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Abstract

Objective: In vitro studies suggest that adiponectin plays an important role in nitric oxide (NO) generation. We
studied the relationship between plasma adiponectin and skeletal muscle nitric oxide synthase (NOS) activity in
type 2 diabetic (T2DM) patients.
Methods: We determined NOS activity in skeletal muscle of 7 T2DM and 8 nondiabetic control subjects under
basal conditions and after a 4-h euglycemic insulin (80 mU/m2 �min) clamp.
Results: Insulin-stimulated glucose disposal (Rd) (5.2� 0.4 vs. 9.0� 0.9 mg/kg-min, P< 0.01) and basal NOS
activity (107� 45 vs. 459� 100 pmol/min-mg protein, P< 0.05) were reduced in T2DM versus controls. In
response to hyperinsulinemia, NOS activity increased approximately two-fold in controls (757� 244, P< 0.05 vs
basal) but failed to increase in T2DM (105� 38, P< 0.01 vs. T2DM). Basal NOS protein content was similar in
controls and T2DM and did not change following insulin. Plasma adiponectin was decreased in T2DM (4.5� 0.8
vs. 7.0� 1.0 mg/mL, P< 0.02) and correlated with insulin-stimulated NOS activity (r¼ 0.49, P< 0.05) and with
Rd (r¼ 0.50, P< 0.05). In controls and T2DM collectively, Rd correlated with insulin-stimulated NOS activity
(r¼ 0.48, P< 0.05).
Conclusion: Decreased plasma adiponectin correlates with impaired insulin-stimulated NOS activity and se-
verity of insulin resistance in T2DM. Because impaired NO generation plays a central role in endothelial dys-
function and development of atherosclerosis, our results may provide a link between reduced plasma
adiponectin levels and accelerated atherosclerosis in T2DM.

Introduction

Type 2 diabetes (T2DM) is an insulin-resistant state
characterized by decreased plasma adiponectin concen-

tration and accelerated atherosclerosis.1 Plasma adiponectin
levels are reduced in obese rodents and humans2,3 and in
humans with T2DM. Adiponectin has been shown to have
antiatherogenic and antiinflammatory effects in rodents,4

and decreased plasma adiponectin concentrations have been
observed in patients with coronary artery disease.5 Adipo-
nectin inhibits tumor necrosis factor-a (TNF-a)-induced
activation of nuclear factor-kB (NF-kB)-dependent proin-
flammatory pathways, expression of endothelial adhesion
molecules, macrophage-to-foam cell transformation, and
smooth muscle cell proliferation.6–9 In human aortic endo-

thelial cells, adiponectin inhibits TNF-a-induced monocyte
adhesion and suppresses gene expression of vascular cell
adhesion molecule-1 (VCAM-1).7 In humans, hypoadipo-
nectinemia is associated with insulin resistance and multiple
components of the metabolic syndrome.

Atherosclerosis represents a chronic inflammatory process
that is initiated by damage to the endothelium.10 A central
feature of endothelial dysfunction is impaired generation of
nitric oxide (NO),11 which exerts potent cardioprotective,
antithrombotic, and antiinflammatory effects.12 NO is syn-
thesized by a family of enzymes called nitric oxide synthases
(NOSs),12 which also have been shown to play an important
role in maintaining normal sensitivity to insulin.13,14 T2DM is
characterized, not only by insulin resistance, but also by
impaired action of insulin to stimulate NO generation in the
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endothelium15 and skeletal muscle.16,17 Reduced NO gener-
ation has been proposed to represent the earliest and most
important defect responsible for the development of accel-
erated atherosclerosis in T2DM.10,11 In vitro and in vivo
studies suggest that the antiatherogenic and vasoprotective
properties of adiponectin are similar to those of NO.8–10

Adiponectin also stimulates NO production by increasing
endothelial (e) NOS gene expression enzyme activity in bo-
vine aortic endothelial cells, and no previous study has ex-
amined the relationship between plasma adiponectin levels
and NOS activity in humans in vivo.18,19 A role for adipo-
nectin in the regulation of NO generation in humans has yet
to be established. In the present study, we examined the
relationship between plasma adiponectin concentration and
skeletal muscle NOS activity and peripheral tissue insulin
sensitivity in T2DM patients.

Methods

Subjects

The study population consisted of 7 T2DM [age¼ 51� 4
years, BMI¼ 31.3� 1.0, glycosylated hemoglobin (HbA1c)
6.8� 0.9%, fasting plasma glucose [FPG]¼ 135� 14 mg/dL]
and 8 healthy (age¼ 45� 4, BMI¼ 29.5� 0.9, HbA1c¼ 4.9
0.2%, FPG¼ 92� 2) age, gender, and weight-matched non-
diabetic subjects who participated in a previous report,17 and
in whom stored plasma samples were available for adipo-
nectin determination. Normal glucose tolerance was con-
firmed in all control subjects by 75-g oral glucose tolerance
test (OGTT). Diabetic patients were treated with diet (n¼ 5)
or sulfonylureas (n¼ 2). T2DM patients who had received
treatment with metformin, thiazolidinedione, or insulin were
excluded from the study. Mean diabetes duration was <2
years. Four diabetic subjects had normal fasting glucose and
were diagnosed with OGTT. Oral agents were discontinued
24 h before the study. Other than diabetes, none of the sub-
jects had any medical problems and none were taking any
medications (other than sulfonylureas in 2 diabetics) known
to affect glucose metabolism. The purpose, nature, and po-
tential risks of the study were explained to all subjects, and
written voluntary consent was obtained before their partici-
pation. The protocol was approved by the Institutional Re-
view Board of the University of Texas Health Science Center
at San Antonio.

Study design

All studies were conducted in the General Clinical Re-
search Center of UTHSCSA at 7:00 a.m. after 12-h overnight
fast. Prior to euglycemic insulin clamp, an antecubital vein
was cannulated for infusion of all test substances. A second
catheter was inserted retrogradely into a vein on the dorsum
of the hand which was placed in a heated box (608C ) to
obtain arterialized blood samples. A prime (25�FPG/90 mCi)
continuous infusion (0.25 mCi/min) of 3-[3H]glucose was
begun 2 h (3 h for diabetics) before the start of the insulin
clamp. Sixty minutes before the insulin clamp, percutaneous
biopsy of the vastus lateralis muscle was obtained for de-
termination of NOS activity and protein content.17 Muscle
biopsy specimens (&200 mg) were immediately blotted free
of blood, frozen, and stored in liquid nitrogen until use. At
the end of the tracer equilibration period, a primed contin-
uous insulin (80 mU/m2 �min) infusion was started and

plasma glucose was measured every 5 min (Beckman Glu-
cose Oxidase Analyzer, Beckman Instruments, Fullerton,
CA), and a variable infusion of 20% glucose was adjusted to
maintain plasma glucose concentration constant at each
subject’s fasting glucose level in control group. In T2DM
subjects, plasma glucose was allowed to decrease to 100 mg/
dL, at which level it was maintained. At 30 and 240 min after
the start of insulin, repeat vastus lateralis muscle biopsies
were obtained from a site 4 cm distal to the first.

Specific methods

Plasma glucose specific activity was determined using
barium hydroxide/zinc sulfate deproteinized plasma sam-
ples.17 Plasma insulin (Diagnostic Products, Los Angeles,
CA) and adiponectin (LINCO Research, St Charles, MO)
were measured by radioimmunoassay. Skeletal muscle NOS
activity was measured with the NOS Detect Assay kit
(Stratagene, LaJolla, CA) by quantitating the conversion of
[14C]l-arginine (Perkin Elmer Life Sciences) conversion to
[14C]l-citrulline, according to manufacturer’s instructions.
Muscle tissue (20–70 mg) was resuspended in a 10�volume
of ice cold homogenization buffer (200–700 mL) supplied by
Stratagene. Tissue was homogenized by hand using a Kontes
0.2-mL micro-scale tissue grinder and centrifuged in a mi-
crocentrifuge at top speed for 5 min. The supernatant was
transferred to a fresh tube and kept on ice until assayed for
NOS activity. The protein content of the supernatant was
determined using the Micro BCA Protein Assay kit (Pierce,
Rockford, IL). Production of NO was assayed using 10 mL of
tissue extract for 60 min at room temperature and was per-
formed as per the manufacturer’s instructions. NOS activity
data were normalized by the absolute amount of protein
present.

NOS protein content

The amount of NOS protein in tissue homogenates was
determined by immunoblot analysis using an anti-nNOS
polyclonal antibody raised in goat. This antibody cross-
reacts with all NOS isoforms and cannot be used to distinguish
which isoforms are present. Immunoblotting was performed
as described,20 and enzyme-linked immunodetection of goat
antibody was performed using a rabbit anti-goat immuno-
globulin G (IgG) secondary antibody conjugated with alka-
line phosphatase (Zymed, San Francisco, CA). Bands were
developed with nitro blue tetrazolium (0.3 mg/mL) and
5-bromo-4-chloro-3-indolyl-phosphate (0.15 mg/mL) (Bio-Rad)
according to manufacturer’s instructions.

Calculations

During the postabsorptive period, the rate of glucose ap-
pearance equals the rate of glucose disappearance and was
calculated as the tritiated glucose infusion rate (dpm/min)
divided by the plasma tritiated glucose specific activity
[disintegrations per minute (dpm)/mg]. During the eu-
glycemic insulin clamp, non-steady-state conditions prevail
and rates of glucose appearance and disappearance were
calculated with Steele’s non-steady-state equation, using a
glucose distribution volume of 0.65.21 The rate of endoge-
nous (primarily hepatic) glucose production during the in-
sulin clamp was calculated by subtracting the exogenous
glucose infusion rate from the tracer-derived rate of glucose
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appearance. The rate of insulin-stimulated glucose disposal
was calculated by adding the rate of residual hepatic glucose
production to the cold glucose infusion rate.

Statistical methods

All data are presented as the mean� standard error (SE).
Differences between control and diabetic groups were com-
pared with analysis of variance (ANOVA). Differences be-
tween basal and insulin-stimulated values within groups
were compared using the paired t-test. Correlation analysis
was performed by the Pearson product moment method
using StatView software (version 4.0; SAS Inc., Cary, NC).

Results

Euglycemic insulin clamp

During the insulin clamp, similar steady-state plasma
insulin concentrations were obtained in diabetic and con-
trol groups [130� 6 vs. 126� 7mU/mL, P¼not significant
(N.S.)]. Insulin-stimulated glucose disposal (Rd) was reduced
in T2DM versus controls (5.2� 0.4 vs. 9.0� 0.9 mg/kg-min,
P< 0.01). Basal endogenous glucose production was increased
in T2DM versus controls (2.26� 0.20 vs. 1.90� 0.09 mg/
kg �min, P< 0.05) and insulin-mediated suppression of en-

dogenous glucose production was impaired in T2DM (0.40�
0.07 vs. 0.07� 0.02 mg/kg �min, P< 0.05).

NOS activity

Basal NOS activity was reduced in T2DM versus controls
(107� 45 vs. 459� 100 pmol/min-mg protein, P< 0.05). In
response to hyperinsulinemia, NOS activity increased almost
two-fold in controls after 4 h (757� 244 pmol/min-mg pro-
tein, P< 0.05 vs. basal) but failed to increase in T2DM
(105� 38 pmol/min-mg protein, P< 0.01 controls). In control
and T2DM subjects collectively, Rd correlated with insulin-
stimulated NOS activity (r¼ 0.48, P< 0.05). Basal NOS pro-
tein content in muscle was similar in control and T2DM
subjects and did not change significantly during the eu-
glycemic insulin clamp.

Plasma adiponectin

Plasma adiponectin was decreased in T2DM subjects vs.
nondiabetic controls (4.5� 0.8 vs 7.0� 1.0 mg/mL, P< 0.02).
In control and T2DM subjects collectively, plasma adipo-
nectin correlated positively with insulin-stimulated NOS
activity (r¼ 0.49, P< 0.05) (Fig. 1) and with Rd (r¼ 0.50,
p< 0.05) (Fig. 2).

Discussion

Adiponectin has been demonstrated to have significant
antiinflammatory and antiatherogenic effects.6–9 NO is a
potent antiatherogenic agent, and its generation is regulated
by NOS.11,12 Both endothelial dysfunction and hypoadipo-
nectinemia are associated with insulin resistance.6–10,15–18

However, the relationship between NOS, plasma adipo-
nectin levels, and insulin sensitivity has not been examined
in vivo in humans. We report for the first time, the in vivo
relationship between circulating plasma adiponectin levels,
basal/insulin-stimulated NOS, and insulin-mediated glucose
disposal in T2DM and age/gender/BMI-matched nondia-
betic subjects. T2DM participants were severely insulin
resistant and demonstrated reduced basal and insulin-
stimulated NOS activity. T2DM subjects also had sig-
nificantly reduced plasma adiponectin concentrations that
correlated with impaired insulin-stimulated NOS activity
and decreased insulin-stimulated glucose disposal in skeletal

Plasma Adiponectin (µg/ml)

N
O

S
 A

ct
iv

it
y

(p
M

/m
in

•m
g

 p
ro

te
in

)

121086420

r = 0.49
p < 0.05

1800

0

600

1200

Controls
Diabetics

FIG. 1. Relationship between plasma adiponectin concen-
tration and insulin-stimulated nitric oxide synthase (NOS)
activity in healthy control and type 2 diabetic subjects.
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(A) and nitric oxide synthase (NOS) activity (B) in healthy control and type 2 diabetic subjects.

ADIPONECTIN AND NOS ACTIVITY 461



muscle. As previously demonstrated,17 reduced insulin-
stimulated glucose disposal correlated with diminished skel-
etal muscle NOS activity.

Diabetic subjects in the present study were characterized
by short duration of diabetes (<2 years) and reasonably good
glycemic control (mean HbA1c¼ 6.8%). However, despite
good glycemic control and similar BMI, plasma adiponectin
levels were significantly reduced in T2DM compared to con-
trol subjects and correlated with insulin-stimulated whole
body (primarily reflects muscle) glucose disposal (Rd). These
results raise the possibility that reduced plasma adiponectin
concentrations represent a common mechanism that links in-
sulin-stimulated NOS activity, endothelial dysfunction, and
insulin resistance. However, given the small number of sub-
jects who participated in the study, it may be cautioned that
further studies are necessary to confirm these findings.

The relationship between insulin resistance, NOS activity,
and NO generation in vascular tissue has been studied.15,16,22

Numerous studies have shown that insulin is a vasodilator
and that its vasodilatory effect is mediated by NO.15,16

Moreover, insulin-resistant individuals, including diabetic,
obese, and normal glucose tolerant (NGT) offspring of
diabetic parents, are characterized by impaired insulin-
mediated vasodilation.22 The present finding that insulin-
stimulated NOS activity is impaired in T2DM is consistent
with these previous observations.15,22 Phosphorylation of
human and bovine eNOS isoforms at serine 1,177 (or 1,179)
by Akt protein kinase and adenosine monophosphate
(AMP)-activated protein kinase causes a two- to four-fold
increase in NO synthesis.23,24 Consistent with these obser-
vations, the insulin signaling pathway has been shown to
augment NO generation in vascular endothelial cells.25

Conversely, in the aorta and mesenteric artery of insulin-
resistant rats, stimulation of the insulin receptor substrate-1
(IRS-1)/phosphatydilinositol-3 (PI-3) kinase pathway by in-
sulin has been shown to be severely impaired.26 Since NOS
activation by insulin in arteriolar muscle cells is dependent
on an intact IRS-1/ PI-3 kinase pathway,25 insulin resis-
tance in this pathway would be expected to impair insulin-
mediated vasodilation and result in endothelial dysfunction.
Of note, insulin-stimulated glucose uptake in muscle and
adipocytes also has been shown to be NO dependent.27

Other mechanisms that could explain reduced NO genera-
tion in T2DM include increased asymmetric dimethyl argi-
nine (ADMA) levels and decreased cofactors required for
synthesis of NO.28

In cultured bovine aortic endothelial cells,18,19 adiponectin
increases NO production by stimulating eNOS expression/
activity via a PI-3 kinase-dependent pathway involving
phosphorylation of eNOS at Ser1179 by AMP-activated
protein kinase (AMPK). Conversly, transfection of bovine
aortic endothelial cells with dominant–inhibitory mutants of
AMPK inhibits NO production in response to adiponectin.
Consistent with these in vitro results, impaired endothelium-
dependent brachial arterial vasodilation has been associ-
ated with reduced adiponectin levels in T2DM subjects with
hypertension.29

Although a correlation between reduced adiponectin lev-
els and impaired NOS activity was observed in the present
study, the cause-and-effect relationship remains unclear.
With regard to this, in a rodent model chronic blockade
of NO synthesis by N(G)-nitro-l-arginine methyl ester
(l-NAME) resulted in a decrease in plasma adiponectin mRNA

levels in the aorta.30 Furthermore, co-treatment with piogli-
tazone restored plasma adiponectin concentration and fat
adiponectin mRNA levels to normal.30

Several studies have shown that adiponectin stimulates
muscle glucose uptake, whereas a reduction in plasma adi-
ponectin levels is associated with insulin resistance.1–3 The
present results suggest the possibility that reduced circulat-
ing adiponectin levels in T2DM may provide the link be-
tween insulin resistance, endothelial dysfunction, and
accelerated atherosclerotic cardiovascular disease.
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