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by Japanese and ATP IIl criteria in this population, we
determined the incidence of metabolic syndrome using
these criteria in each generation from age 20s to 70s in
men and women as shown in Fig. 2. The incidence of
metabolic syndrome using ATP I criteria was abourt 3
times higher than that by the Japanese criteria. Using
both criteria the incidence of mertabolic syndrome
started to rise in men in their 30s and reached a pla-
teau after their 40s. Meanwhile, the incidence of met-
abolic syndrome in women started to rise after their
50s using both criteria, indicating the increased preva-
lence of metabolic syndrome after menopause.

We next examined whether visceral obesity con-
tribured to metabolic abnormalities in this study pop-
ulation. Fig.3 shows the difference of lipid profiles
and fasting glucose levels with or without visceral obe-

50

30

incidence (%)

.l )

total 20-29 30-32 40-42 50-59 60-69 70-79
age

<

sl B men [] women

50
. Metabolic syndrome
40
. . Visceral obesity + 1 risk factor
3
< 4 ] _
§ D Visceral obesity only
kel
2 2
=
10
0

Men Women

Fig. 1. Incidence of metabolic syndrome and visceral obesity
in the lipid survey in 2000.

The percent incidence of metabolic syndrome, visceral obesity plus
one risk factor, and visceral obesity in men and women is shown.
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Fig.2. Incidence of metabolic syndrome in each generation by Japanese and ATP Il criteria.

Each column shows the incidence of metabolic syndrome in each generation in men (closed column) and women (open column) by Japanese
(A) and ATP T (B) criteria. The incidence in the total population is shown on the left.
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Fig. 3. Comparison of metabolic abnormalities with or without visceral obesity.

Each column shows the mean * SD of total cholesterol, triglyceride, HDL-cholesterol, LDL-cholesterol, and fasting glucose with or withour
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Fig.4. Comparison of systolic and diastolic pressure with or
without visceral obesity.

Each column shows the mean * SD of systolic and diastolic blood
pressure with or without visceral obesity in men and women. *p <

0.001

sity in this study population. The levels of total cho-
lesterol, triglyceride, LDL-cholesterol, and fasting glu-
cose were significantly higher, while the level of HDL-
cholesterol was significantly lower in the group with
visceral obesity than in the group without, indicating
the contribution of visceral obesity to these metabolic
abnormalities in both men and women. Systolic and
diastolic blood pressure was also higher in the visceral
obesity group in both genders (Fig. 4). We also deter-
mined the effect of visceral obesity on the develop-
ment of each abnormality by calculating the odds ra-
tios and 95% confidence interval (Fig.5). Visceral
obesity was significantly associated with the develop-
ment of each metabolic abnormality in men and
women except for low HDL-cholesterolemia in wom-
en. When we changed the cutoff of HDL-cholesterol
to 50 mg/dL, visceral obesity was significantly associ-
ated with low HDL-cholesterolemia in women. The
odds ratio was 2.10 and the 95% confidence interval
was 1.35-3.27. Among dyslipidemia, hypertension,
and glucose intolerance, visceral obesity was most as-
sociated with the development of dyslipidemia.

We also determined the age-adjusted difference
of lipid profile in the presence or absence of visceral
obesity in this population. Even after age adjustment
we found a significant difference in total cholesterol,
triglyceride, HDL-cholesterol, and LDL-cholesterol in
men and in women, except for a difference in LDL-
cholesterol in women (Table 4).

Men Odds Ratio (95% CI)

elevated glucose 5 —- 1.89 (1.46-2.46)
hypertension . 2.17 (1.76-2.69)
dyslipidemia - 2.47 (2.04-3.0)

low HDL cholesterolemia —~- 2.67 (1.99-3.57)
hypertriglyceridemia - 1.95 (1.59-2.38)

0:1 1 1.0
Women

elevated glucose — & 245(1.41-4.24)
hypertension —— 2.24 (1.51-3.32)
dyslipidemia —e— 3.13(2.04-4.81)

low HOL cholesterolemia —————g—— 1.04 (0.31-3.48)

hypertriglyceridemia —&— 3.17 (2.04-4.91)
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Fig. 5. Effect of visceral obesity on hypertriglyceridemia, low
HDL cholesterolemia, dyslipidemia, hypertension, and
glucose intolerance in men and women.

Odds ratios and 95% confidence interval are shown for each ab-
normality in the presence or absence of visceral obesity.

Discussion

In this study we determined the incidence of
metabolic syndrome in the Japanese general popula-
tion using a lipid survey performed in 2000 using new
Japanese criteria to diagnose metabolic syndrome. We
found that 3 times more people were diagnosed with
metabolic syndrome using the new ATP M criteria
than the Japanese criteria and that visceral obesity
contributed to metabolic abnormalities, such as dys-
lipidemia, glucose intolerance, and hypertension.

In our study the incidence of metabolic syn-
drome in Japanese men and women was 12.1 and
1.7%, respectively. The incidence of metabolic syn-
drome in our survey is lower than that from the latest
National Health and Nutrition survey in 2004. In that
survey the incidence of metabolic syndrome in Japa-
nese men and women was 23.0 and 8.9%, respective-
ly. In this national survey they used HbAlc (=5.5)
instead of FBS to diagnose glucose intolerance. This
might explain the difference between the two surveys.
This difference also indicates that the cutoff of FBS
needs to be changed in the future. Although the mean
age and the criteria used were different, Takeuchi e a/.
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Table 3. Incidence of each metabolic abnormality in the presence or absence of visceral obesity

visceral obesity

no visceral obesity

men women men women
hyperuriglyceridemia 41.1% 25.4% 22.2% 9.7%
low HDL-cholesterolemia 17.6% 2.3% 7.4% 2.2%
dyslipidemia 45.7% 26.9% 25.4% 10.5%
hypertension 32.8% 33.1% 18.4% 18.1%
elevated fasting glucose 18.4% 14.6% 10.6% 6.2%
Dyslipidemia is defined as hypertriglyceridemia and/or low HDL-cholesterolemia
Table 4. Age-adjusted difference of lipid profile in the presence or absence of visceral obesity
age-adjusted women age-adjusted all age-adjusted
no visceral  visceral no visceral  visceral no visceral  visceral
: . r : L P : . P
obesity obesity obesity obesity obesity obesity
mean 195.6 205.9 198.8 214.2 197.3 206.9
T-cho  number 994 923 <0.001 1217 130 0.082 21 1053 < 0.001
SD 33.4 334 35.4 33.1 34.6 334
mean 128.7 162.0 88.9 121.7 106.8 157.0
TG number 994 923 <0.001 1217 130 <0.001 2211 1053 < 0.001
SD 119.3 138.8 60.2 51.5 93.7 131.8
mean 57.7 51.7 65.1 59.8 61.8 52.7
HDLc  number 994 923 <0.001 1217 130 0.003 2211 1053 < 0.001
SD 14.2 13.9 14.5 12.5 14.8 14.0
mean 112.1 122.1 111.4 128.0 111.7 122.9
LDLe number 374 479 0.001 510 71 0.106 884 550 < 0.001
sD 26.0 30.1 29.0 28.8 278 30.0

The mean, the number of samples, and SD are shown. P value was obtained by ANCOVA.

reported that the incidence of metabolic syndrome in
men in the Tanno and Sobetsu study was 25.3%"'".
The mean age of their study population was 60.3
years, about 15 years older than that in our study pop-
ulation. Orther studies reported a similar incidence of
metabolic syndrome in Japanese. Considering that the
incidence of metabolic syndrome in our population in
their 60s was about 20%, the difference of the criteria
used contributed to this difference. Similar to our
study Urashima ez a/. reported an incidence of meta-
bolic syndrome in Japanese men and women of 14.1%
and 1.7%, respectively in central Tokyo'?. Thus, the
current incidence of metabolic syndrome in Japan
would be around 15% in men and a few percent in
women. In our study we found that about twice as
many people with metabolic syndrome had visceral
obesity and one risk factor in both men and women,
indicating a potential for the incidence of merabolic
syndrome to increase in the future. In our previous

analysis we showed that the level of triglyceride in
men dramatically increased from 1990 tw 20009.
Therefore, we need to tackle this problem to prevent
the increase in metabolic syndrome and cardiovascular
disease in Japan.

In this population the incidence of metabolic
syndrome in women was one seventh that in men.
The incidence of visceral obesity, dyslipidemia, and
glucose intolerance in women was one fifth, one third,
and one half that in men, respectively. Furthermore,
most of the women who satisfied this criteria were
more than 50 years old, which means that few women
are diagnosed with metabolic syndrome before the
menopause. In Japan we adopted a cutoff of waist cir-
cumference of 90 cm for women, which is 5 cm more
than that for men. This might explain why the inci-
dence of metabolic syndrome in women was much
less than in men. In contrast to the cutoff waist cir-
cumference in Japan, other criteria, such as in ATP I,



208 Arai et al.

generally have a larger cutoff in men than in women;
however, our cutoff in women is based on the exten-
sive study by Matsuzawa and his group using CT
scan "), Therefore, in terms of detecting visceral obe-
sity, 90 cm would be appropriate for Japanese women.
However, we need to establish another method to se-
lect high-risk patients without visceral obesity. Our
dara also strongly indicate that visceral obesity using
our cutoff is associated with metabolic abnormalities
even after age adjustment, as shown in Fig.5 and Ta-
ble 4. Therefore, we believe that visceral obesity is a
useful surrogate marker for metabolic abnormalities
and intervention to reduce abdominal circumference
would lead to the prevention of cardiovascular disease.
However, in terms of the cutoff of HDL-cholesterol,
50 mg/dL might be better than 40 mg/dL from the
odds ratio in women (Fig. 5 and Results) as in the cut-
off of the ATP IIl criteria.

In summary we have shown that the incidence of
metabolic syndrome in the Japanese general popula-
tion is 7.8%, 12.1% in men and 1.7% in women. In-
tervention is required to prevent metabolic syndrome
as well as metabolic abnormalities, such as dyslipid-
emia, hypertension, and glucose intolerance. The cur-
rent criteria for metabolic syndrome should be assessed
for the better diagnosis of women and elderly people.
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OBJECTIVE — \lcuiholic syndrome is diagnosed according to severad eriteria. Of these. some
require glucose imolerance and others require obesity for the diagnosis. We investigated the
relationship between metabolic tisk factor clusiering and cardiovascular disease COVI mortality
siratificd by high bleod glucose or obesny.

RESEARCH DESIGN AND METHODS — Vi« followed 7.219 fapancse men wuid
women without a history of CVD for 9.6 years, We detined high bload pressure. high bleod
glucose. high tiglycerides. low TR cholesteral. and ebesity as metabelic factors. The muli-
varinte adjusted hazard varia {HR)Y {or CVD menality accerding to the number of clustering
metabalic factors was caleulaed using the Cox praportional hazards model.

RESULTYS — Dunng [ellow-up. 173 participants died of CVD. The numbers of metabelic risk
facters and CVDY maertality were positively correlated (P, = 0.07) The HR was obviously

wrend J

higher ameng participants with than amony those without high bloed glucose and clustering of

=2 other metabaolic risk factors (HR 3.67 [93% C1 1.49=9.03]). However. the risk increase was
enly medestin participants without high blood glucose even if they had 22 other metabaolic risk
factors (1.99 [0.93-4.28]). Conversely. metabolic risk factar clustering was related 1 CVD
mertality irrespective of obesity.

CONCLUSIONS — Cur findings suggest that glucese telerance plays an impaonant rele in
CVDY mortality. Because the prevalence of nonchese participants with several metabolic risk
factors was quite high and their CVI risk was high. excluding them from the diagnesis of
metabolic syndrome because of the absence of obesity might overlook their risk.
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he World Health Organization

{WHO) states that individual risk

[actors for cardiovascutar diseasc
(CVDY convey greater CVIY risk. Fur-
thermore. even though cach one of
these risk factors alone is not serious,
the risk becomes more “powerful” when
they are combined (1), Metabolic syn-
drome is the conecept of clustering risk
factors comprising insulin resistance.
abdominal fat distribution. dyslipide-
mia. and hypertension (2-5).

Several institutions have established
their own diagnostic criteria tor metabolic
syndrome. The National Cholesterol Ed-
ucation Program (NCEP) considers that
cach metabolic factor has the same impor-
tance (6), whereas the WHO requires im-
paired glucose tolerance among its
criteria o diagnose metabolic syndrome
(7). Finally, the International Diabetes
Federation (IDF) and the Japanese guide-
lines require central ohesity defined by
waist circumference to diaghose meta-
bolicsyndrome (8.9). Thus, whether a re-
lationship between metabolic risk factor
clustering and CVD mortality differs ac-
cording 1o obesity or impaired glucose
tolerance, which are both required for a
diagnosis of metaholic syndrome, should
he determined. Thus. in the present
study, we investigated the association be-
tween metabolic Tactor clustering and
CVD mortality stratitied according toobe-
sity or impaired glucose tolerance in a
population-hased cohort study in the Jap-
anese general population.

RESEARCH DESIGN AND

METHODS — Cohort studics of the
National Swrvey on Circulatory Disor-
ders. Japan. are relerred to as NIPPON
DATA (National Integrated Project for
Prospective Observation of Noncom-
municable Discase and s Trends inthe
Aged) NTPPON PATA includes two co-
hort studies. Baseline duata were sur-
veyed in 1980 and in 1990 (NIPPON
DATASO and NIPPON DATAYY. and
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Metabolic factor clustering and CVD mortality

Table |—Means and prevalence of baseline characteristics of 2,999 men and 4,220 women aged =30 years (.'\’IPP();\"_ DATAY0, 1990)

Number of metabaolic factors

Baseline 1isk characteristics Q 1 2 3 4 3
n 1.604 2657 1.643 942 336 37
Wamen (%) 67.3 4.3 9.4 5.4 6.9 36,0
Aye (years) Hlx 1L 272136 0 F 154 el x (25 38.0 % 13 5836 x11.2
BMI (kg/m™) 21924 241+ 32 235 %31 267 £ 2.4 27320
Systelic bload pressure (immHg) 13722197 1418+ |90 1458 % 174 149.2 = |64 154.3 = 184
[hastolic blood pressure immg) 7 2.1 =114 84.3 %114 RC.7 £ 10.8 8.1 x£115 89.7 £ 12.0
Teral cholesteral (mg/dl) 1942 £ 320 1936 %302 2060 %379 2173 = 408 246427 23783 £ 437
Triglycerides {mg/dl) 78 (37-106) 93 {70-127) 127 (91-176) 192 {131-252)  235{203-346) 269 (214-363)
HIM. cholesterel {mg/dl) 635=*1238 32 x 146 49.3 £ 13.2 2.4 £ 109 375278 36.2 68
Blood glucose (mg/dD Qe =x 135 9.4 £225 1033 %330 11442439 126.5 £ 51.3 196.7 £ 69.7
High blead pressure (%) Qe 721 328 93.7 99.4 100
High triglycerides (%) Q0 2.8 200 35,1 89.3 10
Low HDI. chelesteral (%) QL 16. 16.0 733 93.2 100
High bload glucose (%) o 2.1 1.7 19.2 333 100
Drinking

Never drinker (%) 73.8 640 709 66.8 73.8 73.0

Ex-drinker (%) 2.3 2.7 3.4 3. 3.3 10.3

Current drinker (%) 239 333 237 294 229 16.2
smaking

Never smaoker (%) 65.8 58.2 6l.e B 54.2 56.8

Fx-smoker (%) 3.6 11.2 11.8 12.3 13.7 10.8

current smoeker (%) 25.6 306 26.6 29.6 32.1 324
Physical activity

Yes (%) 18.9 2003 20.6 21.2 19.3 24.3

Na for physical problems (%) 34 5.3 6.8 7.1 9.0 10.8

No for other reasons (%) 77.7 744 72.6 71.8 717 64.9

Yoanean = SD.or inedian {interquartile range). Metabolic factors were defined ws follows: obesity as BMI 225 kg/in?. high blood pressure as systolic blood
pressure 2130 uunHg and/or diastolic blood pressure 285 Mg and/or medication. high blood glucose as nonfasting blood glucose =140 mg/dl and/or
wedication. high triglyeerides as nonfasting triglyeerides =200 mg/dl and/or wedication, low HDL cholesterol az HDL cholesterol =40 md/dl for men or =50 myg/dl
for womnen.

the details of these vohorts have been  were followed until 15 November 2000, ipants {2.999 men and 4.220 women)
reported (10-13). Here, we analyzed  The participation rate in this survey was  were included in the analysis.

data from NIPPON DATAYO because  76.3%. Of the 8,334 participants, 1,165

the baseline survey of NIPPON DATABQ  were excluded because of a history of Follow-up survey

does not include some important meta- — coronary heart disease or stroke (it = The underlying causes of death in the Na-
holic factors such as HDL cholesterol. 371 information missing at the base-  (jonal Vital Statistics were coded accord-

A total of 8384 residents (3,504 line survey (n = 636), and failure to ing 1o the 1CN-9 until the end of 1994 and
men and 4,820 women. aged =30 access because of incomplete residential QCLQrdingml|]C 1CD-10 from the start of
years) from 300 randomly selected dis-  access information at the Hrst survey 1995 unul the end of 2000, Details of
tricts participated in the survey and  (n = 138). The remaining 7.219 partic-  these classifications are described else-
where (10-13). The Institutional Review
Board of Shiga University of Medical Sci-

Table 2—AMultiple adjusted HRs and 95% Cls according to the individual components of ence (No. 12-18. 20000 approved this

metabolic visk factor in 2,999 men and 4,220 women aged =30 years (NIPPON DATAY0,

1990-2000) study.
. . o o Baseline examination

Compenent of metabolic factor n HR {95% D \onl"zlsling hlood samples were obtained

Ohesin 1 706 OR7 wee=1.27)  atthe baseline survey. The serumwas sep-

High bload glucose 579 143 w2 14 arated and cenurifuged soon after blood

High blood pressure 4330 207{1.21=3.52)  coagulation. Plasma samples were col-

High triglyeerides 1.230 142 09211 lected inssiliconized tubes containing <o-

Low HDL cholesterol 2224 Q79 a6 1y dium tuoride and shipped to one
” X . aboratory (SRL. Tokyo. Jupan) tor bloog

HRs were estimated by a Cox proportional hazards maodel adjusted for sex. age. 1otal Cholesterol. sinoking lithe ratory (. }\L)l”‘\} 0. Jupan) 1(> r blood

habits. drmking habis, physica activity . and other vomponents of inctabolic faciors, Metabolic factors were MEASUEMENts. Plasma glucose was mea-

defined as inthe footnote to Table 1. nis the nunber of participants whe had the conditions. surcd enzymatically. serum wrighcerides

f I ) ) 2h
1534 DIARFTTS CARE. vorestt 300 NUMBER 60 Just 2007



Table 3—Muliiple adjusted HRs and 95% CIs according to number of metabolic factors in
2,999 men and 4,220 women =30 years (NIPPON DATAY0, 1990-2000)

Number of

Cardiovascula

metabelic factors n Person-years deaths HR197% C

Q Leo4 15,740 3 100 {(—)

] 2.657 23398 67 1.93 {0.92—4.05)

2 1.643 15,3520 32 1.94 {(0.91-.13)

3 942 3.999 29 2,12 (Q.96-4.70)

+ 336 3167 13 244 (1.02-3.839

5 37 361 2 3.27 (0.69-15.50)
Prena 074

HRs were estiinated by a Cox proportional hazards inedel adjusted for sex. age. total cholesterol. sioking
habits, drinking habits, and physical activity. Metabolic factors were defined as in the footuote to Table 1.

and total cholesterol were also measured
enzymatically, and HDL. cholesterol was
measured after heparin-calcium precipi-
tation (16).

BMI was calculated as weight in kilo-
grams divided by the square of height in
meters. Baseline blood pressure was mea-
sured by trained observers using a stan-
dard mercury sphygmomanometer on the
right arm of seated participants. Public
health nurses obtained information on
smoking, alcohol consumption, physical
activity, and medical history. We divided
participants into four cate gories of smok-
ers (never-smoked, ex-smoker. and cur-
rent smoker <20 or =20 cigarettes/day)
and six categories of dnnkm {never-
drinker; ex- dlml\e s and Luncm drinker
of 1.2, 3, and 4 gou of sake/day: 1 gou
[180 ml] is equivalent to 23 g of alcohol)
(11). We divided participants into three
categories of physical activity (yes or no
for physical problems, and no for any
other reason).

We defined metaholic factors as fol-
lows: obesity, BMI =25 kg/m?; high
blood pressure, systolic Hood PICS&UIL
=130 mmHg, diastolic blood pressure
=85 mmHg, administration of antihyper-
tensive agents, or any combination of
these: and high blood glucose, serum glu-
cose >HO n14c|l muhmuon tor dmlx—
tes, or both. Because our samples were
nonfasting the postload blood glucose
levelfor diagnosis ol impaired glucose tol-
erance was = 140 mg/dl (17). We defined
high triglycerides as nonfasting serum tri-
glyceride =200 my/dl and also as waking
medication for dyslipidemia. Low HDL
cholesterol was defined as serum HDL
cholesterol =40 my/d! for men and <350
mg/dl {or women.

Statistical analysis
Continuous variahles were compared us-
ing ANOVA. and the x? test was used o

compare the dichotomized variables 1o
examine differences in baseline character-
istics of participants according to the
numbers of clustering metabolic factors
The multivariate adjusted hazard ra-
tio (HR) of all CVD mortality for each
group was calculated using the Cox pro-
portional hazards model adjusted for age,
sex, total cholesterol, smoking, drinking,
and physical activity Lalc"or) When we
calculated HR for an individual compo-
nent of a metabolic Tactor, we further ad-

justed for other components of the

metabolic factor. We used nonobese par-
ticipants without any metabolic factor or
participants with neither a metabolic fac-
tor nor high blood glucose asreterencesin
analyses stratified hy obesity or high
blood glucose (required component by
the IDF and WHO, respectively). Because
leaner participants also have a higher
CVD mortality risk in Japan, we {urther
analyzed a data subset C\;ludm" leaner
participants (BMI <185 kg/m? \klt* 19).

All Cls were estimated at the 95%
level. P < Q.03 was considered signifi-
cant. The Statistical Package {or the So-
cial Sciences (version 1 1.0}, SPSS Japan,
Tokyo, Japan) was used to perform all
analyses.

RESULTS — Tuble 1 shows the base-
line characteristics ol the study partici-
pants according to the numbers of
metabolic Tactors. Total person-years
were 69,170, and the mean follow-up pe-
riod was 9.6 years. During follow-up. 623
participants died of all causes and 173
died of CVD. Tahle 2 shows the muliple
adjusted HRs und 939% Cls according o
individual components of metabolic nsk
[actors.

Tuble 3 shows the number of deaths.
multiple adjusted HRs, and 93% Cls ac-
cording to various numbers of metabolic
factors. The HRs for CVD mortality were

Kadota and Associates

higher in the group with more metabolic
factors, but the trend was not statistically
significant (P, o,y = 0.074). The relation-
ship between numbers of risk factors and
CVD mortality did not differ according to
seX (P eractien = 0.70). We therelore
combined men and women in the follow-
ing analyses. The wendency for HR to he
higher in those with more metabolic fac-
tors was similar for heart disease {three
risk fuctors: HR 2.08 [959%C10.67-6 .48}
four risk factors: 3.97[1.24-12.72]: five
risk factors: not applicable) and stroke
(three risk factors: 2.07 [0.67-6.37]: four
risk factors: 1.23 |0.30=3.03]: live risk
factors: 6.26 [C1. 1.13-34.60]) mortality.
The HR endency for all-cause mortality
was similar. but the number of clustering
metaholic factors was not significantly re-
lated to all-cause mortality (three risk fac-
tors: 1.16 {0.81-1.63]; four risk lactors:
1.18 [0.77-1.80]; hve risk factors: 1.44
[0.37-3.63]).

Table 4 shows multiple adjusted
HRs (95% CI) due to the number of
metaholic factors except high blood glu-
cose stratified hy high blood glucose.
The HRs trended to increase in both
groups (with and without high blood
glucose). The HR for CVD in partici-
pants with =3 metabolic factors but
high blood glucose was modest and not
statistically significant. Conversely, HRs
were obviously higher for participants
with high blood ﬂlumsc and =2 other
met almlu [actors lhdn those for partic-
ipants with neither metabolic factors
nor high blood glucose. The risk in-
creases were statistically signiticant.

Table 4 also shows multiple adjusted
HRs (93% CI) for CVD mortality accord-
ing to the number of metaholic lactors
other than obesity stratined by obesity.
The relationship between HRs and the
numbers of metabolic factors was positive
in both ohese and nonohese groups. This
relationship was unchanged when palm—
ipants with lower BMI (=185 kg/m?)
were excluded.

CONCLUSIONS — ¢ found tha
metaholic factor clustering was positively
associated with CVD mortality in the gen-
eral Japanese population. The risk in-
crease in participants with both high
blood glucose and =2 metabolic factors
was significantly higher than in those with
neither high blood glucose nor metabolic
risk factors. The risk in nonobese partici-
pants with more metabolic factors was
also increased

Although investigating the relation-
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Table 4—Blood glucese category-specific multiple-adjusted HRs and 95% Cls according to number of metabolic factors other than high blood
glucose and BMI category—specific multiple-adjusted HRs and 95% Cls according to the number of metabolic factors other than ebesity in 2,999

men and 4,220 women aged =30 years (NIPPON DATA90, 1990-1999)

Number of

Cardiovascula

metabolic factors n Person-yeats deaths HR (95% C1) HR (93% Cl1)
High blood glucose
Withow Q 1604 15,740 3 L {—)
| 2.600 24867 63 1.91 {(.91+4.02)
2 1451 13.7906 45 .99 {0.93-4.28)
=3 985 9322 22 1.6l (0.71-3.67)
With dand 1 249 2241 9 1.78 (0.08—4.67)
2 181 1.63 2 3.67 {1.49-9.03)
=3 149 1.267 12 3.25{1.31-8.06)
M1
<25 kym” Q 1.604 13.740 3 L.O0 {(—) 1.00 (—)
1 2474 23576 67 1.98 (00417 214 {0.85-3.43)
2 993 9.232 37 1.95 {(0.90—4.2%) 2.24 {(0.36-3.82)
=3 +42 4,108 24 2.83{1.25-6.39) 3.33{1.25-8.93)
=25 kg/m? Qand 1 833 3.045 15 1.75{Q0.73—4.10) 2,12 (.76-3.89)
2 551 5.339 10 147 (0.37-3.79) 1.78 {0.39-5.19)
=3 322 3.080 12 2.37 {0.96-3.89) 2.84 (0.99-8.17)

HRz were estirnated by a Cox proportional hazards mmedel adjusted for sex; age. total cholesterol, sinoking habits. drinking habits. and physic: ll activity. High blood

glucose was defined as nonfasting blood glucose = 140 ng/dl and/or medication. Metabolie factors were defined as follows: obesity as BMI =
avatolic blood pressure =130 ll]]an andvor diastolie blood pressure 285 mmHyg and/or edicwion. high triglveeride \Jﬂmnfa\nno triglye etides 3200

pressure as

111\'11 blood

25 l\}/m

myy/dl and/or medication. low HDL cholesterol as HDL cholesterol =40 myg/dl for men or =30 mig/dl for women. n the group with high Mood u]m ose. Oand 1

inetabolic factors were combined because we found only two cardiovaseular deaths in the group \\]lO\\ nwnber of metabolic factors was ¢, 7 lil\> {930

analyzed for participants with BMI >18.3 kg/in”

SMetabolie factors were defined as {ollows: high blood pressure as svstolic blood pressure =

ClE were
=130 mmbg and/or

diastolic bloed pressure =835 nunHg and/or wedication. high blood glucose as nonfasting bloed glucose =140 mg/dl and/or inedication, high triglyeerides as
nonh\lmg lliz.‘l\n rides =200 ing/dl andfor medication. low HDIL cholesterol as HDL «hole\hm] <30 mg/dl for men or =50 mg/dl for women, In Ih( group with

BATE =

ship hetween metabolic factor clustering
and CVD mortality is important, prospec-
tive studies on the topic are still scarce.
On the hasis of the NCEP and WHO det-
initions of metaholic syndrome, several
investigators have reported that partici-
pants with metabolic syndrome or meta-
holic factor clustering have a high HR of
CVD mortality (20-23). Ford (26) sum-
marized prospective cohort studies and
reported that the HRs of CVD mortality
were 1.65 [5% CI 1.38-1.99] according
to the NCEP definition and 1.93 [1.39-
2 .67] according to the WHO dehnition,
respectively. Thlsusult is consistent with
our hnclmgs that participants with more
metabolic factors have a higher risk of
CVD mortality. Ouwr results were also
comparable with those of a prospective
study in Japan showing that the refative
risk of cardiac discases was 2.23 [1.14-~
4.34] in participants with >3 metabolic
factors compared with that in participants
with <3 metabolic factors (27).

The IDF dehnition requires obesity
for diagnosis of metaholic syndrome.
These guidelines explain that central (ab-
dominalY ohesity is a prerequisite for this
diagnosis because it is casy to assess and
independenty associated with each of the

other metabolic syndrome components
(8). The IDF guidelines do not essentially
requuire insulin resistance hecause it is dif-
ficult to measure in day-to-day clinical
practice (7.8). However, although in-
creased waist circumference is an impor-
tant component of metabolic syndrome,
some individuals with multiple risk fac-
tors and an increased risk of CVD mortal-
ity have normal waist circumference
(28.29). For example, Katzmarzyk et al.
{(28) reported that waist circumlerence is
a valuable component of metabalic syn-
drome, but they also raised the concern
that the IDF requirement of an increased
waist circumference warranted caution
hecause a large proportion of individuals
with nomml waist circumference also
have multiple risk factors and an in-
creased risk of mortality.

We found here that nonobese partic-
ipants with three or more metaholic fac-
tors had signiticantly higher HRs for CVD
death and that their risk was similar to
that of ohese participants with the corre-
sponding number of metaholic factors.
Thus. a proportion of high-risk partici-
pants might he overlooked if obesity is a
diagnostic reguirement for metabolic syn-
drome. Waist circumference supposedly

25 kg/m™, O and 1 metabolic factors were combined because we found no cardiovascular death in the group whose munber of inctabolic factors was 0.

indicates visceral fat more accurately than
BMI in terms of predicting diabetes (30).
However, we did not hd\" any informa-
tion about waist circumference and used
BMI as it closely correlates with waist cir-
cumference. Furthermore, BM! has heen
used to diagnose obesity in many epide-
miological studies of metaholic syndrome
(22.23), indicating that BMI was accept-
ahle for our purposes. However. hecause
of the use of BMIL. we might have under-
estimated the impact of obesity on CVD
mortality. A similar study using waist cir-
cumference should clarity the relation.
The WHO guidelines indicate that
the presence of diabetes, impaired glu-
cose tolerance, or insulin resistance is
necessary for a diagnosis of metabolic
syndrome hecause this condition is con-
sidered a special classification for those
with the potential for diabetes (mani-
lested as impaired glucose tolerance. im-
paired fasting "]HL()\\ or insulin
resistance Lklumlm o using the hyperin-
sulinemic-cuglycemic clamp) (1.7). Here.
we also stratilicd participants according
to hlood glucose level and found that the
HR was higher among those with than
among those without high blood glucose.
These lmklmﬂx suggest that ~71um\ toler-

1536

DARETFS CARE. VOFUME 300 NUMBER 6. JUNF 2007



ance plays an imporiant role in CVD mor-
tality. Some reports have shown higher
HRs with use of the WHO rather than the
NCEP detinition of metabolic syndrome
This result means that the participants
with impaired glucose tolerance have
higher HRs. a finding that the present re-
sults support (26). However, several par-
ticipants with clusiering of metaholic
factors other than impaircd glucose toler-
ance also had an increased risk of CVD
mortality.

Some limitations other than using
BMI should be noted about the present
study. First, we used nonfasting blood
samples and thus we might have misclas-
sified participants with high blood glu-
cose or hypertrighyeeridemia. Second. we
did not adjust for sociocconomic status
hecause relevant information was not
available. However, all Japanese are cov-
cred by the national health insurance pro-
gram and socioeconomic status does not
altect aceess o treatment. Therefore. the
impact of sociocconomic status on our
findings should he minimal.

In summary. the CVD risk was obvi-
ously higher among individuals with than
among those without high hlood glucose
and multiple metabolic risk factors. sug-
gesting that high blood glucose plays an
important role in CVD mortality. Con-
versely, the prevalence of nonobese par-
tcipants with several metabolic factors
was quite high and.their CVD risk was
high. Thus. metabolic Tactors should be
carefully considered and appropriately
managed even among individuals with a
BMI <25.
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Abstract Adipose tissue. which classically has been consid-
cred as an energy-storing organ. is now viewed as a massive
source of bioactive substances such as leptin, tumor necrosis
factor (INF)-o. and adiponectin. Adiponectin was discov-
ered to be the most abundant adipose-specific transcript. [ts
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 (LLDL) 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
antitnflammatory. antiatherogenic. and antidiabetic proper-
tics. 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 C'VD. Furthermore. en-
hancement of adiponectin secretion or action may become
a promising therapeutic target.

Key words Adiponectin - Visceral tat - Adipocytokine
Cardiovascular disease - Mctabolic 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 subcutaneous
adipose tissue. approximately 20% of all known genes
were the genes encoding scerctory protein (Fig. 1).7°7
Furthermore. its frequency reached approximately 30% in
visceral adipose tissue. In addition, leptin and tumor ne-
crosis factor (TNF)-o had been well recognized as bioactive
substances from 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 (Iig. 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 significance 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 sceretory proteins in adipose
tissuc. Although adipose tissue has been considerad to be an encrgy-
storing organ. an unexpectedly high frequency of the genes encoding
secretory proteins is demonstrated. In subcutancous adipose tissue.
approximately 20% of all known genes arc 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
Clg-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 Vase Biol 24:29 33]

Molecular characteristics of adiponectin
Structure

The gene encoding adiponectin is located on chromosome
39q27. 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
globutar domain at the C-terminus (see Fig. 2).' The globu-
lar domain has sequence homology to collagens VIII and X
and complement lactor 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 adiponcctin

has bcen 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.”

Full-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 tull-length form. However. further
studies are needed to clarify the biologically active form
of adiponcectin 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." 1t 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 of secretion from adipocytes
remains poorly elucidated. Cellular localization of adiponec-
tin in the steady state is predominantly in the Golgt appara-

tus or trans-Golgi network (TGN). = Treatment of 3T3-L1



Fig. 3. Caveolac of adipocvies. Three
human adipocytes are demonstrated
in the left panel (a). Many caveolae on
the cell membrane (arrows) are found
at a higher magnification (b). Most
studies of function of caveolae have
focused on endocevtosis and signal
transduction. Further morphological
studies in adipocytes as seeretory cells
may reveal a new secretory mecha-
nism of adipocyvtokines including
adiponectin. A. adipocvtes: /.
mterstitial tissue: L. lipid droplet.
Barsa 2pm: b lum

adipocytes with brefeldinA (BFA). an inhibitor of the post-
Golgi trafficking pathway. scverely 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 to the
cell surface via the endosomal system.™ The traffic in the
endosomal system is controlled by a variety ot small molecu-
lar weight G'TPases of both the Rab and ADP ribosylation
factor (Arf) classes.™* Rabl1 has been involved in insulin-
dependent trafficking in adipocytes™ Art6 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 3T3-1.1 adi-
pocytes. it has been demonstrated that Rabll 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 1o 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
traffic of the GLUT4 to its insulin-sensitive intracellular
compartment and seeretion of adiponectin (but not leptin).™
Itis also speculated that GGA proteins regulate selective
cargo formation at the TGN and that insulin may act via a

distal (post-TGN) compartment.™ Another molecule is a
kind of v-SNARE. It is suggested that the v-SNARE
Vtila 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-
cyles” (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 ts 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 {rom 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  {GPD-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 1o cell—cell ad
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hesion *'** However. T-cadherin is not highly expressed in
the hepatocyte. which is one of the major targets of
adiponectin.

The plasma concentration of adiponectin is much higher
than that of common cytokines. Therefore. some physiolog-
ical roles of adiponectin may not be mediated by receptors.
Adiponectin may have an important regulatory function
that involves low-affinity macromolecular interactions.

Clinical significance of adiponectin
Obesity

Many studies have been showed relationships between
plasma adiponectin levels and a variety of diseases. [First of
all. it was demonstrated that plasma adiponectin levels were
inversely correlated with body mass index (BMI). In addi-
tion. reduction of body weight increased plasma adipo-
nectin levels.® Conversely. leptin is another adipose
tissue-specific secretory protein that increased with BML*
The negative correlation between adiponcctin levels and
visceral adiposity becomes more apparent than that be-
tween adiponectin levels and subcutaneous adiposity. "
The mechanism of reduction in plasma adiponectin levels
in subjects with visceral fat accumulation has not been elu-
cidated. For one explanation. expression of TNF-o. which
is a potent inhibitor of adiponectin promoter activity.” in-
creasces along with the accumulation of visceral fat.

Cardiovascular disease

The significance of adiponectin is that this protein shows
lower levels in patients with ischemic heart discase.® In
end-stage renal disease. subjects with low adiponectin levels
died of cardiac events more frequently during 4 years of
observation.™ These data suggest that hypoadiponectinemia
may be a novel and important risk factor of atherosclero-
sis.¥ Moreover. a prospective study demonstrated that men
with high adiponectin levels were at lower risk of myocar-
dial infarction (MI) than those with medium to low levels.™
This association was independent of traditional cardiovas-
cular risk factors such as hypertension or diabetes.™ Cross-
sectional studies have also demonstrated a relationship
between adiponectin levels and CVD. ¥ ¥ The risk of
CVD was twofold higher in the lowest versus the highest
quartiles of adiponectin levels, after adjusting {or other risk
factors including diabetes. dyslipidemia. hypertension.
smoking. and BML* L.ow adiponectin levels were also as-
sociated with increased carotid atherosclerosis as well as
CcvDH

Vulnerability of coronary plaque is known to be a very
important issue in acute coronary syndrome (ACS). Plasma
concentrations of adiponectin in patients with ACS were
significantly lower than those in patients with stable angina
pectoris. Multiple logistic regression analysis revealed inde-
pendent correlation of hypoadiponectinemia with the de-
velopment of ACS. In addition. plasma adiponectin levels

are significantly associated with coronary lesion complexity
in men with CAD.™ These data suggest that adiponectin
plays a significant role in plaque stability.

Diabetes

Another main clinical significance of adiponectin has been
confirmed in diabetes.

We found that subjects with type 2 diabetes had lower
adiponectin levels than control subjects.™ It was also re-
vealed that plasma adiponectin levels were lower in Pima
Indians. a unique cohort with a high prevalence of obesity
and diabetes.” In this cohort. a longitudinal study showed
that the individuals with high adiponectin levels were less
likely to develop type 2 diabetes than those with low adi-
ponectin levels.” Additionally, a high adiponcctin level was
a more protective factor against development of diabetes
than small waist circumference. fasting glucose. 2-h glucose.
or fasting insulin levels.” Other studies in different popula-
tions including the Japanese have also suggested that low
adiponectin levels are predictive of future development of
insulin resistance and diabetes. ™ and that a high adipo-
nectin level is strongly associated with a lower risk of im-
paired glucose metabolism and type 2 diabetes. particularly
in women.” In obese and diabeti¢c monkeys. plasma adipo-
nectin levels decreased before the onset of diabetes. in par-
allel with the decrease of insulin sensitivity." This result
supports the findings observed in humans and demonstrates
the significance of adiponectin in the development of
diabetes.

Hypertension and dyslipidemia

Recent studies have shown the significance of low adipo-
nectin levels in hypertensive patients. A case-control study
showed low adiponectin levels in hypertensive patients and
a significant negative correlation between plasma adiponec-
tin concentration and mean. systolic. and diastolic blood
pressure.” Multiple regression analysis also indicated that
hypoadiponectinemia was an independent risk factor for
hypertension in a study of 738 hypertensive and normoten-
sive men.” In addition, a significant relationship between
hypertension and adiponectin levels was found in men
but not in women.” The signiticance of adiponectin in
hypertension has been confirmed in a mouse model. In
obese mice. adenovirus-delivered adiponectin significantly
decreased blood pressure. This study suggests that hy-
poadiponectinemia contributes to the development of
obesity-related hypertension. at least in part. directly. in
addition to its effect via insulin resistance.”

It was well documented that adiponectin is associated
with dyslipidemia ***' Plasma adiponectin levels positively
correlated with HDI.-C and negatively correlated with tri-
glycerides and apolipoprotein (Apo) B-100 and were not
appreciably altered after adjusting for obesity-associated
variables.”” A recent study demonstrated a direct effect of
adiponectin in hepatocvtes. HMW adiponectin reduced the



hepatic release of ApoB and ApokE. whereas ABCAL func-
tion and ApoA-I secretion were not influenced. In addition,
HMW adiponectin reduced hepatic nuclear factor 4-u
(HNF4-0) and HNF4-a-regulated genes such as the ApoB
gene.”” This mechanism may explain the association be-
tween hyperlipidemia and low adiponectin levels in the
portal vein accompanied by visceral fat accumulation.

Metabolic syndrome

Metabolic syndrome is defined by a cluster of pathological
conditions that include abdominal obesity. dyslipidemia.
hypertension. and hyperglycemia. Metabolic syndrome has
been well recognized as a promising target to prevent CVD.
Low adiponectin levels have shown an association with the
metabolic syndrome in healthy middle-aged subjects.”” A
prospective cohort study in elderly Koreans confirmed the
significance of adiponectin.” In a study of 661 Japanese
adults. the number of components of the metabolic syn-
drome increased along with the decrease of plasma adipo-
nectin concentration.”

We found four types of missense mutation of adiponec-
tin. In these mutations. 1164T mutation was accompanied
by remarkable hypoadiponectinemia. We have found nine
subjects with the 1164T mutation: eight of the nine exhibit-
ed hypertension or hyperlipidemia and all nine were ac-
companied by impaired glucose metabolism. including
impaired glucose tolerance (IGT) or diabetes mellitus.”
These results suggest that genetic hypoadiponectinemia
may be part of the genetic background of metabolic syn-
drome. Now, adiponectin is viewed as a key molecule in
metabolic syndrome.

Inflammation

It is well established that inflammatory markers are predic-
tive of C'VD. Inflammation is now considered as an impor-
tant pathological basis for both CVD and metabolic
syndrome. Some studies found an inverse association be-
tween adiponectin and inflammatory markers such as TNF-
o. interleukin 6. and C-reactive protein in normal subjects
and patients with CVD or metabolic syndrome. ™™ We
found that expression of CRP was detected in adipose tissue
and that expression of adiponectin is inversely associated
with that of CRP.”” We also demonstrated that hypertro-
phied mesenteric adipose tissue produced and secreted adi-
ponectin in Crohn’s disease ® We think that mesenteric

adipocytes may act as immunorcgulating cells in the case of

intestinal inflammation via adiponectin production. An-
other study found that synovial fluid and plasma levels of
adiponectin were significantly higher in rheumatoid arthri-
tis (RA) than in control subjects. Adiponectin levels were
negatively associated with the leukocyte count in RA syno-
vial fluid. implying an antiimflammatory etfect of adiponec-
tin in RA synovial fuid™ These data indicate that
adiponectin may be induced compensatorily in response to
local inflammation. Increased adiponcctin may prevent
fibrosis in these inflammatory lesions.

Cancer and other discascs

Obesity is a significant risk factor for the development of
several cancers.™ but the mechanisms underlying this rela-
tionship remain to be fully elucidated. Adiponectin is likely
to play an important role in the development and progres-
sion of some obesity-related malignancies. Recent studies
showed that plasma adiponectin levels are inversely associ-
ated with the risk of cancers associated with obesity and
insulin resistance® Low adiponectin levels have been as-
sociated with endometrial cancer™™ breast cancer: espe-
cially in postmenopausal women.™ colorectal cancer,”™
gastric cancer.” prostate cancer.” and leukemia” Low
plasma adiponectin levels may be a novel risk factor for
cancer. The mechanism of anticarcinogenic effects ol adi-
ponectin has been unclear. [owever. in vitro. recombinant
adiponectin potently inhibited endothelial cell proliferation
and migration and induced caspase-mediated endothelial
cell apoptosis.”

Adiponectin will be of note not only in studies of meta-
bolic disorders but also in investigation of various diseases.
For example. increasing levels of adiponectin are assoctated
with a decrease in bone mineral density.™ It finding suggests
that adiponectin may play a role in bone metabolism and
may prevent osteoporosis.

Biological functions of adiponectin
Antiatherosclerotic effect

We demonstrated that circulating adiponectin can enter
into vascular walls. Immunohistochemical examination
demonstrated that adiponectin is not present in untreated
normal vascular walls of the rat carotid artery. On the other
hand. positive immunohistochemical stain was detected in
the balloon-injured vascular walls” (IYig. 4). In addition.
adiponectin has been shown to bind subendothelial colla-
gen. such as collagen V. VIII. and X. We think that endo-
thelial injury in the process of atherogenesis may lead to
entry of adiponectin into the subendothelial space. follow-
ing the binding of adiponcctin to these collagens. Adipo-
nectin has beneficial etfects on vascular cells including
endothelial cells. macrophages. and smooth muscle cells.

and may play a protective role against atherogenesis.

Regarding endothelial cells. decreased adiponectin
elfectenhances endothelial dysfunction.” Plasma adiponec-
tin levels were inversely associated with endothelium-
dependent vasodilation in both diabetes patients and
controls.* Nitric oxide (NO). a potent vasodilator. mediates
the effect of adiponectin on endothelial cells. "™ Adipo-
nectin amcliorates oxidized LDI. (oxL.DI.)-induced sup-
pression of endothelial NO synthase (eNOS) activity.
Adiponectin stimulates production of NO through phos-
phatidylinositol 3-kinase (PI3K)-dependent pathways in-
volving phosphorylation of e NOS by AMP-activated protein
kinase (AMPK)."" Furthermore. endothelium-dependent
vasodilation is significantly reduced in adiponectin knock-
out (KOY mice."™
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Fig. 4. Localization of adiponectin in an
injured artery. Immunohistochemical
examination demonstrates the existence
of adiponectin in a balloon-injured rat
carotid artery (a). At high magnification.
adiponectin is detected in subendothelial
spaces and media (b). In contrast.
adiponectin is not detecied in a
noninjured artery (¢). d Control staining
with nonimmune immunoglobulin (Ig).
Bars a.¢. d 100pm: b S0pm.
[Reproduced with permission from
Okamoto et al.” (2000) Horm Metab
Res 32:47 S0)

Adhesion molecules expressing on the endothelial sur-
face have a critical role in infiltration of macrophages into
a vascular wall. The stimulated expression of adhesion mol-
ecules by TNF-o was markedly inhibited by the presence of
adiponectin dose-dependently.™ Regulation of adhesion
molecules is involved in inflammatory signals. as described
next.

In macrophages. adiponectin inhibits the expression of
the scavenger receptor class A-1 (SR-A). resulting in mark-
edly decreased uptake of oxILDL and inhibition of foam cell
formation.'” Foam macrophages produce many kinds of
maltrix metalloproteinases (MMP). which induce rupture of
atherosclerotic plaques. causing CVD. Adiponectin in-
creased tissue inhibitor of MMP (TIMP) expression and
secretion in human macrophages via induction of 11.-10.""
Consequently. adiponectin may have a role in preventing
plague rupture. :

In smooth muscle cells. adiponectin inhibits proliferation
and migration. This inhibition was shown to be attributable
to binding competition to platelet-derived growth factor
(PDGF)-BB receptor of adiponectin and the inhibition of
signal transduction through extracellular signal-related ki-
nase (ERK)." Adiponectin also inhibited proliferation and
migration of smooth muscle cells stimulated by heparin-
binding epidermal growth factor (EGF)-like growth factor
(HB-EGF). These findings are summarized in Fig. 5. Many
offensive factors including oxidized LDL. inflammatory
stimuli. and oxidative stress can induce vascular injuries. At
that time. circulating adiponectin may accumulate at the
injured arteries and protect against the development of ath-
erogenic vascular changes."™

Moreover. we investigated platelet thrombus formation
in adiponectin KO mice. which showed an accelerated
thrombus formation on carotid arterial injury with a He-Ne
laser."” This study reveals a new role of adiponectin as an
endogenous antithrombotic factor. Apart from atheroscle-
rosis. adiponectin may prevent CVD in aspects of cardiac
hypertrophy and cardiac ischemic injury. It has been dem-
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Fig. 5. Antiatherogenic eftects of adiponectin. [Reproduced with per-
mission from Matsuzawa et al."® (2004) Arterioscler Thromb Vasc Biol
24:29-33]

onstrated in animal models that adiponcectin protects against
myocardial ischemia-reperfusion  injury through both
AMPK-dependent antiapoptotic effects and cyclooxygen-
ase (COX)-2-dependent antiinflammatory effects."” Adipo-
nectin inhibits hypertrophic signals in the myocardium
through activation of AMPK signaling.'”

Antidiabetic effcct

In addition to antiatherogenic effects. adiponectin is known
as an insulin-sensitizing protein. Intravenous administration
of adiponectin lowered hepatic glucose production by re-
ducing the expression of enzymes involved with gluconeo-
genesis.' Treatment with adiponectin. particularly the
globular domain of adiponectin, improves insulin sensitivity
in animal models of insulin resistance.*!""™ Adiponectin
is likely to improve insulin sensitivity by stimulating glucose



utilization and fatty acid oxidation through the phosphory-
lation and activation of AMPK in both skeletal muscle and
liver."""™ We also demonstrated the antidiabetic effect of
adiponectin using adiponectin KO mice. These mice showed
no specific phenotype with a normal diet. However. a high-
fat and high-sucrose diet induced marked elevation of plas-
ma glucose and plasma insulin levels and marked insulin
resistance in these mice."" The adiponectin KO mouse may
be considered as a model animal of overnutrition-induced
diabetes. The supplementation of adiponectin clearly im-
proved this insulin resistance.

As for adiponectin receptors. overexpression of Adi-
poR1 and -R2 in diabetic mouse liver increased AMPK
activation and peroxisome proliferator-activated receptor
(PPAR)-a signaling pathway. respectively. AdipoR1- and
-R2-deficient mice showed insulin resistance. These data
suggest involvement of the adiponectin receptor with insu-
lin resistance in vivo."” In vitro. adiponectin binds to the
adiponectin receptor on the cell membrane. activating
AMPK pathways. Activation of the AMPK signaling path-
way reduces serine phosphorylation of IRS proteins. lead-
ing to enhanced IRS tyrosine phosphorylation and insulin
signaling.”

Antiinflammatory effect

Inflammation has been recognized as an important patho-
logical basis in the development of atherosclerosis. Several
studies have indicated that adiponectin exhibits antiinflam-
matory propertics in atherogenesis.”” ™" The mecha-
nism of antiinflammatory effects on the endothelial cells has
been investigated. Nuclear transcription tactor. NF-xB. in-
duces the expression of cytokines and adhesion molecules
in the inflammatory process. Adiponectin suppressed TNI--
u-induced NF-xB activation without affecting other I'NF-
a-mediated phosphorylation signals.* Moreover. treatment
with adenovirus-mediated adiponectin reversed the in-
creased levels of adipose expression of TNF-o and plasma
TNF-w in adiponectin KO mice."® Besides TNI*-w. oxida-
tive stress potently induces inflammatory reactions. Adipo-
nectin also inhibits oxI.DL-induced cell proliferation and

Fig. 6. Adiponectin deficiency exacerbates
neointimal thickening after balloon injury.
Immunostaining for smooth muscle actin
shows neointimal thickening in a femoral
artery of a wild-tvpe mouse after mechanical
injuries (a). An adiponectin-deficient mouse
(APN-KO) shows excess neointimal
thickening by increase of smooth muscle
cells {(h). In addition. neointimal thickening
in adiponectin-deficient mice is attenuated
by adenovirus-mediated adiponectin
administration. Arrows indicate internal
clastic lamina. 1. intima: M. media.
[Reproduced with permission from Matsuda
et al."™ (2002) J Biol Chem 277:37487-37491]

wild
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suppress cellular superoxide generation."" A recent study

demonstrated that adiponectin promotes the clearance of
early apoptotic cells by macrophages through a receptor-
dependent pathway involving calreticulin.”" This function
of adiponectin is similar 10 surfactant proteins and Clyq.
which serve an antiinflammatory function by promoting the
clearance of apoptotic cell debris. In addition. oligomer-
ization of adiponectin secems to be important in the activa-
tion of NF-xB signaling pathway."”

Adiponectin alters inflammatory reactions in various
pathogeneses other than atherogenesis. Adiponectin is pro-
tective against chemical-induced colitis in mice. probably
because of the inhibition of chemokine production in intés-
tinal epithelial cells and the subsequent inflammatory re-
sponses, including infiltration of macrophages and release
of proinflammatory cytokines."* Adiponectin prevents car-
bon tetrachloride-induced liver fibrosis by reducing trans-
forming growth factor (TGF) expression in hepatic satellite
cells.'™ Adiponectin suppresses TNF-o and induces 11.-10
production by Kupffer cells of liver in response o lipopoly-
saccharide (L.PS) stimulation."”® Continuous infusion of adi-
ponectin attenuates allergic airway inflammation and airway
hyperresponsiveness in mice.” In bone marrow, adiponce-
tin is an important negative regulator in hematopoiesis and
immune systems. Adiponectin blocks fat cell formation in
bone marrow cultures by the induction of COX-2 and pros-
taglandins (PGs) in preadipocytes.” A recent study found
another mechanism in antiinflammatory cffects of adipo-
nectin. Both recombinant and native adiponectin directly
bound L.PS derived from three diftferent bacteria in the
acidic site of inflammation."™

Clinical application of adiponectin in the future

Clinical applications of adiponectin have been conducted in
animal models for preventing CVD. Adiponectin-deficient
mice show excess neointimal thickening in mechanically
injured arteries™ "™ (Fig. 6). In adiponectin KO mice.
neointimal proliteration is attenuated by adenovirus-
mediated adiponectin  administration through reducing

“p qu

APN-KO
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Fig. 7. Adiponectin reduced
atherosclerotic plaques of apolipoprotein
E-deficient mice. In aortic sinus of an
apolipoprotein E-deficient mouse. oil red-
O staining shows many atherosclerotic
plaques (a). At higher magnification.
many large lipid droplets are seen in a
plaque (b). Administration of adenovirus-
mediated adiponectin in this mouse
reduces the area of the plaque in the
aortic sinus (¢) and the size of the lipid
droplets in a plaque (d). Bars a. ¢ S00um:
b. d 100pm. [Reproduced with permission
from Okamoto et al.'" (2002) Circulation
106:2767-2770)

proliferation of smooth muscle cells.”™ This result suggests
that enhancement of adiponectin may prevent arterial re-
stenosis after balloon angioplasty.” Besides smooth muscle
cells. foam macrophages are the main components in hu-
-man atherosclerotic lesions. An apolipoprotein E-deficient
mouse is a well-established model of atherosclerosis con-
taining foam cells. We treated these mice with adenovirus-
mediated adiponectin. Two weeks after the injection. the
plaque area in the aortic sinus was inhibited compared with
control mice."" The lipid droplets in the lesion of adiponec-
tin-treated mice became smaller compared with nontreated
mice (Fig. 7).

Immunohistochemical analyses demonstrated that the
adenovirus-mediated adiponectin was localized in the fatty
streak lesions. These studies suggest that increase of plasma
adiponectin should be a useful target in preventing CVD.

PPARy-dependent pathways are important targets to
induce the expression of adiponectin. PPARY agonists. the
thiazolidinediones. increase plasma adiponectin levels in
humans **'* Treatment with troglitazone induced plasma
adiponectin levels in mildly overweight subjects with glu-
cose intolerance by approximately threefold.* and also did
so in diabetic patients and in both lean and obese nondia-
betic subjects.” In a randomized. placebo-controlled study
in patients with diabetes. administration of rosiglitazone
increased plasma adiponectin levels more than twofold.'
In addition. pioglitazone increased the ratio of IIMW adi-
ponectin/total levels and was related to the hepatic insulin-
sensitizing effects."™ In mice. PPARY agonists including
troglitazone. rosiglitazone. and pioglitazone significantly
increased plasma adiponectin levels without affecting body
weight.* PPARY agonists induced adiponectin mRNA ex-
pression in the adipose tissucs of obese mice and enhanced
the mRNA expression and secretion of adiponectin in a
dose- and time-dependent manner in cultured 313-L1 adi-
pocytes.® In human and mouse adipose tissue. pioglitazone
induces the secretion of HIMW adiponectin. but not the se-
cretion of low molecular adiponectin.'™

As well as PPARYy agonists. the fibrates are also useful
to increase adiponectin levels. Significant increase of serum
adiponectin was observed in bezafibrate-treated subjects
compared with a placebo group.’™ Bezafibrate and fenofi-
brate significantly elevated adiponectin levels in wild-type
mice and 3T3-L.1 adipocytes. We also demonstrated that the
activation mechanism of adiponectin promoter by fibrates
is partly through a PPAR-responsive element (PPRF).'* In
addition. AdipoR2 is induced by both PPARy and PPARY
in human macrophages.”™

Analysis of adiponectin promoter is another approach to
upregulate the expression of adiponectin. We identified two
responsive elements in the human adiponectin promoter re-
gion. One isa functional PPAR-responsive element (PPRE).
and another is a orphan nuclear receptor. liver receptor ho-
molog-1 (LRH-1)-responsive element (LRH-RE). .LRH-!1
amplified PPAR-y-induced transactivation of adiponectin
promoter.”” Our results indicate that PPAR-y and LRH-1
play significant roles in activation of the adiponectin gene via
the PPRE and the LRH-RFE in its promoter.

Conclusion

Adiponectin was discovered as an adipose-specific protein.
Visceral fat accumulation reduces plasma adiponectin lev-
els. Decreased levels of plasma adiponectin are associated
with various kinds of disease. Now. the-clinical significance
of adiponectin in obesity-related diseasc has been estab-
lished. In addition. adiponcctin has been shown to have di-
rect effects on obesity-related disease and atherogenesis.
Therefore. adiponectin has been recognized as a key mole-
cule in metabolic syndrome.

Various functions ol adiponectin provide possibilities to
prevent and treat obesity-related diseases and CVD. Trur-
thermore. enhancement of adiponectin secretion or action
may become a promising therapeutic target.
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