some limitations. Our findings apply pri-
marily to overweight and obese Japanese women. Although
the external validity of our data is limited. the homogeneity
of our subjects reduces confounding by sociodemographic

factors, thus enhancing its internal validity. Second, sub-
jeets were not randomized to the treatments. Because our
goal. in particular, was 1o increase subjects” adherence to
the weight loss programs, the subjects’ personal lifestyles
and preferences were preferentially taken into account. Con-
sequently, the numbers of subjects were imbalanced in two
treatment groups. The study design without randomization
may be concomitant with a type Il error because of some
confounding variables. This factor might partly preclude
our definitive conclusion. However, at baseline, no differ-
ences were found in any variables between the groups
treated with diet alone and with diet plus exercise. This
suggests that assigning rather than randomizing subjects had
little, if any, influence on the measurement variables.

In summary, our cross-sectional data suggest that, for
overweight and obese women. a physically active lifestyle
and maintenance of high cardiorespiratory fitness can be
useful in primary prevention of metabolic syndrome. Our
interventional study revealed that, for overweight and obese
women with metabolic syndrome, adding aerobic exercise
training to dietary weight reduction is a more effective
(adjusted odds ratio = 3.68) treatment for improving met-
abolic syndrome than diet alone. However, weight-loss in-
tervention trials of longer duration, with more frequent,
higher-intensity exercise training and larger samples of
obese patients with metabolic syndrome are needed to con-
firm the association between cardiorespiratory fitness
change and metabolic syndrome improvement.
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Abstract Adipose tissue, which classically has been consid-
ered as an energy-storing organ. is now viewed as a massive
source of bioactive substances such as leptin, tumor necrosis
factor (TNF)-a, and adiponectin. Adiponectin was discov-
ered to be the most abundant adipose-specific transcript. Its
function had been unclear, but epidemiological and clinical
studies have demonstrated that serum levels of adiponectin
are inversely associated with body weight, especially ab-
dominal visceral fat accumulation. In addition. adiponectin
was inversely related to cardiovascular risk factors, such as
insulin resistance, blood pressure. and low-density lipopro-
tein (L.LDL) cholesterol and triglyceride levels, and was posi-
tively related to high-density lipoprotein (HDL) cholesterol
levels. Moreover. low adiponectin concentration is associ-
ated with a high incidence of cardiovascular disease (CVD),
diabetes, some kinds of cancer, and other various diseases.
These associations suggest the clinical significance of adipo-
nectin, and a number of investigations are now being con-
ducted to clarify the biological functions of adiponectin.
Recent studies have revealed that adiponectin exhibits
antiinflammatory. antiatherogenic, and antidiabetic proper-
ties. In addition, adiponectin has been thought to be a key
molecule in “metabolic syndrome,” which is an epidemio-
logical target for preventing cardiovascular disease. Various
functions of adiponectin may possibly serve to prevent and
treat obesity-related diseases and CVD. Furthermore, en-
hancement of adiponectin secretion or action may become
a promising therapeutic target.

Key words Adiponectin - Visceral fat - Adipocytokine -
Cardiovascular discase - Metabolic syndrome
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Introduction: the discovery of adiponectin

Obesity, in particular, abdominal visceral fat accumulation,
is an important risk factor for hyperlipidemia, diabetes
mellitus. hypertension, cardiovascular disease (CVD),
and some kinds of cancer. However, the molecular mecha-
nism underlying these linkages had not been previously
elucidated. We investigated the characteristics of adipose
tissue by analyzing the gene expression profile in visceral
and subcutaneous fat in the human complementary DNA
project.” Of approximately 1000 independent clones, 60%
of the whole genes were already identified as known human
genes. The remaining 40% of genes were novel genes.”
Although adipose tissue was considered as an energy-
storing organ, we found unexpectedly high frequencies of
the genes encoding secretory proteins.’ In subcutancous
adipose tissue, approximately 20% of all known genes
were the genes encoding secretory protein (Fig. 1).%}
Furthermore, its frequency reached approximately 30% in
visceral adipose tissue. In addition, leptin and tumor ne-
crosis factor (TNF)-a had been well recognized as bioactive
substances [rom adipose tissues that regulate the functions
of other organs. We named these adipose tissue-
derived bioactive substances adipocytokines,” although
some of them are not cytokines according to the classical
category.

We identified the gene that expressed most abundantly
and specifically in adipose tissue in 1996." The molecule
encoded by this gene, adipose most abundant gene tran-
script-1 (apM-1), possesses a signal peptide and collagen-
like motif (Fig. 2).! We termed this matrix-like protein
adiponectin. Adiponectin was independently isolated from
human plasma as gelatin-binding protein-28." The mouse
homologue of adiponectin was cloned as ACRP30 and
AdipoQ at the same time.™* However. the signiticance of
this novel molecule was unclear. Then, we developed a
method for the measurement of plasma adiponectin levels
using an enzyme-linked immunosorbent assay.” Mcasure-
ment of plasma adiponectin revealed the clinical signifi-
cance of adiponectin.
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Fig. 1. The high frequency of genes for secretory proteins in adipose
tissue. Although adipose tissue has been considered to be an energy-
storing organ, an unexpectedly high frequency of the genes encoding
secretory proteins is demonstrated. In subcutaneous adipose tissue.
approximately 20% of all known genes are the genes encoding secre-
tory protein. Furthermore, its frequency reaches approximately 30%
in visceral adipose tissue. [Reproduced with permission from Maeda
et al.” (1997) Gene 190:227-235; Funahashi et al.’ (1999) Intern Med
38:202-206}

Fig. 2. Structure of adiponectin. This 244-amino-acid protein contains
a signal sequence, and a collagen-like domain at the N-terminus and a
Clq-like globular domain at the C-terminus. Some units of the trimer
of adiponectin are bound in a bouquet-like formation in plasma. [Re-
produced with permission from Matsuzawa et al." (2004) Arterioscler
Thromb Vasc Biol 24:29-33]

Molecular characteristics of adiponectin
Structure

The gene encoding adiponectin is located on chromosome
3¢q27. and recent genome-wide scans have mapped a
diabetes susceptibility locus to this chromosome.™ This
244-amino-acid protein contains a signal sequence. and a
collagen-like domain at the N-terminus and a Clg-like
globular domain at the C-terminus (see Fig. 2).' The globu-
lar domain has sequence homology to collagens V11 and X
and complement factor Clq. The crystal structure is similar
to that of the TNF family, which has identical folding to-
pologies and similar trimer interfaces." Some units of the
trimer of adiponectin are bound up in a bouquet-like for-
mation."” Two major oligomeric forms of adiponectin. a
hexamer and a 400-kDa high molecular weight (HMW)
complex, exist in plasma. The HMW form of adiponectin

has been shown to be more active than low molecular
weight forms."” Hydroxylation and glycosylation of the ly-
sine residues within the collagenous domain of adiponectin
are critically involved in regulating the formation of its
HMW oligomeric complex."

Fult-length adiponectin protein is proteolytically cleaved,
with a smaller form, including the globular domain, al-
though in very small amounts.”” It is reported that the
globular domain of adiponectin exhibits more extensive bi-
ological activity than the full-length form. However, further
studies are needed to clarify the biologically active form
of adiponectin and the relative abundance of the differ-
ent cleavage products in plasma under physiological
conditions.

Localization

Adiponectin messenger RNA is exclusively expressed in
adipose tissue of humans™ and experimental animals.™
Recent evidence indicated that adiponectin can be pro-
duced by organs other than adipose tissue, such as bone
marrow,” bone-forming cells,” fetal tissue,” myocytes,
cardiomyocytes,” and salivary gland epithelial cells,” but
the major source of plasma adiponectin in adults is the adi-
pocyte. Plasma levels of. adiponectin usually range from 3
to 30ug/ml in adults, whereas adiponectin levels in umbili-
cal venous blood from human fetuses was about 30pg/ml."”
Adiponectin was detected in several fetal tissues at mid-
and late gestation (from 14 to 36 weeks) but not in the pla-
centa. Adiponectin was detected in human fetal tissues of
mesodermic origin, such as brown and white adipocytes,
skeletal muscle fibers of diaphragm and iliopsoas, smooth
muscle cells of small intestine and arterial walls, perineuri-
um and renal capsule, and tissues of ectodermal origin, such
as epidermis and ocular lens. The distribution of adiponec-
tin detection in nonadipose tissues showed a general decline
during the progression of gestation."” It should be noted that
these results do not necessarily demonstrate the production
of adiponectin in nonadipose tissues but represent the
existence of adiponectin that may adhere to the tissue. In
mouse embryos, production of adiponectin was demon-
strated in brown adipose tissues (BAT) and surrounding
immature tissues using immunohistochemical staining and
in situ hybridization.” This interspecies difference of fetal
localization of adiponectin may be attributed to the small
amount of BAT in humans. These studies suggest the adi-
ponectin may have a role during fetal development.

Secretion

Recent studies established the concept that adipose tissue is
not only a fuel storage depot but also a critical endocrine tis-
sue secreting a variety of bioactive adipocytokines into the
circulation. Despite the importance of adipocytokines in
metabolism. the mechanism ol secretion from adipocytes
remains poorly elucidated. Cellular localization of adiponec-
tin in the steady state is predominantly in the Golgi appara-
tus or trans-Golgi network (TGN).” Treatment of 3T3-L1
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Fig. 3. Caveolae of adipocytes. Three
human adipocytes are demonstrated
in the left panel (a). Many caveolac on
the cell membrane (arrows) are found
at a higher magnification (b). Most
studies of function of caveolae have
focused on endocytosis and signal
transduction. Further morphological
studies in adipocytes as secretory cells
may reveal a new secretory mecha-
nism of adipocytokines including
adiponectin. A. adipocytes: /,
interstitial tissue: L. lipid droplet.
Bars a2pum: b lum

adipocytes with brefeldinA (BFA). an inhibitor of the post-
Golgi tratficking pathway, severely inhibited the secretion of
adiponectin.”*?* There should be secretory pathways of adi-
ponectin from Golgi/TGN to the cell surface. Moreover,
fractional analyses demonstrated that the adiponectin
fraction overlapped with transferrin receptor-positive mem-
branes, indicating that secretory pathways of adiponectin
involve the transferrin receptor-positive endosomal
system.” Generally, some secretory cargo can traffic 10 the
cell surface via the endosomal system.™ The traffic in the
endosomal system is controlled by a variety of small molecu-
lar weight GTPases of both the Rab and ADP ribosylation
factor (Arf) classes.”™ Rabl1l has been involved in insulin-
dependent trafficking in adipocytes.” Arf6 controls cell
phosphatidylinositol-(4,5)-bisphosphate levels in the plasma
membrane and may be involved in regulated exocytosis.™ In
addition, Arf6 may play a role in the recycling of endosomal
components with the plasma membrane.™" In 3T3-L1 adi-
pocytes, it has been demonstrated that Rabl1 and Art6 are
important mediators of constitutive and insulin-stimulated
secretion of adiponectin,®

Regulated exocytosis in adipocytes has been investigated
by insulin-stimulated secretion of peptides and recycling of
vesicles containing GLUT4 to the cell surface.” A confocal
microscopic study demonstrated that the subcellular distri-
butions of adiponectin and GLUT4 are distinct and non-
overlapping,™ although some molecules have been shown
to regulate both adiponectin and GLUT4, implying the ex-
istence of common trafficking pathways between adiponec-
tin and GLUT4. One molecule is the GGAL (for Golgi
localizing y-adaptin ear homology domain ARF-binding
protein) protein, which is a monomeric clathrin adaptor
that mediates sorting at the TGN of specific cargo in an
Arf-dependent manner. Inhibition of GGAL blocks both
traftic of the GLUT4 to its insulin-sensitive intracellular
compartment and secretion of adiponectin (but not leptin).™
It is also speculated that GGA proteins regulate selective
cargo formation at the TGN and that insulin may act via a

57

distal (post-TGN) compartment.” Another molecule is a
kind of v-SNARE. It is suggested that the v-SNARE
Viila is likely regulating a common and early step in the
trafficking of both adiponectin and GLUT4 in 3T3-L1
adipocytes.™

There are many caveolae in the cell membrane of adipo-
cytes” (Fig. 3). Most studies on the functions of caveolae
have focused on endocytosis and signal transduction. Re-
garding secretion, cholesterol efflux mediated by caveolae
or rafts has been investigated. Further morphological stud-
ies in adipocytes as secretory cells may reveal a new secre-
tory mechanism of adipocytokines, including adiponectin.

Receptor

Two adiponectin receptors were identified in 2003.™ Adi-
poR1 is a receptor for globular adiponectin that is abun-
dantly expressed in skeletal muscle. AdipoR2 is a receptor
for full-length adiponectin that is mainly expressed in the
liver. Expression of AdipoR1 and -R2 was also detected in
the hypothalamus. and increased AdipoR2 expression was
found in the paraventricular nucleus (PVN), which may be
involved in energy regulation.™ These molecules are dis-
tantly related to the family of seven-transmembrane-span-
ning G protein-coupled receptors. They have an inverted
topology with the N-terminus intracellular and the extracel-
lular portion being small, as distinct from members of this
class of receptors that bind peptide hormones.™" Further
studies are needed to clucidate the physiological role and
the signal transduction pathways of these receptors.
T-cadherin has been demonstrated as a receptor for
hexameric and HMW adiponectin but not for trimeric or
globular  adiponectin.®  T-cadherin is a glycosylpho-
sphatidylinositol  (GPI)-anchored extracellular  protein.
Tissue distribution of T-cadherin is widespread in cardio-
vascular system, nervous system, and muscle. T-cadherin is
involved in signal transduction in addition to cell-cell ad
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