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‘Vascular endothelial dysfunction has been demonstrated in
overweight or obese patients, but the molecular basis for this
link has not been clarified. We asked what the relationship
was between adiponectin, an adipose-specific molecule, and
endothelial function. Forearm blood flow (FBF) was measured
during reactive hyperemia by using strain-gauge plethysmog-
raphy in 76 Japanese subjects without a history of cardiovas-
cular or cerebrovascular disease, dinbetes mellitus, hepatic,
or renal disease. The peak FBF and total reactive hyperemic
flow [flow debt repayment (FDR)] during reactive hyperemia
were correlated with waist circumference (r = —0.418 and
—0.414, respectively) and body mass index (r = ~0.597 and
—0.626, respectively). After correcting for age, gender,
and body mass index, the peak FBF was correlated with sys-

tolic blood pressure (r = —0.294; P = 0.010), free faity acid
(FFA) (r = ~0.331; P = 0.004), and adiponectin in log 10 (r =
0.492; P < 0.001), and FDR was correlated with adiponectin in
log 10 (r = 0.462; P = 0.001). In stepwise multiple regression
analyses, predictive variablea for peak FBF were adiponectin
inlog 10 {r = 0.468) and FFA (r = -0.292; r® = 0.487; P < 0.0001);
and predictive variables for FDR were adiponectin in log 10
(r = 0.474) and FFA (r = ~0.275; x¥* = 0.348, P < 0.0001), Endo-
thelial function was impaired in proportion to the severity of
obesity, and the level of severity was closely related to plasma
adiponéctin levels. Adiponectin may play a protective role
against the atherosclerotic vascularchange, and loss of effects
enhances endothelial dysfunction, as in obese people. (J Clin
Endocrinol Metab 88: 3236-3240, 2003)

BESITY IS ASSOCIATED with increased cardiovascu-
lar morbidity and mortality (1, 2). The American
Heart Association determined that obesity is a major, mod-
ifiable risk factor for coronary heart disease, based on emerg-
ing data about the link between adiposity and coronary heart
disease (3). Vascular endothelial dysfunction plays a pivotal
role in the pathogenesis of atherosclercsis and enhances the
risk of future cardiovascular events (4, 5). The presence of
vascular endothelial dysfunction has been demonstrated in
overweight or obese patients with insulin resistance (6, 7)
and visceral obesity (8). However, the molecular basis for the
link between obesity and vascular endothelial dysfunction
has not been clarified. A newly discovered adipose-specific
molecule, adiponectin, was shown to be decreased in obese
people {(hypoadiponectinemia) (9), as in patients with coro-
nary artery disease (10). Because adiponectin may protect the
endothelium from early atherosclerotic events such as the
expression of adhesion molecules (10) or the attachment of
monocytic cells (11}, hypoadiponectinemia could be linked to
endothelial damage. The present study questioned the rela-
tionship between plasma adiponectin levels and endotheljal
function in humans.

Abbreviations: BMI, Body mass index; FBF, Forearm blood flow; FDR,
flow debt repayment; FFA, free fatty acid; HOMA-IR, homeostasis
maodel assessment of insulin resistance; NO, nitriec oxide; NTG, nitro-
glycerin; RH, reactive hyperemia. '

Subjects and Methods
Subjects

This study consisted of 76 Japanese subjects without a history of
cardiovascular or cerebrovascular disease, diabetes mellitus, hepatic, or
renal disease. The study protocol complied with the Guidelines of the
Ethical Committee of the University of the Ryukyus. Informed consent
was obtained from all subjects.

Endothelial function

Forearm blood flow (FBF) was measured using a mercury-filled
SILASTIC strain-gauge plethysmograph (EC-5R, D. E. Hokanson, Inc.,
Issaquah, WA), as previcusly described (12, 13). The strain gauge was
attached to the upper arm, held above the right atrium, and connected
to a plethysmographic device, A wrist cuff was inflated to a pressure of
200 mm Hg to exclude the hand circulation from the measurements 1
min before each measurement and throughout the measurement of FBF.
The upper arm cuff was inflated to 40 mm Hg for 7 sec in each 15-sec
cycle to occlude venous outflow from the arm, using a rapid cuffinflator
(EC-20, D. E. Hokanson, Inc.). The FBF cutput signal was transmitted to
a recorder (U-228, Advance Co., Nagoya, Japan). FBF was expressed as
milliliters per minute per 100 m! of forearm tissue. The FBF was then
calculated by two independent observers who had no knowledge of
the subjects’ profiles; the interobserver coefficient of variation was
3.0 £ 1.3%.

Study protocol

The study began at 0900 b, after the subjects fasted for at least 12 h.
The subjects were kept in a supine position, in a quiet, dark, air-con-
ditioned room (constant temperature of 25 C) throughout the study.
After 30 min in the supine position, the basal FBF was measured. Then
the effect of reactive hyperemia (RH) and sublingual nitroglycerin
(NTG) on FBF was measured, as described, with modifications (14, 15).

3236
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To induce RH, FBF was occluded by inflating the cuff on the right upper
arm to a pressure of 200 mm Hg for 5 min. After releasing the cuff, FBF
was measured for 180 sec. Subjects were then given 0.3 mg of NTG
sublingually, and FBF was measured for 5 min. The end of the response
to RH or sublingual NTG was followed by a 15-min recovery peried.
Baseline blood samples were obtained after 30 min at rest, The peak FBF
response (12) and total reactive hyperemic flow [flow debt repayment
{FDR)] (16) during RH were used to assess the resistance of vessel
endothelial fiinction. FDR was defined as the curve under the area flow
vs. time during RH above baseline flow (16), Because FDR, but not peak
FBF, was significantly decreased by intraarterial infusion of NS-moro-
methyl-L-arginine {4 umol/min), a blocker of nitric oxide (NO) synthe-
sis, we used FDR as a relatively NO-dependent marker (16). In the
preliminary study, we confirmed the reproducibility of RH and sub-
lingual NTG-induced vasodilation on two separate occasions in 28
healthy male subjects (mean age, 27 + 5 yr). The coefficients of variation
were 4.3% and 2.8%, respectively.

Biochemical measurements

Venous blood samples were obtained in tubes containing EDTA-
sodium (1 mg/ml) and polystyrene tubes without an anticoagulant. The
EDTA-containing tubes were promptly chilled. Plasma was immedi-
ately separated by centrifugation at 3000 rpm at 4 C for 10 min, and
serum was separated by centrifugation at 1000 rpm at room temperature
for 10 min. Samples were stored at —80 C until assayed. Routine chem-
fcal methods were used to determine the serum concentrations of total
cholesterol, high-density lipoprotein cholesterol, triglycerides, creati-
nine, glucose, and electrolytes. The serum concentration of low-density
lipoprotein was estimated using Friedewald’s method (17). The plasma
adiponectin concentration was measured by sandwich ELISA, as pre-
viously described (9). Homeostasis model assessment of insulin resis-
tance (HOMA-IR), an insulin resistance index, was calculated as
described (18).

J Clin Endocrinol Metab, July 2003, 88(7):3236-3240 32

Statistical analysis

Values are expressed as the méan = b, Comparisons of time-cour
curves of FBF during RH were analyzed by two-way ANOVA for y
peated measures on cre factor, followed by Fisher's protected lea
significant difference for multiple-paired comparisons. The repeate
factor was time of RH, and the nonrepeated factor was one group vs. it
other group. Multigroup comparisons of variables were made by on
way ANOVA followed by Fisher’s protected least si gnificant differenc
for multiple-paired comparisons. Probabilities less than 0.05 were cor
sidered to be significant. The data were processed using StatView J-5,
software (SAS Insttute Inc, Cary, NC).

Results

The mean values (range) of basal FBF, peak FBF, and th
maximal flow after NTG administration (in milliliters pe
minute per 100 ml) were 3.27 + 1.43 (1.37-6.19), 18.45 =+ 6.7
(4.05-35.3), and 4.26 * 1.64 (2.35-6.88) in all 76 subjects
Single correlation analyses showed that the peak FBF wac
hegatively correlated with waist circumference, body mass
index (BMI), systolic blood pressure, free fatty acid (FFA),
and leptin, and was positively correlated with adiponectin
(Fig. 1 and Table 1). FDR correlated negatively with waist
circumference, BMI, HOMA-IR, FFA, and leptin, and posi-
tively with adiponectin. The maximal flow after NTG did not
correlate with any metabolic and anthropometric variables,
After correcting for age, gender, and BMI, the peak FBF was
correlated only with systolic blood pressure, FFA, and adi-
ponectin, and FDR was correlated with adiponectin. In step-
wise multiple regression analyses, predictive variables for
peak FBF were adiponectin in log 10 (r = 0.468) and FFA (r=

40 L 1 1 1 1 L i I L 1 L L L 1 L 1
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Fra. 1. Correlation between peak FBF {upper panels) and FDR (lower panels) during RH, BMI, waist circumference, and serum adiponectin

levels in all 76 suhbjeets, Pearson’s correlation coefficients are shown,
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TABLE 1. Peak FBF, FDR, and variables

Shimabukuro et al. * Hypoadiponectinemia and Endothelial Dysfunction

Peak FBF FDR
Simple correlation Partial correlation Simple correlation Partial correlation
- P © P ' P P P
Age (y1) ~0.075 0.609 -0.177 0.215
Waist circumference (cm) -0.418 0.000 0.088 0.469 -0.414 0.000 0.090 0.455
BMI (kglmz) -0.597 <0.0001 -0.626 <0.0001
Systolie blood pressure (mm Hg) -0.304 0.008 -0.294 0.010 —-0.201 0.082 -0.118 0.310
Hemoglobin Alc -0.156 0.194 0.047 0.697 -0.230 0.052 -0,023 0.848
HOMA-IR -0.206 0.090 -0.021 0.864 -0.269 0.024 -0.052 0.669
Triglyceride (mg/100 ml} -0.033 0.780 -0.081 0.493 -0.046 0.696 -0.016 0.892
LDL cholesterol (mg/100 ml) -0.082 0.494 -0.124 0.296 -0.034 0.775 -0.129 0.273
FFA (mmolliter) -0.386 0.001 —0.331 0.004 -0.336 0.003 -0.210 0.073
Leptin (log;q ng/ml) —0.453 0.000 -0.008 0.950 -0.349 0.004 0.019 0.880
Adiponectin (log,s pg/ml) 0.576 <0.0001 0.492 0.000 0510  «0.0001 0.462 0.001
LDL, Low-density lipoprotein.
ar, Pearson’s correlation coefficient.
b 7, Variables corrected by age, gender, and BMI
TABLE 2. Stepwise multiple regression models predicting peak FBF and FDR
Peak FBF . FDR
Model 1 Model 2 Model 1 Model 2
B F F - B F B F
Adipenectin (log,, pg/mi) 0.468 16473 - 0.439 16.907 0.474 14.354 0.388 12.58
Age (y1) 0.084 0.287 —-0.122 0.621 -0.125 0.662 ~-0.281 3.59
Gender 0.258 2.867 0.012 0.006 -0.016 .0.01
BMI (kg/m® —0.498 21.765 —-0.516 22.25
HOMA-IR —0.186 1.439 0.06 0.148 —0.063 0.170 0.225 2.24
LDL cholesterol (mg/100 ml} 0.044 0.077 -0.003 0.358 -0.068 0.202 -0.144 0.88
FFA (mmolliter) -0.292 6.609 -0.274 3.317 -0.275 4.817 —-0.208 1.90
Systolic blood pressure (mm Hg) -0.273 5.75 -0.286 3.664 -0.192 1.599 -0.101 0.44
Hemoglobin Alc -0.268 3.026 -(.149 0.93 -0.236 2.482 -0.184 147
r 0.698 0.745 0.588 0.721
r? 0.487 0.555 0.346 0.520
F 12.976 26.151 11.353 23.33
P <(.0001 <0.0001 <0.0001 <0.0001

The F value to enter was 4.0 at each step. B, Parameter estimate; LDL, low-density lipoprotein.

—0.292; ¥ = 0.487; P < 0.0001), and predictive variables for
FDR were adiponectin in log 10 (r = 0.474) and FFA (r =
—0.275; ¥* = (.346; P < 0.0001) (Table 2, model 1). When BMI
was included in the model (Table 2, model 2), predictive
variables for peak FBF and FDR were adiponectin in log 10
(r = 0.439 and 0.388, respectively) and BMI {r = —0.498 and
—0.516, respectively). Serum adiponectin in log 10 (micro-
grams per milliliter) was negatively correlated with waist
circumference (r = —0.334; P = 0.020), BMI (r = —0.365; P =
0.007), HOMA-IR (r = —302; P = 0.034), and FFA (r = —-0.271;
P = 0.052).

Discussion

The major findings of the present study were: 1) the peak
FBF response and FDR to RH, indices of the function of vessel
endothelial resistance, were impaired in proportion to the
severity of obesity; and 2) the impairment in the FBF re-
sponse and FDR was correlated with low levels of serum
adiponectin. This is the first study that shows the effects of
adiponectin on endothelial function in human subjects and
that low levels of adiponectin were closely correlated with
resistance vessel endothelial dysfunction.

Serum adiponectin and endothelial function

Measurements of FBF during intraarterial infusion of ace-
tylcholine are used to investigate endothelium-dependent
vasodilatation (12, 13). However, this technique is invasive
and time consuming and cannot be used routinely. We mea-
sured FBF during RH using strain-gauge plethysmography.
With this noninvasive method, resistant vessel endothelial
function can be assessed physiologically with a high repro-
ducibility (14, 15). Higashi et al. (15) reported that peak FBF
during RH was well correlated with FBF to maximal acetyl-
choline dose (30 pg/min; r = 0.91; P < 001), indicating that
this noninvasive method is a useful alternative for assessing
resistance vessel endothelial function. Because the contribu-
tion of NO may be different at the RH phase, we used peak
FBF as a combination marker of shear stress and local met-
abolic factors at an early phase of RH, and FDR as a relatively
NO-dependent marker at the mid-to-late phase of RH (16).

The peak FBF and FDR were correlated negatively with
waist circumference, BMI, FFA, systolicblood pressure (peak
FBE), HOMA-IR (FDR), and leptin, and correlated positively
with adiponectin. After correcting for age, gender, and BMI,
the endothelial function indices were correlated positively
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with adiponectin and negatively with FFA., NTG-induced
FBF changes were not correlated with any metabolic and
anthropometric variables, indicating that endothelium-
dependent function was predominantly affected by hypo-
adiponectinemia. It is suggested that, in humans, the plasma
level of adiponectin may be directly linked to endothelial
function. : .

Mechanisms for a link between hypoadiponectinemia and
endothelial dysfunction

Two possible mechanisms by which hypoadiponectinemia
decreases endothelial function are postulated.

First, adiponectin level can be linked to whole-body in-
sulin sensitivity, and hypoadiponectinemia can cause endo-
thelial dysfunction by decreasing insulin sensitivity. Because
the plasma adiponectin level was decreased in the predia-
betic insulin-resistant phase in rhesus monkeys (Macaca mu-
latta), hypoadiponectinemia might play a causative role in
the development of insulin resistance (19). We confirmed this
concept by showing that experimental ablation of the adi-
ponectin gene in mice reduces insulin sensitivity, and ade-
novirus-mediated supplementation of plasma adiponectin
can recover the sensitivity (20). There is a close correlation
between whole-body insulin sensitivity and .endothelium-
dependent vasodilatation (6, 7). We previously reported that
endothelial NO production (21) and vasodilatation induced
by local intraarterial infusion of insulin/ glucose (22) were
both closely linked to whole-body insulin sensitivity (21). In
the current study, FDR was negatively correlated with
HOMA-IR (Table 1), indicating a link between FDR and
insulin sensitivity. But this correlation was abolished after
correcting for age, gender, and BMI, probably by a strong
confounding effect of BMI on insulin sensitivity. In multiple
regression analysis, endothelial function was negatively cor-
related with FFA and positively correlated with adiponectin
{Table 2, model 1). When BMI was included in the model as
an independent variable, the power of FEA, but not of adi-
ponectin, was abolished (Table 2, model 2). HOMA-IR, a
casual marker for insulin resistance (18), was not selected as
a predictor for endothelial function. Serum adiponectin lev-
els were reported to be closely linked to insulin sensitivity in
human subjects (19, 23), and the current study showed that
adiponectin levels were correlated negatively with waist cir-
cumference, BMI, and HOMA-IR, indicating a close link be-
tween hypoadiponectinemia and insulin resistance. Adi-
ponectin might eliminate the predictive power of HOMA-IR,
which is a relatively weaker predictor for insulin sensitivity
than other markers, such as an M-value by the hyperinsu-
linemic euglycemic clamp (23). It was also reported that FFA
can directly impair endothelial function in humans by de-
creasing insulin sensitivity (6, 7). Adiponectin (19, 29, 23) and
FFA (6, 7), which are both secreted from adipocytes, may
independently and bidirectionally regulate endothelial func-
tion through modulation of insulin sensitivity in the whole
body and vascular beds.

Second, hypoadiponectinemia may be directly linked to
early atherosclerotic vascular damage and a subsequent en-
dothelial dysfunction. Experimentaily, Ouchi ef al. (10)
showed that adiponectin inhibited TNF-a-induced expres-
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sion of endothelial adhesion molecules in endothelial ce]
and that adiponectin reduced atherogenic transformation .
macrophage to foam cells by suppressing scavenger recept
expression (11). It was also evident that plasma adiponec
levels were decreased in patients with atherosclerotic ris
factors such as obesity, impaired glucose tolerance, diabete
mellitus, or previous coronary heart disease (10). Loss ¢
plasma adiponectin may accelerate early atherosclerotic vas
cular damage and reduce various physiological roles of en
dothelial cells, including NO synthesis and supply, whic
may be linked to decreases in the peak FBF and FDR, in th
current study.

Study limitation

The current study cannot determine which of the follow-
ing is plausible: 1) hypoadiponectinemia impairs endothelia)
function by impairment of insulin sensitivity in the whole
body and vascular beds; 2) hypoadiponectinemia first accel-
erates vascular damage and then impairs NO supply from
endothelium; or 3) hypoadiponectinemia first impairs NO
synthesis and supply and then accelerates vascular damage
(3). Direct actions of adiponectin on vascular function should
be observed in future studies.

Conclusions

The current study showed that endothelial function was
impaired in proportion to the severity of obesity and that
endothelial function was closely related to plasma adiponec-
tin levels. Adiponectin may play a protective role directly
against the atherosclerotic vascular change and/ or indirectly
through improving insulin sensitivity. The loss of adiponec-
tin effects enhances endothelial dysfunction and may be as-
sociated with future cardiovascular events.
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