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Systemic Oxidative Stress is Associated With
Visceral Fat Accumulation and
the Metabolic Syndrome

Koichi Fujita, MD; Hitoshi Nishizawa, MD; Tohru Funahashi, MD;
lichiro Shimomura, MD; Michio Shimabukuro, MD*

Background The metabolic syndrome (MetS) is a major target for prevention of atherosclerotic cardiovascu-
lar diseases and visceral fat accumulation is an underlying component of MetS. The aim of this study was to
investigate the association of systemic oxidative stress with visceral fat accumulation and MetS.

Methods and Results The study group consisted of Japanese men (n=44; 51.2+11.4 years) and women (n=61;
55.4+13.4 years). Urinary 8-epi-prostaglandin F2a (8-epi-PGF2¢) concentration, a biomarker of systemic oxida-
tive stress, was significantly high in the subjects with MetS. As the urinary concentration of 8-epi-PGF2u
increased, the number of criteria for MetS were significantly met (abdominal obesity, hypertriglyceridemia, low
high-density lipoprotein-cholesterol, hypertension, and high fasting glucose). Among parameters associated with
MetS, the correlation coefficient of visceral fat area (VFA) with urinary 8-epi-PGF2u concentration was the
highest (r=0.636, p<0.0001). In non-obese subjects, the correlation coefficient of VFA with urinary 8-epi-PGF2¢,
concentration was higher (r=0.728, p<0.0001), although there was no significant correlation between subcutane-
ous fat area and urinary 8-epi-PGF2a. Stepwise multiple regression analysis identified VFA as the strongest and
independent determinant of urinary 8-epi-PGF2a (p<0.0001) followed by adiponectin (p=0.0212) and, high sensi-
tive C-reactive protein (p=0.0365).

Conclusions  Systemic oxidative stress, as measured by urinary 8-epi-PGF2a, is strongly associated with vis-
ceral fat accurnulation and MetS.  (Circ J 2006; 70: 1437-1442)

Key Words: Metabolic syndrome; Systemic oxidative stress; Urinary 8-epi-PGF2q; Visceral fat accumulation

he metabolic syndrome (MetS), a cluster of glucose

intolerance, hypertension, and dyslipidemia with

visceral fat accumulation, is a common health prob-
lem in industrialized countries and its management is a
major target for the prevention of atherosclerotic cardiovas-
cular diseases!-* There is evidence for the role of obesity,
particularly abdominal or intra-abdominal visceral fat accu-
mulation, in promoting the development of metabolic dis-
eases including glucose intolerance, dyslipidemia, hyperten-
sion, and atherosclerosis?? Adipose tissue was previously
considered an energy-storage organ, but numerous studies
have demonstrated recently that adipose tissue produces
and secretes a variety of biologically active molecules, con-
ceptualized as adipocytokines!*10-1 such as plasminogen
activator inhibitor-1 (PAI-1)I¢ tumor necrosis factor (TNF)-
al! resistin!? leptin!? and adiponectin!* Importantly, dysreg-
ulated production of adipocytokines in obesity is involved
in the development of MetS!+10-15 Increased production of
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PAI-1 and TNF-¢ from accumulated fat causes thrombosis,
and atherosclerosis, respectively!%16.17 Adiponectin exhibits
anti-atherogenic!¥-20 and insulin-sensitizing properties?!,22
Hypoadiponectinemia, associated with visceral fat area
(VFA), is considered to play an important role in the devel-
opment of coronary artery disease and type 2 diabetes in
Met§23-25

Oxidative stress has been implicated in the pathogenesis
of atherosclerosis?6-3% Reactive oxygen species (ROS) re-
sulting from NADPH oxidase activation in cardiovascular
cells are involved in the adhesion and migration of mono-
cyte/macrophages, proliferation of vascular smooth muscle
cells and fibroblasts, and remodeling of the extracellular
matrix, leading to atherosclerotic cardiovascular diseases?®
Recently, our group demonstrated that, in obese mice, pro-
duction of ROS increased selectively in accumulated fat but
not in muscle, liver, and aorta. The increase in fat ROS was
associated with augmented expression of NADPH oxidase
and decreased expression of antioxidative enzymes such as
Cu, Zn-superoxide dismutase and catalase in adipose tissue3!
These results suggest that obesity per se can induce systemic
ROS. The same study also demonstrated that fat ROS can
trigger the dysregulation of adipocytokines, such as de-
creased adiponectin and increased PAI-1 and TNF-q, which
would lead to the development of MetS. Treatment with
NADPH oxidase inhibitor ameliorated adipocytokine dys-
regulation and improved the metabolic disorders. Therefore,
fat ROS are considered a suitable therapeutic target and a
biomarker for MetS. However, the association between
systemic ROS and fat distribution, especially visceral fat
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Table 1 Clinical Characteristics of the Study Subjects

FUJITA K etal.

MetS (-) MetS (+)

(n=69) (n=36) p value
Age (years) 53.3+13.7 54.2£10.6 NS
BMI (kg/m?) 25.8£5.0 28.7+3.9 0.0034
Waist circumference (cm) 91.0+13.1 96.9+6.6 0.0128
VFA (cm?) 115.6£71.6 183.7494.6 0.0012
SFA (cm?) 171.2494.0 200.9+87.8 NS
Systolic blood pressure (mmHg) 124.5%15.7 144.0£21.2 <0.0001
Diastolic blood pressure (mmHg) 71.2411.0 84.5%9.9 <0.0001
Total cholesterol (mmol/L) 5.2140.94 5.90+1.04 0.0009
Triglyceride (mmol/L) 1.36%0.81 2.58+1.40 <0.0001
HDL-cholesterol (mmol/L) 1.49+0.41 1.30+0.28 0.0147
Fasting plasma glucose (mmol/L) 5.67+1.52 6.98£1.57 <0.0001
Hemoglobin Alc (%) 5.538+0.94 6.41%1.19 0.0002
Adiponectin (j1g/ml) 6.73%3.31 5.11%2.20 0.0263
hsCRP (mg/L) 1.80+3.13 3.11£3.77 0.0017
Smoking (%) 15 11 NS
Urinary 8-epi-PGF2a (pg/mg Cr) 234.9%134.7 309.4£112.3 0.0054

Data are mean £SD.

MetS, metabolic syndrome (Japanese criteria); NS, not significant; BMI, body mass index; VFA, visceral fat area; SFA, subcutaneous
fat area; HDL, high-density lipoprotein; hsCRP, high-sensitive C-reactive protein; 8-epi-PGF2a, 8-epi-prostaglandin F2a

accurnulation, which plays a key role in MetS, has not been
defined in human subjects.

In the present study, we investigated the correlations
between systemic oxidative stress, measured by urinary 8-
epi-PGF2q concentration, and various conditions associ-
ated with MetS.

Methods

Subjects

Among 261 Japanese adults who visited the university
hospital for a health checkup between 2003 and 2005, 105
[44 men (mean age+SD, 51.2x11.4 years) and 61 women
(5542134 years)] were recruited into the study. Subjects
were excluded if they did not agree to participate, had a his-
tory of diabetes mellitus, cardiovascular or cerebrovascular
disease, hepatic and/or renal disease, or were being treated
with antihypertensive or antihyperlipidemic medications.
Interested participants visited our laboratories by self-refer-
ral or by recommendation for further check-up after local
center screening. The study protocol complied with the
Guidelines of the Ethical Committees of Osaka University
and University of the Ryukyus. Informed consent was given
by all subjects.

Anthropometry and Abdominal Fat Distribution
Anthropometric measurements (height, weight and waist
circumnference (WC)) were performed in a standing position.
Body mass index (BMI) was calculated as weight divided
by the square of height (kg/m?). WC at the umbilical level
was measured with a non-stretchable tape in the late exha-
lation phase while standing?? Systolic and diastolic blood
pressures were measured in the sitting position to the nearest
mmHg. Abdominal fat distribution was determined using
computed tomography (CT) while the subjects were supine33
Ordinary CT parameters were used, specifically 120kV and
200mA, as well as a slice thickness of Smm, a scanning
time of 25, and a field of view of 400 mm. The subcutaneous
fat area (SFA) and intra-abdominal VFA were measured at
the level of the umbilicus and determined by a standardized
method with CT numbers. Briefly, a region of interest of the
subcutaneous fat layer was defined by tracing its contour

on each scan, and the attepuation range of CT numbers (in
Hounsfield units) for fat tissue was calculated. A histogram
for fat tissue was computed on the basis of mean attenua-
tion+2SD. Total and intraperitoneal tissue with attenuation
within the mean+28D were considered to be the total fat
area (TFA) and VFA, and the SFA was defined by subtract-
ing the VFA from the TFA. Smoking was assessed using a
smoking index, defined cigarettes/day X years.

Laboratory Measuremenis

Blood was drawn after an overnight fast and plasma
concentrations of adiponectin were measured by a sand-
wich enzyme-linked immunosorbent assay (ELISA) sys-
temn (Adiponectin ELISA Kit, Otsuka Pharmaceutical Co,
Tokushima, Japan)!® Plasma glucose concentrations were
determined by glucose oxidase method. The value of
hemoglobin Alc (HbAlc) was determined by high-perfor-
mance liquid chromatography. Serum total cholesterol and
triglyceride concentrations were determined by enzymatic
methods. High-density lipoprotein (HDL)-cholesterol was
also measured by enzymatic method after heparin and calci-
um precipitation. Serum concentration of C-reactive protein
(CRP) was measured with high-sensitive CRP (hsCRP)
assay (Denka Seiken). A single urine sample was subjected
to analysis of systemic oxidative stress using urinary 8-epi-
prostaglandin F2o (8-epi-PGF20) as the marker3 in an
enzyme immunoassay kit (Assay Design Inc), as described
previously31,3536 The urinary concentration of 8-epi-PGF2a
was indexed to that of urinary creatinine (Cr) and ex-
pressed in pg/mg Cr.

Definition of MetS

MetS was defined according to the 2005 guidelines of the
Japanese Society of Internal Medicine or to the American
Heart Association/National Heart, Lung, and Blood Insti-
tute (AHA/NHLBI) criteria37-38 In the Japanese guideline,
which is similar to the IDF criteria®®4? subjects with MetS
must have: abdominal obesity (defined as WC 285cm in
men or 290 cm in women*!), and plus any 2 of the following
3 factors: (1) dyslipidemia: hypertriglyceridemia (serum tri-
glyceride concentration 2150 mg/dl [1.69 mmol/L]) and/or
low HDL-cholesterol (serum concentration <40 mg/dl

Circulation Journal  Vol.70, November 2006
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[1.04mmol/L}); (2) hypertension: systolic blood pressure
2130mmHg and/or diastolic blood pressure 285mmHg;
(3) high fasting glucose: serum glucose concentration
2110mg/dl (6.1 mmol/L). In the present study, abdominal
obesity was defined WC 285¢cm in men or 290cm in
women as reported for Japanese population#!

Statistical Analysis

All statistical analyses were performed with Stat View-J
5.0 (Statistical Analysis System Inc, Cary, NC, USA).
Because plasma adiponectin concentrations, hsCRP, and
serum triglyceride concentrations did not show a Gaussian
distribution, these 3 parameters were log-transformed be-
fore analysis. We compared clinical characteristics in the
subjects with or without MetS (Table 1) using the Student’s
t-test. Only the prevalence of smokers was analyzed by the
chi-square test. The subjects were then categorized into 4
groups according to the urinary concentrations of 8-epi-
PGF2a. The prevalence of the MetS in each category was
analyzed by Mann-Whitney U-test. Comparisons of the
mean values of components of the MetS in each category
were analyzed by the Kruskal-Wallis test and Schefte’s test.
Pearson’s correlation coefficient was used to examine the
association between urinary 8-epi-PGF2q concentration and
various parameters of MetS. To identify the parameters of

Circulation Journal  Vol.70, November 2006

Figl. Urinary 8-epi-prostaglandin F2¢ (8-epi-PGF2a}
4 concentration and metabolic syndrome (MetS). (a)
Urinary 8-epi-PGF2a concentrations in subjects with
or without MetS. (Left panel) MetS (-): n=69, MetS
(+): n=36, diagnosed by the Japanese criteria; (Right
panel) MetS (~): n=55, MetS (+): n=50, diagnosed by
the American Heart Association/National Heart, Lung.
and Blood Institute (AHA/NHLBI) criteria. Data are
meanxSEM. *p<0.01 by Student’s t-test. (b) Preva-
lence of MetS according to the category of urinary
8-epi-PGF2x concentration (see text for details). Anal-
ysis using the Japanese criteria (Left panel) or the
AHA/NHLBI criteria (Right panel). (c) The number
of components of MetS (abdominal obesity, hypertri-
glyceridemia, low high-density lipoprotein-cholesterol,
hypertension, and high fasting glucose) in each cate-
gory of urinary 8-epi-PGF2a concentration. Data are
mean + SEM. *p<0.05, **p<0.01, ***p<0.001 vs cate-
gory 1 by Kruskal-Wallis test and Scheffe’s test.

Met§ that contribute significantly to urinary 8-epi-PGF2a
concentration, stepwise multiple regression analysis was
conducted. Parameters with an F-value >4.0 were entered
into the regression analysis as independent variables. A
p-value less than 0.05 denoted a statistically significant
difference.

Results

The basic anthropometric and metabolic characteristics
of the subjects enrolled in this study are presented in
Table 1. Based on the Japanese criteria, 34% had MetS
(Table 1, 40% of the enrolled men and 29% of the enrolled
women), whereas according to the AHA/NHLBI criteria,
47% of the enrolled subjects had MetS (52% of men and
44% of women). As expected, between the subjects with
and without MetS according to Japanese criteria, there
were significant differences in several parameters related to
MetS, including BMI, WC, VFA, systolic and diastolic
blood pressures, total cholesterol, wriglyceride, HDL-cho-
lesterol, fasting plasma glucose, HbAlc, adiponectin, and
hsCRP (Table 1). Urinary concentration of 8-epi-PGF2¢
was significantly higher in subjects diagnosed with MetS
(either definition) than in those without (Table1, Fig 1a).
There was no difference between male and female subjects
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Table 2 Correlation Coefficients of the Relationships Between Urinary
8-epi-PGF2u Concentration and Various Parameters of the MetS

r p value
Age 0.228 0.0193
BMI 0.585 <0.0001
Waist circumference 0.559 <0.0001
VFA 0.636 <0.0001
SFA 0.493 <0.0001
Systolic blood pressure 0.327 0.0006
Diastolic blood pressure 0.118 NS
Total cholesterol 0.181 NS
Triglyceride 0.403 <0.0001
HDL-cholesterol -0.198 0.0425
Fasting plasma glucose 0.127 NS
Hemoglobin Alc 0.207 0.0337
Adiponectin ~0.464 <0.0001
hsCRP 0.529 <0.0001
Smoking index 0.205 0.0354

Smoking index is expressed as cigareltes/dayX yeurs.
Abbreviations see in Table 1.

in the urinary concentrations of 8-epi-PGF2q (men: 260+
107.7pg/mg Cr; women: 260.7+147 8pg/mg Cr).

We categorized the subjects into quartiles according
to the urinary 8-epi-PGF2a concentration (category 1 (n=
25): 40.0-145.0pg/mg Cr; category 2 (n=25): 150.0-
224.0pg/mg Cr; category 3 (n=28): 231.0-331.0pg/mg Cr;
category 4 (n=27): 332.0-710.7 pg/mg Cr). The prevalence
of MetS (both definitions) significantly increased with
increased 8-epi-PGF2q urinary concentration (Japanese
criteria: p=0.0014; AHA/NHLBI criteria: p=0.0018, Mann-
Whitney U-test) (Fig 1b). Furthermore, the number of com-
ponents of the MetS (abdominal obesity, hypertriglyc-
eridemia, low HDL-cholesterol, hypertension, and high
fasting glucose) significantly increased with increased 8-
epi-PGF2q urinary concentration (Fig 1c). We further in-
vestigated the relationship between urinary 8-epi-PGFu
concentration and selected conditions associated with MetS
and the coefficients are listed in Table 2.

Urinary 8-epi-PGF2a concentration correlated positively
with age, and of the anthropometric parameters, there was
a significant correlation with BMI, WC, VFA, and SFA.
Urinary 8-epi-PGF200 concentration correlated positively
with systolic blood pressure, HbAlc, triglycerides, and
smoking index and negatively with HDL-cholesterol, but
not with fasting plasma glucose, diastolic blood pressure, or
total cholesterol. Plasma adiponectin and hsCRP concen-
trations correlated significantly with urinary 8-epi-PGF20
concentration. The coefficient for the correlation of VFA
with urinary 8-epi-PGF2a concentration was the highest
among all parameters analyzed (r=0.636, p<0.0001, Table2).
Furthermore, among non-obese subjects, the correlation
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Fig2. Association of urinary 8-cpi-prostaglandin F2« (8-epi-PGF2w)
concentration with visceral fat area, subcutaneous fat area or body
mass index (BMI) in the non-obese subjects (BMI <25, n=38). (a)
Correlation between urinary 8-epi-PGF2a concentration and visceral
fat arca. (b) Association of urinary 8-epi-PGF2x concentration with
subcutaneous fat area. (¢) Association of urinary 8-epi-PGF2a con-
centration with BMI. NS, not significant.

Table 3 Stepwise Multiple Regression With Urinary 8-epi-PGF2a Concentration as the Dependent Variable

Independent variable Regression coefficient Standard error Standardized regression coefficient p value
VIA 0.779 0.467 <0.0001
Adiponectin -170.914 -0.238 0.0212
hsCRP 57.866 0.223 0.0365
Intercept 296.788 <0.0001

Adjusted R%: 0.520.

Not accepted variables (F value <4.0) were age, systolic blood pressure, hemoglobin Alc, triglyceride, HDL-cholesterol, and smok-

ing index.
Abbreviations see in Table 1.
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coefficient of VFA with urinary 8-epi-PGF2a concentra-
tion was higher (VFA: r=0.728, p<0.0001, Fig2a) than that
in all subjects (r=0.636, Table2). There was no significant
correlation between SFA or BMI and urinary 8-epi-PGF2¢
concentration in non-obese subjects (SFA: r=0.035, not
significant (NS), Fig2b; BMI: r=0.251, NS, Fig2c).

To examine if the positive correlation between VFA and
urinary 8-epi-PGF2a concentration was independent of
other clinical factors associated with MetS, including age,
smoking index, systolic blood pressure, HbAlc, triglycer-
ide, HDL-cholesterol, hsCRP, and adiponectin, stepwise
multiple regression analyses were performed. As shown in
Table 3, VFA was the strongest and independent determi-
nant of urinary 8-epi-PGF2a concentration (p<0.0001) fol-
lowed by adiponectin (p=0.0212) and hsCRP (p=0.0365).

Discussion

The major findings of the present cross-sectional study
indicate that the systemic oxidative stress increased in the
subjects with MetS, and was strongly correlated with vis-
ceral fat accumulation.

Plasma levels of adipocytokines are dysregulated in vis-
ceral fat accumulation, including inflammatory adipocyto-
kines, such as interleukin-6, TNFq, and CRP, and this
chronic low-grade inflammation in MetS is involved in the
pathogenesis of atherosclerotic cardiovascular diseases#+
Hypoadiponectinemia is also located upstream of the patho-
genesis of metabolic diseases and atherosclerosis?3-2>
However, the precise molecular mechanism of adipocyto-
kine dysregulation has not been fully elucidated. Using
animal models, we recently reported that plasma H20z, a
hazardous ROS, is already augmented in the obese and non-
diabetic state, and that increased levels of ROS primarily
originate from accumulated fat, not from liver, muscle or
aortad! That same study also demonstrated that increased
ROS in obesity caused dysregulation of adipocytokine
production, including decreased adiponectin and increased
PAI-1 and TNF-¢, and that treatment with antioxidants in
vivo redressed the adipocytokine dysregulation, resulting in
improvement of glucose intolerance, hypertriglyceridemia,
and fatty liver in obese mice3! These findings suggest that
increased fat ROS in obesity is a candidate upstream factor
for adipocytokine dysregulation leading to MetS.

The Framingham study revealed that BMI was highly as-
sociated with systemic oxidative stress?® However, whether
ROS are linked more to visceral or to subcutaneous fat ac-
cumulation is still unknown. In the present study, we mea-
sured VFA and SFA by the CT cross-sectional method??
The urinary 8-epi-PGF2a concentration was more strongly
associated with visceral fat accumulation than with sub-
cutaneous fat in all subjects enrolled in this study (Table2).
In the non-obese subjects, VFA was more significantly
correlated with urinary 8-epi-PGF2¢ than in all subjects,
although there was no significant correlation between SFA
or BMI and urinary 8-epi-PGF2¢ concentration (Fig2).
Moreover, stepwise multiple regression analysis indicated
that visceral fat accumulation was an independent indicator
of systemic oxidative stress, whereas glucose intolerance,
hypertension, dyslipidemia, or aging was not. Thus, these
results suggest that systemic oxidative stress, represented
by the urinary 8-epi-PGF2a concentration, is strongly asso-
ciated with visceral fat accumulation leading to MetS. Very
recently, it was reported that there was no increase in the
urinary 8-epi-PGF2¢ concentration in otherwise healthy
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63-year-old men in Sweden with MetS#7 which might be
explained by the age of the subjects. The average age of the
subjects in that study was almost 10 years older than that in
the present study. Further investigation is required to verify
an age-related association between systemic oxidative
stress and MetS.

Smoking has been reported to be associated with systemic
oxidative stress?64849 and in the present study, the urinary
8-epi-PGF2a concentration of smokers (n=15) was higher
than that of non-smokers (n=90) (p=0.0640), and the smok-
ing index (cigarettes/dayxyears) significantly correlated
with urinary 8-epi-PGF2a concentration (r=0.205, p=
0.0354) as shown in Table2. The smoking index was not
found to be an independent determinant of urinary §-epi-
PGF20, concentration in the present study, which may be
related to the small number of smokers enrolled in this
study. Among the non-smokers only, VFA was also the
strongest and independent determinant of urinary 8-epi-
PGF2a concentration (data not shown),

Study Limitations

First, this is a cross-sectional study of a limited number
of subjects. Second, the study group comprised Japanese
men and women who visited hospital for a health checkup,
including participants coming by self-referral or by recom-
mendation from local center screening. Therefore, the sub-
jects included a higher ratio of subjects diagnosed with
MetS as compared to the general population?®

Conclusion

We have demonstrated that systemic oxidative stress,
measured by urinary 8-epi-PGF2¢ concentration, is closely
associated with visceral fat accumulation and MetS. It is
important to investigate in a future prospective study wheth-
er a reduction of visceral fat by life-style intervention is
associated with decreased systemic oxidative stress. It is
suggested that oxidative stress, especially fat ROS, could
be an important therapeutic target for future intervention
strategies for visceral fat accumulation and MetS.
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©BJIECTIVE — Adiponectin is an adipose tissue~derived protein. Low levels are associated
with obesity, insulin resistance, and type 2 diabetes. Qur objective was to investigate the pro-
spective association between adiponectin levels and the 6.4-year risk of type 2 diabetes and of
impaired glucose metabolism (IGM).

RESEARCH DESIGN ANB RMETHOBS — The Hoorn Study is a cohort study among
Caucasians, aged 50-75 years. BMI, waist-to-hip ratio (WHR), fasting glucose, 2-h glucose,
triglycerides. HDL cholesterol, LDL cholesterol, alanine aminotransferase, leptin, and adiponec-
tin were measured at baseline. Lifestyle (alcohol intake, smoking, and physical activity) was
assessed by questionnaires. After a mean follow-up of 6.4 years, glucose tolerance was assessed
by a 75-g oral glucose telerance test. Analyses were performed in 1,264 subjects (584 men and
680 women) without type 2 diabetes at baseline. For analyses of incident IGM, 239 subjects with
IGM at baseline and/or type 2 diabetes at {ollow-up were excluded.

RESULETS — Age- and lifestyle-adjusted odds ratios and 95% Cls comparing highest with
lowest adipenectin quartile were 0.52 (0.23-1.18) in men and 0.15 (0.06-0.39) in women for
type 2 diabetes and 0.90(0.51-1.61) and 0.28 (0.16—-0.48) for IGM, respectively. The risks were
only slightly reduced after adjustment for WHR and leptin as markers of (abdominal) adiposity.
Adjustment for baseline fasting and postload glucose levels (potential mediators) substantially
diminished these inverse associations with type 2 diabetes (0.79 [0.32-1.91] and 0.62 [0.21-
1.81]) and with IGM (1.20 [0.61-2.35] and 0.48 [0.26-0.90]), respectively.

COMELUSIONS — A high adiponectin level was strongly associated with a lower risk of
IGM and type 2 diabetes, particularly in women. These results suggest that adiponectin is
involved in the pathophysiology linking obesity to type 2 diabetes.

Diabetes Care 29:2498-2503, 2006

a recently discovered protein that seems
to be exclusively secreted by adipocytes
and is the most abundant adipose tissue—
derived protein (2,3). In contrast to other

® he pathophysiology linking obesity
to type 2 diabetes is not completely
understood, but adipokines are
thought to be involved (1). Adiponectin is
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adipokines (such as leptin and interleu-
kin-6) that are often elevated in obese
subjects, adiponectin is reduced (3-6).

In animal studies, adiponectin has
been shown to have insulin-sensitizing
properties. Adiponectin knockout mice
are insulin resistant in a gene-dose fash-
ion (7,8). Overexpression of adiponectin
prevented diabetes in transgenic mice (9),
and administration of adiponectin re-
versed insulin resistance in various mouse
models of obesity and diabetes (10). Adi-
ponectin increased insulin action via ef-
{ects on hepatic glucose production and
by increasing fat oxidation and lowering
circulating free fatty acids (10-13).

In humans, several cross-sectional
studies showed that adiponectin corre-
lates negatively with measures of insulin
resistance and type 2 diabetes, but cause
or consequence cannot be distinguished.
Results from a few prospective studies
suggest that a low adiponectin level is pre-
dictive of insulin resistance or diabetes in
Pima Indians (14), Asian Indians (15),
and Japanese subjects (16,17). Some of
these studies are rather small (14,15) or
had a short follow-up period (15,17). To
our knowledge, the only prospective
study in Caucasians was a nested case-
control study based on self-reported dia-
betes after a follow-up of 2--3 years (18).
All of these previous prospective studies
were performed in relatively young
subjects.

The objective of the present study was
to investigate the association between adi-
ponectin and subsequent 6.4-year inci-
dence of abnormal glucose metabolism in
a large population-based cohort of older
men and women.

RESEARCH DESIGN AND

FAETHI®BS — The Hoorn Study is a
population-based cohort study among
2,484 Caucasians (aged 50-75 years) that
was performed in 1989-1991 and has
been described previously (19). In 1996~
1998, a follow-up examination took
place. Of the 2,484 subjects, 150 subjects
had died and 108 subjects had moved out
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Table 1—Baseline characteristics of men by quartiles of adiponectin

Snijder and Associates

Quartile 1 Quartile 2 Quartile 3 Quartile 4 Pirend P[,ﬂli
n 145 151 143 145
Adiponectin (ng/mb 5.66 = 0.89 7.92 + 0.65 10.30 = 0.77 2041 £6.75 <0.001 <0.001
Age (years) 574 %59 59.7 = 6.5 605 + 7.2 624+ 7.0 <0.001 —
Anthropometry
BMI (kg/m?) 26628 26224 261 = 3.6 251%x25 <0.001 <0.001
Waist circumference {cm) 95.6 = 8.4 94775 94.0 = 9.0 919+ 8.1 <0.001 <0.001
Hip circumference (cm) 101.1 =5.7 100.3 £ 4.7 100.1 £5.1 99.3 x50 0.002 0.003
WHR 0.94 = 0.05 0.94 + 0.05 0.93 = 0.07 0.93 £ 0.06 0.004 <0.001
Metabolic variables
Fasting glucose (mmol/1) 548 = 0.50 5.54 + 0.51 541 £0.48 540 = 0.50 0.046 0.013
2-h glucose (mmol/l) 539 163 5.35 % 1.70 4.83 + 1.48 5.03 +1.51 0.006 <0.001
LDL cholesterol (tnmol/]) 444 +0.93 452 £1.03 4.46 * 0.93 4530095 0.583 0.575
HDL cholesterol (mmol/D 1.16 = 0.31 1.14 = 0.25 1.18 = 0.24 1.33+0.36 <0.001 <0.001
Triglycerides (mmol/) 1.4 (1.1-2.2) 1.5 (1.1=2.1) 140.0-1.7) 1.2 (1.0-1.7) <0.001 <0.001
Systolic blood pressure 1338 £ 18.8 132.0 £ 16.7 1303 £ 163 1342 £ 186 0.951 0.025
(mmHg)
Diastolic blood pressure 85.0 9.2 83.1 956 81.7 = 8.7 82.4 £ 10.7 0.011 0.013
(mmHg)
Leptin (pg/D 3.29(1.73-5.59) 3.51 (1.79-5.74) 3.13(1.95-4.71) 2.43 (1.36—4.94) 0.002 0.001
ALT activity (units/) 16.6 £ 109 142 =83 13.3 %62 11.9+54 0.000 0.000
GFR (ml/min per 1.73 m?) 74.7 £ 12.3 71.1 =£10.0 70.9 + 11.7 69.7 = 12.7 0.001 0.668
Lifestyle factors
Smoking (% yes) 317 39.7 40.6 32.4 0.881 0.696
Habitual physical activity 2.8(l.6-4.4) 2.9(.7-5.0) 3.0(1.9-5.1) 3.1 (2.0-5.0) 0.217 0.878
(h/day)
Sports (% yes) 34.5 201 30.1 255 0.127 0.865
Alcohol (% yes) 90.3 87.1 84.2 85.8 0.199 0.601
Alcohol (g/day)
0 9.7 12.9 15.8 14.2 0.199 0.601
<10 39.6 435 439 43.3 0.539 0.603
10--30 34.0 32.7 30.9 34.8 0.980 0.662
=30 16.7 10.9 9.4 7.8 0.018 0.046

Data are means = SD or median (interquartile range) unless otherwise indicated. *P,...,s adjusted for age.

of Hoorn. Another 140 subjects were not
invited because of logistic reasons. Of the
remaining 2,086 subjects, 1,513 (72.5%)
participated. At both examinations, an ex-
tensive physical examination and an oral
glucose tolerance test were performed.
For the present analyses, from the
baseline population (n = 2,484) we ex-
cluded subjects with missing baseline
data (n = 184) and subjects who already
had type 2 diabetes (either newly detected
or previously diagnosed) at baseline (n =
224). From the remaining 2,076 subjects,
1,264 persons had follow-up data avail-
able on glucose tolerance status and were
included for prospective analyses. In-
formed consent was obtained from all
participants, and ethical approval was ob-
tained from the Ethical Review Commit-
tee of the VU University Medical Center.

Adiponectin
Baseline adiponectin was determined in
2004 in spare plasma samples that had

been stored at —80°C and had never been
thawed before. Adiponectin was deter-
mined by a latex turbidometric immuno-
assay (Otsuka Pharmaceutical). The inter-
and intra-assay coelficients of variation
were <2.0 and <3.1%, respectively.

Glucose metabolism

Fasting glucose and 2-h postload glucose
levels after a 75-g oral glucose tolerance
test were measured by the glucose dehy-
drogenase method (Merck, Darmstadt,
Germany) at baseline and by the hexoki-
nase method (Boehringer-Mannheim,
Mannheim, Germany) at follow-up. Glu-
cose levels were used to classify subjects
according to the 1999 World Health Or-
ganization criteria into normal glucose
metabolism, impaired glucose metabo-
lism (IGM) (impaired fasting glucose
and/or impaired glucose tolerance), or
type 2 diabetes.

Additional measurements

Serum lipids and lipoproteins were deter-
mined by enzymatic techniques (Boc-
hringer-Mannheim). Serum leptin
concentrations (micrograms per liter)
were determined by a radioimmunoassay.
Serum alanine aminotransterase (ALT)
enzyme activity was measured according
to the method of the International Feder-
ation of Clinical Chemistry of 1985 and
expressed as units per liter (20). The se-
rum creatinine level was determined to
calculate the glomerular filtration rate
(GFR) by the Cockeroft-Gault formula in
milliliters per minute per 1.73 m* body
surface area. BMI (weight in kilograms di-
vided by the square of height in meters)
and waist-to-hip ratio (WHR) were calou-
lated. Blood pressure (millimeters of mer-
cury) was measured in duplicate by
means of a random-zero sphygmoma-
nometer (Hawksley-Gelma, Lancing,
U.K.). Information on lifestyle factors was
obtained by questionnaires. Habitual
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Table 2—Baseline characteristics of women by quartiles of adiponectin

Quartile 1 Quartile 2 Quartile 3 Quartile 4 Pirend Pirena”
n 170 170 170 170
Adiponectin (ug/ml) 8.48 £ 1.74 12.67 = 1.03 16.60 £ 1.26 2478 =572 <0.001 <0.001
Age (years) 50.1 + 64 505+ 6.7 60.2 * 6.6 62272 <0.001 —
Anthropemetry
BMI (kg/m?) 27333 268+ 3.8 262 £33 257 * 3.1 <0.001 <0.001
Waist circumference (cm) 88.5 =93 87.2 =104 854 £06.5 82.3 £9.0 <0.001 <0.001
Hip circumference (cm) 103.1 £ 6.9 103.6 = 7.4 102.7 = 6.4 102.3+6.8 0.185 0.045
WHR 0.86 * 0.07 0.84 = 0.07 0.83 £ 0.07 0.80 £ 0.07 <0.001 <0.001
Metabolic variables
Fasting glucose (mmol/1) 5.46 = 0.50 5.32 + 0.48 5.27 £ 0.54 5.13 = 0.5] <0.001 <0.001
2 h glucose (mmol/l) 6.18x1.72 542+ 1.38 5.28 & 1.44 5.07 = 1.33 <0.001 <0.001
LDL cholesterol (mmol/T) 481 %= 1.19 4.60 = 1.03 4.67 * 1.07 4.51 = 1.00 0.023 0.012
HDL cholesterol (mmol/1) 1.30 £ 0.32 1.46 = 0.34 1.54 + 0.32 1.66 £ 0.37 <0.001 <0.001
Triglycerides (mmol/l) 1.7(1.2-2.2) 1.3 (1.0-1.7) 1.2 (0.9-1.5) 1.0 (0.8-1.3) <0.001 <0.001
Systolic blood pressure 134.0 £ 20.9 1322 £ 20.1 132.0 £ 205 130.0 £ 194 0.082 <0.001
(mmHg)
Diastolic blood pressure 81.6 £ 10.0 80.7 £ 9.7 79997 789 = 10.7 0.010 0.006
(mmHg)
Leptin (pg/D 16.44 (10.14-27.30)  12.13(7.75-22.78) 14.82 (8.40-25.02) 10.86 (6.43-18.90) <0.001 <0.001
ALT activity (units/) 109 =49 104 = 4.3 11.2 £ 6.6 10.3 £ 4.6 0.582 0.762
GFR (ml/min per 1.73 m?) 73.1 2124 73.0x 12.0 70.6 £ 11.0 69.3 = 10.6 0.001 0.149
Lifestyle factors
Smoking (% yes) 35.7 27.8 27.1 16.5 <0.001 0.001
Habitual physical activity 4.4 (3.3-6.0) 4.7 (3.3-6.3) 4.6 (3.4-5.9) 4.1 (3.0-5.7) 0.210 0.451
(h/day)
Sports (% yes) e 33.5 394 38.8 0.024 0.004
Alcohol (% yes) 58.3 64.5 61.8 61.7 0.664 0.232
Alcohol (g/day)
0 41.7 35.5 38.2 38.3 0.674 0.232
<10 37.5 43.8 44.1 46.1 0.126 0.079
10-30 18.5 18.3 10.0 14.4 0.097 0.242
=30 2.4 2.4 7.6 1.2 0.771 0.506

Data are means * SD or median (interquartile range) unless otherwise indicated. *P,,,,, adjusted for age.

physical activity (hours per day) included
sports, bicycling, gardening, walking,
odd jobs, and housekeeping. An addi-
tional variable was created that only in-
cluded performing sports (yes/no).

Statistical analyses

Baseline characteristics are presented for
men and women separately according to
sex-specific quartiles of adiponectin. To
test for trend over the adiponectin quar-
tiles, linear (for continuous dependent
variables) or logistic (for dichotomous de-
pendent variables) regression analyses
were performed, modeling the categorical
variable of adiponectin quartiles as a con-
tinuous independent variable. Variables
with a skewed distribution were log nor-
mal transformed for these analyses.

For prospective analyses, we first
plotted the incidence density of type 2
diabetes (number of cases per person-
years) against mean adiponectin within

each sex-specific quartile of adiponectin.
Logistic regression analyses were then
performed to calculate the risk (odds ra-
tios [ORs] with 95% Cls) of developing
type 2 diabetes or developing IGM during
amean follow-up of 6.4 years. The lowest
adiponectin quartile was the reference
group. In separate analyses, the continu-
ous adiponectin variable was used as in-
dependent variable. In this case, the OR
was expressed per sex-specific SD of adi-
ponectin. For the analyses on the inci-
dence of IGM, subjects with IGM (n =
189) at baseline and/or with type 2 diabe-
tes at follow-up (n = 118) were excluded
(leaving 1,025 subjects for analyses). Ef-
fect modification by sex was examined by
adding an interaction term (adiponectin
quartiles X sex) to the regression models.
Because there was significant interaction
by sex (P = 0.051 for type 2 diabetes and
P = 0.002 for IGM), the analyses were
subsequently performed and reported

separately for men and women. Further
adjustments were made for age, sex, life-
style factors, anthropometric variables,
leptin, baseline [asting and postload glu-
cose, lipids, ALT, and GFR by adding
these variables to the regression models.
All statistical analyses were performed us-
ing SPSS (version 11.0 for Windows;
SPSS, Chicago, 1L).

RESULTS — Baseline characteristics
are shown in Table 1 (men) and Table 2
(women). At baseline, after adjustment
for age, a low adiponectin level was
strongly associated with unfavorable
measures of anthropometric body com-
position and measures of glucose (except
for HbA,, in men) and lipid metabolism
(except for LDL cholesterol in men). A
low adiponectin level was also associated
with high leptin levels and with high sys-
tolic and diastolic blood pressure. In
women, smoking was associated with
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Figure 1—Incidence density of type 2 diabetes
within sex-specific adiponectin quartiles, after
a mean follow-up of 6.4 years. &, men; 4,
women.

lower adiponectin levels, and participat-
ing in sports was associated with higher
adiponectin levels.

The mean follow-up duration was
6.4 = 0.5 years for both sexes. Figure 1
shows the crude association between adi-
ponectin levels and the incidence density
of type 2 diabetes. High adiponectin lev-
els were associated with a lower incidence
of type 2 diabetes, and this association
appeared stronger in women than in men.
After adjustment for age and lifestyle,
higher adiponectin levels at baseline were
associated with a lower risk of develop-
ment of type 2 diabetes, although not sta-
tistically significant in men (Table 3,
model 1). Adjustment for leptin, as a
marker for body fat, and WHR weakened
the associations, particularly in women
(model 2). Adjustment for waist and hip
separately or for waist circumference
alone instead of WHR or additional ad-
justment for BMI yielded similar results
(not shown). Adjustment for glucose lev-

els, particularly postload glucose, sub-
stantially weakened the associations
(model 3). Additional adjustment for trig-
lycerides also diminished the associations
(model 4), whereas adjustment for LDL
cholesterol did not (not shown). Adjust-
ment for HDL cholesterol instead of trig-
lycerides diminished the strength of the
associations (ORs [95% Cl] in quartile 2,
3, and 4 were 0.66 [0.29-1.52], 0.95
[0.40-2.25], and 0.75 [0.30-1.90] in
men and 0.98 [0.44-2.19}, 0.75 [0.31~
1.80}, and 0.71 [0.23-2.17] in women,
respectively), but not if triglycerides were
already entered into the model (data not
shown). Adjustment for ALT or GFR (in-
stead of triglycerides in model 4) did not
change the associations (not shown). If
only subjects with normal glucose toler-
ance were selected (subjects with IGM at
baseline also excluded) the risk of devel-
opment of diabetes associated with low
adiponectin levels became stronger: the
OR (95% CI) for the highest compared
with the lowest adiponectin quartile was
0.45(0.14-1.47) inmen and 0.17 (0.03—
0.83) in women, alter adjustment for age,
lifestyle, and WHR.

The association between adiponectin
levels and the incidence of IGM (Table 4)
had a pattern similar to that for the asso-
ciation with type 2 diabetes in women,
but the association of a high adiponectin
level with a lower risk of IGM was not
observed in men. We also calculated the
risk for the incidence of impaired fasting
glucose and impaired glicose tolerance
separately. After adjustment for age, life-
style, and WHR, the ORs (95% CI) for
highest compared with lowest adiponec-
tin quartile were 1.15 (0.60-2.20) in men

Table 3—Risk of developing type 2 diabetes in 6.4 years associated with adiponectin

Snijder and Associates

and 0.54 (0.28-1.03) in women for im-
paired fasting glucose and 0.92 (0.34-
2.44) in men and 0.28 (0.12-0.68) in
women for impaired glucose tolerance.

CONCLUSIONS — Our main find-
ing is that a lower adiponectin level is as-
sociated with a higher risk of developing
type 2 diabetes after a mean follow-up of
6.4 years in an elderly Caucasian popula-
tion. This association was largely ex-
plained by fasting and postload glucose
levels. In women with a normal glucose
metabolism at baseline, a low adiponectin
level was associated with an increased risk
of developing 1GM (pre-diabetic state),
but this association was not observed in
men. To our knowledge, our study is the
first prospective cohort study in elderly
Caucasian men and women.

Baseline adiponectin independently
predicted subsequent type 2 diabetes
during 6.4 years of follow-up in our pop-
ulation. Together with the observation
that weight reduction affected adiponec-
tin (5), but that adiponectin did not pre-
dict weight change (17), our results
support the hypothesis that adiponectin
may play an important role in the patho-
genesis of abnormal glucose metabolism.
1t is suggested that, possibly as a result of
a low adiponectin level, liver fat accumu-
lation plays a key role in the development
of metabolic disturbances (21). However,
ALT, which is used as a marker of liver fat
accumulation, was inversely associated
with adiponectin in men but not in
women. Additional analyses revealed that
an inverse association between ALT and
adiponectin existed in the entire popula-
tion of women, but it disappeared once

Adiponectin
Quatrtile | Quartile 2 Quartile 3 Quartile 4 Continuous, per SD

Men

Cases (%) 12.4 (18/145) 10.6 (16/151) 0.8 (14/143) 8.3 (12/145) 10.3 (60/584)

Model 1 1.0 0.77(0.37-1.61) 0.67 (0.31-1.46) 0.52 (0.23-1.18) 0.83 (0.62-1.12)

Model 2 1.0 0.79 (0.38-1.67) 0.71 (0.33-1.55) 0.61 (0.27-1.40) 0.89 (0.66-1.20)

Model 3 1.0 0.66 (0.29-1.52) 0.96 (0.41-2.27) 0.79(0.32-1.9D) 1.01 (0.74-1.39

Model 4 1.0 0.67 (0.29-1.59) 0.98 (0.41-2.33) 0.80(0.33-1.95) 1.02 (0.75-1.40)
Women

Cases (%) 15.8 (27/170) 8.2 (14/170) 7.2 (11/170) 3.5(6/170) 8.5 (58/680)

Model 1 1.0 0.48 (0.24-0.97) 0.37(0.18-0.97) 0.15 (0.06-0.39) 0.42 (0.28-0.62)

Model 2 1.0 0.58 (0.28-1.20) 0.47(0.22-1.0D) 0.27 (0.10-0.73) 0.55 (0.36-0.83)

Model 3 1.0 0.91 (0.41-2.00) 0.68 (0.29-1.61) 0.62 (0.21-1.81) 0.78 (0.52-1.18)

Model 4 1.0 0.97 (0.43-2.17) 0.75 (0.31-1.80) 0.69(0.23-2.07) 0.82 (0.54-1.26)

Data are OR (95% CI) unless otherwise indicated. Model 1: adjusted for age and lifestyle (smoking and sports). Model 2: model 1 plus adjusted for leptin (log normal
transformed) and WHR. Model 3: model 2 plus adjusted for fasting and postload glucose. Model 4: model 3 plus adjusted for triglycerides (log normal transformed).
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Table 4—Risk of developing IGM in 6.4 years associated with adiponectin (excluding subjects who already had IGM at baseline or developed

type 2 diabetes at follow-up)

Adiponectin
Quartile 1 Quartile 2 Quartile 3 Quartile 4 Continuous, per SD

Men

Cases (%) 32.4(35/108) 36.5 (42/115) 29.9 (35/117) 344 (41/119) 33.3 (153/459)

Model 1 1.0 1.08 (0.62-1.90) 0.80 (0.45-1.43) 0.90 (0.51-1.61) 0.93(0.76-1.14)

Model 2 1.0 1.15 (0.65-2.03) 0.89 (0.49-1.60) 1.11 (0.61-2.02) 0.99 (0.80-1.22)

Model 3 1.0 1.06 (0.56-2.01) 1.06 (0.54-2.07) 1.20(0.61-2.35) 1.01 (0.79-1.28)

Model 4 1.0 1.05 (0.55-2.00) 1.11(0.57-2.16) 1.25(0.63-2.46) 1.03(0.81~1.3D)
Women

Cases (%) 45 (54/120) 27.8 (40/144) 27.1 (39/144) 20.9(33/138) 29.3 (166/566)

Model 1 1.0 0.45 (0.27-0.76) 0.44 (0.26-0.74) 0.28 (0.16-0.48) 0.68 (0.54-0.84)

Model 2 1.0 0.49 (0.29-0.83) 0.50 (0.30-0.86) 0.36 (0.20-0.65) 0.76 {0.60~0.96)

Model 3 1.0 0.57 (0.32-1.01) 0.64 (0.36-1.14) 0.48 (0.26~0.90) 0.82 (0.65-1.03)

Model 4 1.0 0.63(0.36-1.13) 0.79 (0.43-1.44) 0.62 (0.32-1.18) 0.91(0.73-1.15)

Dataare OR (85% CI) unless otherwise indicated. Model 1: adjusted for age and lifestyle (smoking and sports). Model 2: model 1 plus adjusted for leptin (log normal
transformed) and WHR. Model 3: model 2 plus adjusted for fasting and postload glucose. Model 4: model 3 plus adjusted for triglycerides (log normal transformed).

women with type 2 diabetes were ex-
cluded. An association of ALT with inci-
dent type 2 diabetes was previously found
in the Hoorn Study (which also disap-
peared after additional adjustment for
baseline glucose levels); however, a pos-
sible difference between men and women
was not evaluated (22). Our results sug-
gest that the association between adi-
ponectin and incident type 2 diabetes was
not explained by ALT.

Adjustment for glucose (particularly
postload glucose) and triglycerides sub-
stantially reduced the associations be-
tween adiponectin and incident type 2
diabetes. This could suggest that the asso-
ciations are (partly) mediated by these
factors, confirming the hypothesis of adi-
ponectin contributing to type 2 diabetes
risk through effects on (hepatic) insulin
resistance. Previous prospective studies
found associations between adiponectin
and type 2 diabetes, even independent of
fasting glucose levels. It islikely, however,
that this is caused by residual effects of
postload glucose and triglycerides, which
were usually not measured.

There are still unexplained phenom-
ena concerning adiponectin metabolism.
The association between adiponectin and
type 2 diabetes was stronger in women
than in men. Because of differences in de-
sign among studies, it is difficult to com-
pare the absolute strength of the
association, but a sex difference has pre-
viously been shown in younger adults
(18), with stronger associations also being
shown in women. Other prospective
studies on adiponectin and type 2 diabe-
tes did not report on possible differences

between men and women (14-17). It is
remarkable that, despite their higher
body fat percentage, women appear to
have higher adiponectin levels than men.
Previously, this difference could not be
explained by differences in fat distribu-
tion (6). Another counterintuitive obser-
vation is that adiponectin is positively
associated with age. This has also been
shown in many other studies in which the
association between adiponectin and age
was reported (e.g., the study by Cnop et
al. [6] and the Funagata Study [16]) but
so far has received little attention. So, de-
spite the increase in body fat with aging
and the accompanying increased cardio-
vascular risk, adiponectin levels also in-
crease. These observations emphasize
that the mechanisms that underlie the as-
sociation between adiponectin and dis-
turbed glucose metabolism are poorly
understood. Recent work has shown that
adiponectin exists in different isoforms,
low—molecular weight and high-
molecular weight (HMW) complexes (2).
Diabetic patients had a significantly de-
creased HMW-to-total adiponectin ratio
(23), and HMW adiponectin correlated
better with glucose tolerance than total
adiponectin in Indo-Asian males (24).
Also, a relatively larger increase in HMW
adiponectin after weight reduction has
been shown (25). These findings indicate
that the HMW adiponectin complex is
possibly the active form of this protein.
Women have more HMW adiponectin
than men (23), which may partly explain
the differences that we have found be-
tween men and women.

A limitation of the present study may

be that we had no repeated measurement
of adiponectin at the follow-up examina-
tion. Adiponectin levels may have
changed considerably after >6 years. De-
spite the long follow-up duration, how-
ever, we were still able to find an
association indicating that the relation is
very strong. In addition, participants in
the follow-up examination were healthier
at baseline than the nonparticipants (26).
This may have led to an underestimation
of the true incidence of type 2 diabetes
and consequently to an underestimation
of the associations with adiponectin.

In summary, our findings strongly
support the hypothesis that adiponectin
may play an important role in the patho-
genesis of abnormal glucose metabolism.
However, further investigation of the un-
derlying mechanisms, focusing on adi-
ponectin isomer distribution, isneeded to
elucidate the associations of adiponectin
with sex and age.
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Abstract

Insulin resistance is the principal cause of glucose intolerance and type 2 diabetes and induces progression of severe
atherosclerosis in these patients. Adiponectin, the adipose-specific proteins, is known to correlate negatively with insulin resistance
in patients with obesity and type 2 diabetes. The purpose of this study was to evaluate the potential of using serum adiponectin levels
as a marker of insulin resistance in various states of insulin resistance. Furthermore, we attempted to establish a modified index of
the homeostasis model assessment index (HOMA-IR), calculated from the product of serum insulin and plasma glucose levels
divided by serum adiponectin levels (HOMA-AD).

We recruited 117 Japanese subjects with various degrees of glucose tolerance and determined serum adiponectin levels and
insulin sensitivity (M-value) by using the euglycemic hyperinsulinemic clamp technique. M-value, the gold standard index of
insulin resistance, correlates significantly and independently with fasting insulin (= —0.313, P < 0.001), glucose (r = —0.319,
P < 0.001), and adiponectin (r=10.241, P < 0.002) levels. M-values were more significantly correlated with HOMA-AD
(r=-0.643, P < 0.001) than HOMA-IR values (r= —0.591, P < 0.001). In subjects with moderate hyperglycemia (fasting
glucose levels > 8.0 mmol/L, n=30), HOMA-AD showed a more significant correlation with the M-value than HOMA-IR
(r=—0.535, P =0.005 versus r = —0.461, P =0.010).

We would therefore like to propose a novel index, HOMA-AD, as a simple and adequate index for determining insulin resistance
even in diabetic patients with overt hyperglycemia.
© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: Insulin resistance; HOMA-IR; Adiponectin

Abbreviations: HOMA-IR, homeostasis model assessment of insulin resistance; BML body mass index; NGT, normal glucose tolerance: IGT,
impaired glucose tolerance; T2DM, type 2 diabetes mellitus; FPG, fasting plasma glucose levels
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1. Introduction

Insulin resistance, as well as impaired pancreatic 3-
cell function, is the principal cause of glucose
intolerance and type 2 diabetes. Insulin resistance is
also well-correlated with central obesity, lipid abnorm-
ality, and hypertension, and accumulation of these
metabolic abnormalities, so called metabolic syndrome,
results in severe atherosclerosis. Treatment of insulin
resistance with thiazolidine diones or metformin
improves mortality and decreases cardiovascular
events. It is therefore important to evaluate the extent
of insulin resistance in obese and type 2 diabetic
patients, and to treat them with improvement of life
styles and/or medication.

Several techniques are used to evaluate insulin
resistance in humans, and among them, the M-value
determined by the euglycemic hyperinsulinemic clamp
technique is considered the gold standard [1]. Since this
method is complicated and expensive to be utilized in
epidemiological studies, the homeostasis model assess-
ment index (HOMA-IR) [2], calculated from fasting
glucose and insulin levels, has been mainly applied in
clinical studies. However, several studies demonstrated
that HOMA-IR failed to detect insulin resistance in
individuals with normal and impaired glucose tolerance
[3,4]. In addition, this index may be inadequate in
diabetic subjects with moderate hyperglycemia, where
insulin secretory ability fails to compensate for the
impaired homeostasis of glucose [5]. Therefore, a more
accurate index is necessary for determining insulin
resistance especially in diabetic patients.

Adiponectin, the most abundant of adipose-specific
proteins, is known to modulate the action of insulin via
activation of AMP-activated protein kinase in the
muscle and the liver [6]. Serum adiponectin levels
were found to correlate directly with whole-body
insulin sensitivity in patients with obesity and type 2
diabetes [7]. Therefore, in this study, we examined the
correlation between adiponectin levels and HOMA-IR
and M-values, and established a novel index of insulin
resistance, which can be used even for individuals with
hyperglycemia by modifying HOMA-IR by taking into
account adiponectin levels.

2. Materials and methods

A total of 117 Japanese subjects with various degrees of
glucose tolerance, including individuals with type 2 diabetes
(T2DM; n=89, 54.7-+10.8 years, BMI 26.2 & 18.5),
impaired glucose tolerance (IGT; n=35, 43.2 4+ 19.8 years,
BMI 25.3 + 3.2), and normal glucose tolerance (NGT; n = 23,

497 4 10.2 years, BMI 25.5 £+ 4.3) were enrolled in this
study carried out in Osaka University Hospital, Osaka City
University Hospital, and Ryukyu University Hospital. The
study was approved by the Ethical Committee for Human
Studies at each hospital. After giving a detailed explanation of
the study using a document, written informed consent was
obtained from each subject.

During the euglycemic hyperinsulinemic clamp study, the
target levels of plasma glucose and insulin were 5.5 mmol/L
and 600 pmoV/L, respectively. When the rate of exogenous
glucose infusion reached a steady-state level, we evaluated
insulin sensitivity as the average rate of exogenous glucose
infusion for 30 min (M-value). We also determined plasma
glucose, insulin, and adiponectin concentrations at the begin-
ning of the glucose clamp test to simultaneously assess insulin
sensitivity. Adiponectin levels were determined using a vali-
dated latex kit (LTX) employing an adiponectin-specific anti-
body (Otsuka Pharmaceutical and Mitsubishi Kagaku fatron,
Tokyo, Japan) [8]. We calculated the HOMA-IR values, and
divided it by adiponectin levels to establish a more accurate
index (HOMA-AD) for determining insulin resistance using
the following formula:

HOMA-AD
__ fasting insulin (mU/L) x fasting glucose (mg/dL)
- adiponectin (pg/mL)

Data are represented as means &= S.D. Laboratory data
were compared using unpaired r-test. Pearson’s correlation
co-efficient and stepwise multivariate regression analysis was
performed to evaluate the relationship between the M-value
and other parameters. The indexes of insulin resistance were
log-transformed to yield a normal distribution before analysis.

3. Results

Fasting glucose levels were significantly higher in
T2DM (7.4 =+ 1.7) than NGT and IGT (5.1 £ 0.6 and
5.9 + 1.2 mmol/L, P < 0.001). Fasting insulin and
adiponectin levels were similar among three groups
(NGT, 48.04+204, 58+22; IGT, 46.8418.0,
6.8 +3.3; T2DM, 56.7 = 51.6 pmol/L, 6.1 = 2.8 ng/
mL). HOMA-IR was significantly higher in T2DM
(3.1 +2.6) than NGT and IGT (1.8 £ 0.8, 2.1 £ 0.9,
P < 0.05). The M-values were significantly higher in
NGT (6.0 +2.5 mg/kg/min) than T2DM and IGT
(4.6 + 2.3, 4.9 + 1.9 mg/kg/min, P < 0.05).

The M-value significantly correlated with glucose
(r=-0345, P <0001), insulin (r=-0518, P<
0.001), adiponectin (r=0.369, P <0.001), and
HOMA-IR (r=-0.591, P <0.001). Multivariate
regression analysis revealed that the M-value correlates
significantly and independently with fasting insulin
(r=-0.313, P <0.001), glucose (r=-0.319, P <
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0.001), adiponectin (r=0.241, P < 0.002) levels and
BMI (r= —0.185, P =0.032).

HOMA-AD was significantly higher in T2DM
(257 4 250, P < 0.05) than NGT and IGT (166 £
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Fig. 1. Correlation between adiponectin levels, HOMA-IR, and
HOMA-AD, and M-values determined by the euglycemic hyperinsu-
linemic clamp test in patients with various states of glucose tolerance.

115, 100 & 35.5). HOMA-AD values showed the
highest correlation with M-values (r=—0.643,
P < 0.001, Fig. 1) among the evaluated parameters,
including HOMA-IR (r= —0.591, P < 0.001). Mult-
variate regression analysis also revealed that the M-
value correlates most significantly and independently
with HOMA-AD (r=-0.284, P < 0.001). We also
validated the relation of HOMA-IR and HOMA-AD
with M-value in patients with type 2 diabetes (n = 87).
We found the similar results that HOMA-AD showed
higher correlation with M-value (r= —0.667) than
HOMA-IR (r=—0.617). Moreover, HOMA-IR is
known to become inaccurate under hyperglycemic
condition, where the homeostasis between glucose and
insulin is disrupted. In subjects with moderate
hyperglycemia (fasting glucose levels > 7.8 mmol/L,
n=30), HOMA-AD showed a more significant
correlation with the M-value than HOMA-IR
(r=—0.538, P=0.002 versus r = —0.461, P = 0.010).

4. Discussion

In the present study, the M-value significantly
correlated with fasting plasma glucose and fasting
serum insulin and adiponectin levels in Japanese
subjects. Therefore, we generated a modified index of
HOMA-IR (HOMA-AD) by taking account into
adiponectin levels; found that this index is a more
accurate indicator for assessing insulin resistance than
HOMA-IR. This index is simply based on glucose,
insulin, and adiponectin levels in fasting blood
sample.

Although HOMA-IR is easy to calculate, there are
several limitations in its use, especially in subjects with
fasting hyperglycemia. In this study, HOMA-IR showed
lower correlation with M-value in type 2 diabetic
patients with moderate hyperglycemia (FPG = 8 mmol/
L). Since hyperglycemia is induced by the inadequate
secretion of insulin, the homeostasis between fasting
glucose and insulin levels may be disrupted in these
subjects. Moreover, circulating glucose is excreted into
the urine under moderate hyperglycemic condition.
Therefore, we speculate that the accuracy of these
surrogate insulin resistance indexes could be lowered by
elevation of plasma glucose in type 2 diabetic patients.

Modification of HOMA-IR with adiponectin levels
resulted in an index exhibiting a good correlation with
M-values even in subjects with moderate hyperglyce-
mia. Therefore, we would like to propose HOMA-AD
as a novel and beneficial index for determining insulin
resistance in individuals with various levels of insulin
resistance.
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HOMA-IR is known to correlate with insulin
resistance in various races, but the distribution and
average of HOMA-IR were different among these races
[9,10]. The adiponectin level is also known to correlate
with the level of insulin resistance, as well as HOMA-
IR, in the various races [5,7]. Therefore, the findings in
this study could be limited for Japanese subjects. The
further study is needed to evaluate the usefulness of
HOMA-AD in the various races.

In summary, the present study demonstrated that
HOMA-AD is a more adequate predictor of insulin
resistance in non-diabetic and diabetic individuals
compared with the established surrogate index, HOMA-
IR. HOMA-AD is therefore the most suitable index for
use in epidemiological studies, even for diabetic
patients with moderate hyperglycemia.
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Abstract

Reduced incidence of type-2 diabetes has been shown in patients treated with pravastatin. Adiponectin can exhibit beneficial effects on
glucose metabolism. We investigated whether pravastatin could improve glucose tolerance associated with increasing adiponectin levels in
patients with impaired glucose tolerance (IGT). This study consisted of 40 coronary artery disease (CAD) patients with IGT assessed by oral
glucose tolerance test (OGTT). Patients were randomized to receive pravastatin (2 = 20) or no lipid-lowering medications (control group, 7 = 20)
for 6 months, after which OGTT was repeated and adiponectin levels were measured. Pravastatin treatment significantly decreased levels of
total cholesterol (16%), low-density lipoprotein cholesterol (23%) and high-sensitivity C-reactive protein (37%) (p <0.01, respectively). At
2hin OGTT, pravastatin significantly improved hyperglycemia (—14%) and hyperinsulinemia (—23%). Pravastatin treatment significantly
elevated plasma adiponectin levels (35%; p <0.001) but not in the control group. The glucose reduction at 2 h post-OGTT was significantly
associated with increased levels of adiponectin (r=—0.462; p=0.003). Pravastatin treatment is an independent predictor for improvement
of post-loaded hyperglycemia (odds ratio; 5.7; 95% confidence interval 1.7-19.3; p =0.003) and achieved beneficial conversion from IGT to
normal glucose tolerance (40%; p=0.03). Pravastatin exhibits beneficial effects on glucose metabolism especially in the postprandial state
associated with increasing plasma adiponectin levels in CAD patients with IGT.
© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: Coronary artery disease; Diabetes mellitus; Statin; Glucose tolerance; Adiponectin; Impaired glucose tolerance

1. Introduction » de novo cholesterol synthesis, improving both fasting and
postprandial hyperlipidemia. The efficacy of statins for

Pravastatin is a competitive 3-hydroxy-3-methylglutaryl prevention of cardiovascular events has been established
coenzyme-A reductase inhibitor (statin) that inhibits hepatic in a number of landmark randomized clinical trials [1-3]

however, whether statin has beneficial effects on glucose

* Corresponding author. Tel.: +81 96 373 5175: fax: +81 96 362 3256. metabolism still remains controversial. The West of Scotla.nd
E-mail address: ssugiyam@kumamoto-u.ac.jp (S. Sugiyama). Coronary Prevention Study (WOSCOPS) demonstrated a sig-

! S.S. and H.F. contributed equally to this research. nificant risk reduction in the development of type-2 diabetes

0021-9150/% ~ see front matter © 2006 Elsevier Ireland Ltd. All rights reserved.
doi: 10.1016/j.atherosclerosis.2006.08.023
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in hypercholesterolemic patients treated with pravastatin {4]
while several studies with other statins have not shown this
beneficial effect on glucose metabolism [2,3]. Furthermore,
it has recently been reported that high-dose atorvastatin
significantly associated with worse glycemic control after
acute coronary syndrome [5] suggesting the protective effect
unique to pravastatin. Many coronary artery disease (CAD)
patients with abnormal lipid metabolism also have impaired
glucose metabolism; together these are key components
of metabolic syndrome. Because low-density lipoprotein
(LDL)-cholesterol is definitely an important target to prevent
cardiovascular complications in patients with CAD and the
patients are allowed to take cholesterol-lowering medicines
all along their life, treatment of ischemic heart disease
with consideration to the patient’s glucose metabolism and
cholesterol levels is a clinically valuable approach.

Postprandial metabolic disorders, including hyper-
glycemiaand hyperinsulinermnia, are involvedin the process of
atherogenesis, which can lead to major clinical cardiovascu-
lar events. Postprandial hyperglycemia is defined as impaired
glucose tolerance (IGT) following an oral glucose tolerance
test (OGTT). IGT itself has been shown to be a significant
risk factor for cardiovascular disease, and is also considered
to presage the onset of type-2 diabetes mellitus, which is asso-
ciated with a significantly worse prognosis in patients with
CAD [6]. Now it is recognized that IGT may be a practical
treatment target to prevent the development of overt diabetes
[71 and a modifiable risk factor for cardiovascular disease.

Adiponectin is an adipocyte-derived secreted protein
that has several important metabolic and endocrinologic
functions which are of particular relevance to glucose
metabolism and the development of type-2 diabetes [8].
Patients with CAD have decreased adiponectin levels [9] and
hypoadiponectinemia is associated with an increased risk of
myocardial infarction [10]. In humans, increased serum con-
centrations of adiponectin are associated with increased
insulin sensitivity and glucose tolerance {11]. We hypothe-
sized that treatment with pravastatin would result in improve-
ments in glucose tolerance associated with elevation of
plasma levels of adiponectin in patients with CAD. To test
this hypothesis, we evaluated the change in plasma levels of
adiponectin and glucose tolerance assessed by OGTT before
and after 6 months of treatment with pravastatin in CAD
patients with IGT.

2. Methods
2.1. Patients

This was a single-center, open-label, prospective ran-
domized study carried out at Kumamoto University Hos-
pital, Kumarnoto, Japan, between 2001 and 2004. Patients
were eligible if they were non-hypercholesterolemic (total
cholesterol <220 mg/dL; Japan Atherosclerosis Society) and
non-diabetic (fasting glucose <126 mg/dL, 2h post-loaded

glucose <200mg/dl. and glycosylated hemoglobin Alc
(HbAlc) <6.4%; Japan Diabetes Society) and without tak-
ing any lipid-lowering medications and underwent elective
diagnostic coronary angiography at Kumamoto University
Hospital because of an abnormality in the electrocardio-
gram or angina-like chest symptoms upon effort. All patients
underwent a 75 g OGTT to identify those with IGT, as defined
by the criteria of the World Health Organization (fasting
glucose level <126 mg/dL, and 140mg/dL <2h post-load
glucose level <200 mg/dL). Patients were randomly divided
into two treatment groups using the permuted block method,
a control group without any lipid-lowering therapy and a
pravastatin group. The follow-up time was 6 months. At
enrollment, all patients received dietary counseling to ensure
a total daily calorie intake of 25-30kcal/kg in order to pre-
vent weight gain, and were asked to maintain their current
level of physical activity during the study. Intensive lifestyle
modification (structured diet education and an increase in
physical exercise) was not initiated. Advise for smoking
cessation was provided in each group. Patients in the pravas-
tatin group initially received 10 mg/day, which was increased
to a final dose of 20 mg/day as required to achieve target
LDL-cholesterol levels of <100 mg/dL. Patients in the con-
trol group received additional dietary counseling according
to the Adult Treatment Panel III [12] to reach the target LDL
levels (<100 mg/dL). Excluded were patients with valvular
disease, trauma within 1 month prior to study entry, car-
diomyopathy, malignant disease, infectious disease, chronic
inflammatory disease, end-stage renal failure, autoimmune
diseases or acute coronary syndromes. Informed consent was
obtained from all patients. This study was performed in accor-
dance with the ethics principles in the Declaration of Helsinki
and the Ethics Committee at Kumamoto University Hospital
approved the study protocol.

2.2. Oral glucose wlerance iest

A 75g OGTT was performed after an overnight fast.
Venous blood samples were obtained in the fasting state and
at 30, 60 and 120 min after ingestion of 75 g glucose to eval-
uate blood glucose and insulin concentrations. The glucose
and insulin area under the concentration—time curve values
(AUCglucose and AUCsuin) were calculated. An insulino-
genic index was defined as the ratio of plasma insulin to
glucose at 30 min after glucose loading. An insulin sensitiv-
ity index was calculated using the following Matsuda and
DeFronzo formula: insulin sensitivity index = 10,000/square
root of [(fasting glucose x fasting insulin) x (mean glu-
cose x mean insulin during OGTT)] [13]. The homeosta-
sis model assessment of insulin resistance (HOMA-IR)
was calculated using the following formula: HOMA-IR
(pUMmL x mg/dL) = (fasting insulin x fasting glucose)/405.
The homeostasis model assessment of pancreatic 8-
cell function (HOMA-IB) was calculated using the fol-
lowing formula: HOMA-IB [(nU/mL)/(mg/dL)] = (fasting
insulin x 360)/(fasting glucose — 63).
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Table 1
Baseline clinical characteristics of IGT patients with CAD
Control Pravastatin p-Value
(n=20) (n=20)
Age (years) 65.749.2 68.2+8.3 0.28
Gender (male/female) 15/5 1377 (.49
Smoking 9 (45) 10 (50) 0.75
Hypertension 18 (90) 17 (85) 0.63
Number of diseased vessel
One 14 (70) 12 (60) 0.51
Two 5(25) 6 (30) 0.72
Three 1(5) 2(10) 0.55
Old myocardial infarction 5(25) 7(35) 0.49
Medication
$-Blocker 5¢25) 7(35) 0.49
Caleium antagonist 16 (80) 153(75) 0.71
ACE inhibitor or ARB 15(75) 13(65) 0.49
Nitrate 525 4(20) 0.71
Aspirin 20 (100) 20 (100) -

ACE, angiotensin converting enzyme inhibitor; ARB, angiotensin Il receptor
blocker. Values in parentheses are given in percentage.

2.3. Follow-up

All patients were followed-up monthly at the Kumamoto
University Hospital outpatient clinic. Patients were asked
to keep a diary of physical activity and diet, which was
checked at each visit by the primary physicians and nutrition-
ists. Peripheral blood samples were collected in the morning
before breakfast after an overnight fast at the beginning of
the study and at the end of the follow-up period. Serum lipid
parameters and high-sensitivity C-reactive protein (hsCRP)
were measured in the hospital laboratory. Serum LDL-
cholesterol concentrations were measured by the direct assay.
Plasma levels of adiponectin were measured by enzyme-
linked immunosorbent assay as described previously [14].
After the fasting blood sample was taken, a 75 g OGTT was
performed with each patient at baseline and after 6 months of
treatment. During the follow-up period, the standard medical
therapies at baseline in Table 1 were kept unchanged in all
patients. We compared the change from baseline to 6 months
in the time course of blood glucose levels at 2hin OGTT and
plasma levels of adiponectin. Furthermore, the change from
baseline to 6 months in the time course of blood insulin and
glucose levels during OGTT (AUCgucose and AUCipsuin)» the
incidence of new-onset diabetes and the normalization rate
of glucose tolerance were evaluated.

2.4. Sample size calculation

On the bases of our preliminary observation, we proposed
that pravastatin would reduce about 15% of glucose levels at
2hin OGTT after 6 months treatment. Given this effect size,
a probability of type-I error of 0.05 (two-tailed), a power of
0.8, expected S.D. of the 2 h glucose values as 20 mg/dL, the
required sample size based on a unpaired -test was 18 patients
in each group by power-analysis (GraphPad, StatMate).

2.5. Statistical analysis

Results are expressed as the mean value £ S.D. in tables
and mean value = S.E.M. in graphs. Levels of non-parametric
variables were expressed as medians with interquartile
range. The frequencies between the two groups were com-
pared using Chi-square analysis. Other comparisons between
two groups were carried out using the unpaired r-test and
Mann-Whitney U-test. Comparisons in each group from
baseline to follow-up were assessed using the paired Stu-
dent’s r-test and Wilcoxon signed rank test. Associations
between changes in body mass index (BMI) and continu-
ous serum and plasma parameters and change in 2h glucose
levels in OGTT were examined by simple regression anal-
ysis and stepwise regression analysis. Multiple regression
analysis was then performed with change in the 2h glucose
levels as the dependent variable and significant parameters
in the stepwise regression (#'>3.0) as the independent vari-
ables. Logistic regression analysis with the covariates listed
in Table 1 was performed to determine effective factors for
reduction of more than 10 mg/dL glucose values at the 2h in
OGTT. Statistical significance was defined as p <0.05.

3. Results
3.1. Baseline characteristics

Forty IGT patients with CAD were enrolled and random-
ized to the pravastatin group (n=20) or the control group
(n=20). All patients had angiographic documentation of
organic stenosis (=50%) in more than one major coronary
artery (single-vessel, n=26; two-vessel, n = 11; three-vessel,
n=73; Table 1). They were on stable condition for more than 3
months and they did not undergo new coronary intervention
procedure at the enrollment. All patients were on the stable
concomitant medication before enrollment and there were no
change in the concomitant medication including 3-blockers
during the follow-up.

Baseline clinical characteristics of the patients are shown
in Table 1. All patients completed the study protocol and
were evaluated as the intent-to-treat population. In the pravas-
tatin group, the final doses were 10 mg/day in 15 patients and
20 mg/day in 5 patients. There were no significant differ-
ences in all baseline demographic parameters between the
two groups. Levels of physical activity did not significantly
change during the study. Pravastatin was well tolerated by all
patients, and none had adverse side effects.

3.2. Changes in body mass index, lipoproteins, hsCRP,
HOMAs and adiponectin levels

Table 2 shows changes from baseline to the end of follow-
up in BMI, body weight, lipoproteins, hsCRP, adiponectin
levels and HOMAs. The change in BMI from baseline
was not significantly different between the two groups.
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