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Context: Insulin reportedly impairs endothelial function in conduit arteries but improves it in
resistance and microvascular arterioles in healthy humans. No studies have assessed endothelial
function at three arterial levels in healthy or metabolic syndrome (METSYN) subjects.

Objective: The objective of the study was to compare endothelial responsiveness of conduit ar-
teries, resistance, and microvascular arterioles to insulin in healthy and METSYN subjects.

Design: We assessed conduit, resistance, and microvascular arterial function in the postabsorptive
and postprandial states and during euglycemic hyperinsulinemia (insulin clamp).

Setting: The study was conducted at a clinical research unit.

Participants: Age-matched healthy and METSYN subjects participated in the study.

Interventions: We used brachial flow-mediated dilation, forearm postischemic flow velocity, and
contrast-enhanced ultrasound to assess the conduit artery, resistance arteriole, and microvascular
arteriolar endothelial function, respectively. We also assessed the conduit artery stiffness (pulse
wave velocity and augmentation index) and measured the plasma concentrations of 92 cardio-
vascular disease biomarkers at baseline and after the clamp.

Results: Postabsorptive and postprandial endothelial function was similar in controls and METSYN
in all tested vessels. METSYN subjects were metabolically insulin resistant (P � .005). In controls, but
not METSYN subjects, during euglycemic hyperinsulinemia, endothelial function improved at each
level of arterial vasculature (P � .05 or less for each). Conduit vessel stiffness (pulse wave velocity)
was increased in the METSYN group. Twelve of 92 biomarkers differed at baseline (P � .001) and
remained different at the end of the insulin clamp.

Conclusions: We conclude that insulin enhances arterial endothelial function in health but not in
METSYN, and this vascular insulin resistance may underlie its increased cardiovascular disease risk.
(J Clin Endocrinol Metab 101: 1198–1206, 2016)
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Insulin acts directly on vascular tissue, including endo-
thelial (1) and smooth muscle cells (2). In resistance

arterioles, hyperinsulinemia reportedly enhances nitric
oxide (NO)-dependent forearm blood flow in response to
brachial arterial acetylcholine (3–6) or methacholine (7)
infusions. In addition, obesity (7), metabolic syndrome
(6), hypertension (3), and TNF� infusion (4) are reported
to diminish insulin’s action on resistance arterioles. Sim-
ilarly, we reported that insulin relaxes muscle microvas-
culature in humans, and this is impaired in obesity (8, 9).
This contrasts with reports of conduit vessel responses to
insulin in healthy humans in which two groups have re-
ported that in healthy humans hyperinsulinemia (eugly-
cemic clamp) inhibits endothelial function measured as
flow-mediated dilation (FMD) of the brachial artery (10,
11). Those authors hypothesized that hyperinsulinemia by
causing endothelial dysfunction might accelerate cardio-
vascular disease (CVD). In contrast a recent study of obese
insulin resistant humans reported no decline in endothelial
function (FMD) during 4 hours of euglycemic hyperinsu-
linemia (12).

Whether conduit vessels respond differently to insulin
than resistance or microvascular arterioles or are affected
differently by insulin resistance is therefore unclear. In
healthy humans no previous studies have measured insu-
lin’s vascular actions at each of three levels of the arterial
tree. Metabolic syndrome (METSYN) associates with a
significant conduit vessel atherosclerotic disease burden
(13), principally involving conduit vessel atherosclerosis.
Metabolic insulin resistance is strongly linked to MET-
SYN and may be pathogenically associated.

In the current study, we measured insulin’s vascular
actions at each of three levels of the arterial vasculature
(including conduit arteries, resistance, and microvascular
arterioles) in healthy adults and in individuals with MET-
SYN as defined by the American Heart Association/Na-
tional Heart, Lung, and Blood Institute (14). We com-
pared basal, postprandial, and insulin-stimulated vascular
function between groups and were particularly interested
in ascertaining the congruence of insulin responses across
arterial vessels of differing size and whether METSYN
selectively affected one or more levels. We measured vas-
cular function in the postabsorptive state and then fol-
lowing a high-fat meal (HFM) and in response to a eugly-
cemic insulin clamp, beginning 2 hours after the meal. This
study design recognizes that most humans spend approx-
imately half of their life in the postprandial state and that
recent data suggest that even healthy individuals manifest
metabolic insulin resistance (15) and/or endothelial dys-
function after a single HFM (16, 17).

We measured three indices of conduit artery health.
The first two, augmentation index (AI) and pulse wave

velocity (PWV), assess vascular stiffness (18, 19). PWV is
not known to be affected by acute dietary changes or in-
sulin infusion. However, AI may also have an insulin-re-
sponsive component (20, 21). The third measure, FMD,
reflects NO-mediated vascular relaxation and is a direct
measure of endothelial function (22, 23). Resistance ar-
teriolar function as measured using brachial artery post-
ischemic flow velocity (PIFV) is in part NO dependent.
Microvascular blood volume (MBV), measured using con-
trast-enhanced ultrasound (CEU), reflects relaxation of
terminal arterioles in muscle and also depends on NO
production. We recognize that each test used to some ex-
tent reflects function at more than one arterial level. Thus,
PWV is used as a measure of the elastic property of the
aorta but is also influenced by resistance vessels, PIFV is
affected predominantly by resistance but also by micro-
vascular arterioles, and FMD reflects principally endothe-
lial in the brachial artery but is influenced by resistance
arterioles as well.

Materials and Methods

Human subjects
Studies were performed on 16 control and 18 METSYN sub-

jects 18–60 years of age. Control subjects were healthy, had a
body mass index less than 25 kg/m2, were nonsmokers, were on
no medications or supplements known to affect vascular func-
tion (fish oil, vitamins E and C, aspirin), and had no first-degree
relatives with type 2 diabetes mellitus. METSYN subjects (as
defined by American Heart Association/National Heart, Lung,
and Blood Institute guidelines) (11) were nonsmokers, were not
diabetic (glycated hemoglobin [HbA1C] � 6.5), were on no med-
ications (except diuretics for eight hypertensive subjects) or sup-
plements known to affect vascular function (angiotensin con-
verting enzyme inhibitors, angiotensin receptor blockers), and
were without chronic disease other than those qualifying them
for the study. The study protocol was approved by the University
of Virginia Institutional Review Board. All studies were per-
formed in the University of Virginia Clinical Research Unit
(CRU).

Experimental protocol
Each subject gave written informed consent at a screening

visit. That visit included a history and physical examination;
measurement of electrolytes, liver and renal function tests; com-
plete blood count; fasting glucose; HbA1C; a lipid profile; and
for females a negative serum pregnancy test. Those meeting the
screening criteria were instructed to maintain a low-fat diet for
3 days and to avoid alcohol, exercise, and caffeine for 24 hours
prior to admission. Subjects were admitted to the CRU at 7:00 AM

after fasting from 10:00 PM the evening before admission. We
obtained baseline blood samples for glucose, insulin, nitrate,
nitrite, free fatty acids (FFAs), and CVD biomarkers. AI and
PWV were then measured, followed by FMD and PIFV. Skeletal
muscle MBV was determined using CEU (9). After baseline mea-
surements were completed, subjects consumed a high-fat break-
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fast meal (HFM) consisting of 60% of calories from fat, 14%
carbohydrate, and 26% protein (8.5 kcal/kg body weight). Sub-
jects were asked to finish the meal within 20 minutes. Between
100 and 120 minutes after the meal, AI, PWV, FMD, PIFV, and
CEU measurements were repeated. A euglycemic insulin clamp
was performed between 120 and 240 minutes with vascular mea-
surements obtained between 220 and 240 minutes. Blood for
insulin, glucose, and FFAs was obtained every 30 minutes, and
nitrate, nitrite, and CVD biomarkers were measured at 0 and 240
minutes.

Measures of conduit and resistance arterial
function

AI and PWV were measured by aplanation tonometry using
the SphygmoCor system (AtCor Medical). For AI we used the
radial artery and the measured AI was corrected to a heart rate
of 75 bpm. PWV was measured between the carotid and femoral
artery. FMD was determined using a SONOS 7500 ultrasound
system (Philips Medical Systems). The brachial artery was im-
aged approximately 5 cm proximal to the antecubital crease us-
ing B-mode ultrasound. Baseline brachial artery diameter and
flow were measured and a forearm blood pressure (BP) cuff was
inflated to 250 mm Hg for 5 minutes and then deflated. Blood
velocity was obtained during the first 20 seconds after cuff de-
flation and diameter obtained every 10 seconds from 30 to 120
seconds. Analysis for vessel diameter was done offline using Bra-
chial Analyzer (Medical Imaging Applications, LLC).

Measurement of skeletal muscle MBV
CEU was performed using a SONOS 7500 ultrasound system

(Philips Medical Systems) with harmonic imaging during the
continuous systemic infusion of Definity (Lantheus Medical Im-
aging) as described previously (9).

Euglycemic hyperinsulinemic clamp
A primed 2-mU/kg�min insulin infusion was started at 120

minutes and decreased to 1 mU/kg�min at 130 minutes and main-
tained until 240 minutes. During the insulin clamp, to avoid the
confounding systemic vasodilatory effect of limb heating (24,
25), we did not use a heated hand to arterialize venous blood.
Instead, as previously described (9), the glucose infusion rate was
targeted to decrement forearm venous plasma in proportion to
the observed rise in glucose infusion rate (GIR).

Biochemical analyses
Comprehensive metabolic panels, HbA1C, complete blood

counts, lipid profiles, and pregnancy tests were assayed at the
University of Virginia Clinical Chemistry Laboratory. Plasma
glucose, insulin, and FFAs were measured by the CRU core lab-
oratory. Plasma nitrate and nitrite were measured in duplicate by
heavy metal reduction of nitrite and nitrate to nitric oxide fol-
lowed by the chemiluminescent reaction of nitric oxide with
ozone using the Sievers Model 280i nitric oxide analyzer (GE
Analytic Instruments). We measured 92 CVD-associated bio-
markers in plasma obtained in the fasting state and at 240 min-
utes. Samples were analyzed using the Olink Bioscience Proseek
CVD cDNA-based proximity extension multiplex system ac-
cording to the manufacturer’s instructions. The values are pre-
sented as log 2, and the assay uses a proximity extension method
that involves two different antibodies directed at discrete sites

against each analyte. These antibodies have oligos attached,
which can hybridize to form a template for a polymerase exten-
sion that amplifies the signal, and this is quantitated by RT-PCR.
Values can be transformed to actual concentrations using trans-
forms on the O-Link Bioscience web site, and there is approxi-
mation in this transformation. Inasmuch as all samples are run
in a single assay, we present the untransformed data, which re-
flect the actual assay output.

Statistics
Primary end points were the changes in FMD, PIFV, and

MBV. Data are presented as the mean � SEM. Secondary end
points were glucose, insulin, and FFA concentrations as well as
GIR. Comparisons were made within and between groups at
baseline, at 120 minutes after HFM, and at 240 minutes when the
insulin clamp was finished using a two-way, repeated-measures
ANOVA or a paired Student’s t test where appropriate and Pear-
son’s correlation using Sigmastat 3.2 (Systat Software). Statisti-
cal significance was considered when the value was P � .05 for
primary and secondary end points. For the multiplex assay, to
compensate for the multiple comparisons, P � .001 was treated
as significant, except as noted in the Results.

Results

Subject characteristics
Table 1 provides the clinical characteristics of the 18

METSYN and 16 control subjects. The body mass index,
systolic and diastolic BP, fasting plasma glucose, and tri-
glyceride concentrations were higher and the high-density
lipoprotein (HDL)-cholesterol concentrations lower for
METSYN subjects than for controls. Gender, age, and
total or low-density lipoprotein-cholesterol concentra-
tions did not differ between groups. Fasting insulin and
FFA concentrations were greater in the METSYN group.

Metabolic responses: plasma glucose, insulin, and
FFA concentrations and the GIR

The plasma glucose and insulin concentrations were
higher at baseline in the METSYN than in the control
group (Table 1) and remained so throughout the post-
prandial interval and during the insulin clamp (Figure 1, A
and B). Serum FFA concentrations (Figure 1C) declined
postprandially and with the insulin clamp in both groups
but were greater in the METSYN throughout. Despite
higher prevailing glucose and insulin concentrations, the
GIR required to maintain euglycemia was lower in MET-
SYN than control subjects at steady state (2.9 � 0.3 mg/
kg�min vs 5.8 � 0.4 mg/kg � min, P � .005, Figure 2),
confirming metabolic insulin resistance.

AI and PWV
PWV was higher at baseline (6.4 � 0.3 m/sec vs 5.5 �

0.3 m/sec, P � .01) and at 240 minutes (7.0 � 0.6 m/sec
vs 5.8 � 0.2 m/sec, P � .01) in METSYN as compared

1200 Jahn et al Panarterial Insulin Sensitivity J Clin Endocrinol Metab, March 2016, 101(3):1198–1206

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/101/3/1198/2804914 by guest on 19 April 2024



with controls (Figure 3A). PWV increased between 120
minutes and 240 minutes during the insulin clamp in the
METSYN group (6.3 � 0.4 m/sec vs 7.0 � 6 m/sec, P �
.03) but not in controls. Considering the AI, there were
no significant differences between groups at any time
point (Figure 3B), However, at baseline the AI was mar-

ginally higher in the METSYN group ( 19% � 3% vs
12% � 3%, P � .07). By 240 minutes AI declined only
in the METSYN group (19% � 3% vs 15% � 4%, P �

.02).

FMD and PIFV
FMD did not differ between groups at baseline or at

120 minutes after the HFM ingestion. By 240 minutes,
however, FMD rose in controls (Figure 4A) compared
with either the baseline (7.3 � 1 vs 10.3 � 15, P � .04) or
post-HFM values (5.8% � 1% vs 10.3% � 1%, P � .001)
and was significantly greater vs METSYN subjects.
Within the METSYN group, neither the HFM nor the
insulin clamp affected FMD.

There were no differences in PIFV between groups at
any time point (Figure 4B). There were no changes in PIFV
in the METSYN group, whereas PIFV increased from
baseline to 240 minutes (145 � 10 cm/sec vs 170 � 6
cm/sec, P � .01) and between 120 minutes and 240 min-
utes (153 � 7 cm/sec vs 170 � 6 cm/sec, P � .002) in the
control group. Whereas brachial artery PIFV increased in
controls but not in METSYN, it was not significantly dif-
ferent between the two groups (Supplemental Table 1).

Considering both the control and METSYN groups, we
noted a significant positive correlation between FMD and
GIR during the insulin clamp (r � 0.487, P � .01). We also
noted that FMD and PIFV (both of which are NO medi-
ated events) were significantly positively correlated (r �

0.392, P � .001).

Microvascular blood volume
There was no difference in MBV between the two

groups at any time point (Figure 4C). Within the

Figure 1. Time course for plasma glucose insulin and FFA changes
over the 4 hours of the study. Plasma glucose, insulin, and FFAs were
each elevated in the subjects with metabolic syndrome (repeated
measures ANOVA).

Table 1. Clinical Characteristics of Controls and METSYN Subjects

Controls (n � 16) METSYN (n � 18) P Value

Gender F (10), M (6) F (9), M (9) NS
Age 43 � 3 46 � 3 NS
Body mass index, kg/m2 23 � 0.5 35 � 2b �.001
Waist circumference, cm �102 (M) 135 � 18 (M)a �.01

�88 (F) 109 � 5 (F)a �.01
Systolic BP, mm Hg 112 � 2 131 � 5b �.001

BP medications (8)
Diastolic BP, mm Hg 70 � 2 78 � 3a �.01
Fasting blood glucose, mg/dL 88 � 2 98 � 3b �.005
Total cholesterol, mg/dL 191 � 10 196 � 9 NS

LDL cholesterol, mg/dL 123 � 9 128 � 8 NS
Statin treatment (5)

HDL cholesterol, mg/dL 57 � 3 46 � 2a �.01
HDL �40, M (5)
HDL �50, F (5)

Triglycerides, mg/dL 70 � 7 124 � 10b �.001
Baseline insulin, mU/L 2.7 � 0.5 11.3 � 2.6b �.001
Baseline FFAs, mEq/L 0.68 � 0.04 0.93 � 0.06b �.002

Abbreviation: LDL, low-density lipoprotein. Values are mean � SEM. a, P � .01; b, P � .001.
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METSYN group, there were no changes in MBV with
HFM or the clamp. However, MBV increased in the
control group during the insulin clamp (2.99 � 0.3 vs
3.87 � 0.4, P � .04).

We measured nitrate and nitrite in plasma at baseline
and 240 minutes. Nitrate and nitrite can reflect NO
generation, dietary intake, and other factors. There was
no difference in serum nitrate plus nitrite at baseline

between the two study groups. Ni-
trate plus nitrite declined signifi-
cantly and similarly in METSYN
(35.7 � 4.4 �M to 27.6 � 3.2 �M,
P � .001) and controls (39.3 � 6.7
�M to 27.8 � 3.9 �M, P � .001)
between time 0 and 240 minutes.

CVD-associated biomarkers
Of 92 CVD biomarkers measured

in all subjects after an overnight fast,
12 were significantly (P � .001) dif-
ferent between groups (Supplemental
Table 2). For nine of these, a highly
significant difference was also seen at
the end of the study, with three others
(receptor for advanced glycation end-
products, IL-6, and tissue plasmino-

gen activator) showing statistically less strongly significant
differencesat theendof thestudy.Wealsonotedasignificant
change for 16 biomarkers between baseline and 240 minutes
in the control subjects that were mimicked by changes in 14
of these same biomarkers in the METSYN subjects (Supple-
mental Table 2). Several biomarkers changed markedly in
the controls but not the METSYN subjects (follistatin, re-
ceptor for advanced glycation endproducts, TNF receptor

superfamily member 6 [fatty acid syn-
thase], IL-6, epidermalgrowthfactor),
whereas platelet endothelial cell adhe-
sionmolecule-1changedmarkedlybe-
tween 0 and 240 minutes in the MET-
SYN subjects (P � 9 � 10�4) but not
in the controls (P � .06) (Supplemen-
tal Table 2).

Discussion

The current study provides the first
dataonendothelial functionmeasured
at three distinct levels of the arterial
tree in healthy adults and showed a
consistent augmentation of endothe-
lial function after a meal and insulin
infusion at each level. As noted, previ-
ousreports suggest that inhealthysub-
jects insulin provokes conduit artery
endothelial dysfunction measured as
brachial or femoral artery FMD (10,
11), whereas others report insulin en-
hances endothelial function in resis-
tance (3, 4, 7) and terminal arteriolar

Figure 2. The GIR required to maintain basal glucose concentration over the course of the 2-
hour euglycemic insulin clamp. The P value refers to the difference between control and
metabolic syndrome subjects compared using a repeated-measures ANOVA.

Figure 3. The upper panel illustrates the PWV at baseline, 2 hours after ingesting the HFM and
2 hours later at the end of the insulin clamp. Control subjects are on the left, and metabolic
syndrome on the right. The lower panel shows the AI at these same time intervals for the control
and METSYN subjects. Comparison across groups was done with a two-way ANOVA and within-
group comparisons with a paired t test.
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(9) vessels in healthy subjects. Insulin’s vasodilatory ef-
fect was absent in our METSYN subjects. To our
knowledge, the present results are the first demonstrat-
ing impaired NO-responsive vascular function at sev-
eral levels of the arterial vasculature in METSYN. This
vascular insulin resistance in METSYN may contribute
to its role as a risk factor for accelerated atherosclerosis
and arteriosclerosis (13, 26) and small vessel dysfunc-
tion (27). The current PWV also indicates that aortic
stiffness is increased in individuals with METSYN, as
previously shown for obese (28), hypertensive (29), and
hyperlipidemic (30) subjects. The higher levels of insu-
lin may in part explain the insulin response of AI seen in
the METSYN subjects. AI has previously been reported
to improve in response to insulin in insulin-sensitive
subjects (31) but not in insulin resistant subjects. The
findings with AI reported here diverged from those seen
with PWV, which if anything deteriorated specifically in
the METSYN subjects. Presently we have no clear ex-
planation for this divergence. However, although both
AI and PWV are regarded as indices of vascular stiff-

ness, they clearly differ in many respects, and AI in
particular responds to factors other than stiffness (19).

The baseline FMD difference between groups in the
current study (1.4%) is similar to the 1% difference pre-
viously reported for a larger study of METSYN subjects vs
controls (32). The lack of statistical significance was likely
due to insufficient power in the current study.

Recent rodent studies have demonstrated that intro-
ducing oxidative stress specifically in vascular smooth
muscle cells (33) or interfering with insulin signaling spe-
cifically in vascular endothelial cells (34) induces whole-
body metabolic insulin resistance. These findings raise the
possibility that the vasculature may not simply be an ad-
versely affected bystander when metabolic insulin resis-
tance is present but rather is a coconspirator in an evolving
process fueled by environmental factors like nutrient over-
load and inactivity. Other work has shown that specific
knockout of the endothelial cell insulin receptor acceler-
ates atherosclerosis in the apolipoprotein E null mouse
(35). In aggregate, these murine studies support an im-
portant role for vascular insulin action in regulating both
vascular health and metabolic insulin action. Insulin’s mi-
crovascular actions in muscle in particular appear critical
to its overall metabolic action (36) in both rodents (37)
and humans (9).

It is difficult to reconcile the current FMD results with
two prior studies. Arcaro et al reported a progressive de-
cline in brachial and femoral FMD during a 6-hour low-
or moderately high-dose euglycemic insulin clamp (10)
and concluded that insulin caused endothelial dysfunc-
tion. Campia et al (11) also reported that FMD declined
during a 4-hour insulin clamp in healthy subjects. Within
those healthy subjects, baseline FMD responses were
lower in the less insulin-sensitive subjects but declined in
both groups with insulin. The subjects in these studies
were younger and were fasted overnight, and the hot-hand
method was used to conduct the insulin clamp, which ex-
tended for 4–6 hours. In one study brachial FMD was
measured as the area under the curve of artery diameter
over 6 minutes after brief (2 min) wrist ischemia (10).
Later studies (including the current one) have followed
consensus recommended methods for FMD measurement
(38). The short duration of the clamp used here may have
missed a later inhibitory effect of insulin on FMD. How-
ever, there was no indication in either previous study of an
early augmenting action of insulin on FMD that later
reversed.

Perkins et al (12) recently reported that FMD was un-
changed during 4 hours of euglycemic hyperinsulinemia in
obese insulin-resistant subjects, similar to our finding here
for postprandial METSYN subjects. They also reported
that FMD declined with time when insulin and glucose

Figure 4. The upper panel illustrates the FMD at baseline, 2 hours
after ingesting the HFM, and 2 hours later at the end of the insulin
clamp. Control subjects are on the left and METSYN subjects on the
right. The middle panel shows the postischemic flow velocity and the
lower panel the microvascular blood volume measured by CEU at these
same time intervals for the control and METSYN subjects. Comparison
across groups was done with a two-way ANOVA and within-group
comparisons with a paired t test.
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were held at postabsorptive levels using the pancreatic
clamp method. By contrast, Arcaro et al (10) reported
FMD declined with insulin vs a saline control.

The insulin-induced brachial artery endothelial dys-
function reported (10, 11) in healthy humans contrasts
with the effects of insulin on resistance artery function
measured as forearm or leg blood flow during acetyl- or
methacholine infusion (4–7). Arcaro et al (10) speculated
that the insulin response by large muscular arteries eval-
uated by FMD might differ from those of resistance ves-
sels. Our results do not support this speculation. Instead,
we find that insulin acts similarly at all three levels of the
arterial vasculature to enhance NO-dependent vasorelaa-
tion. Our study design does not account for changes in any
of the vascular end points that might have occurred as a
result of the passage of time in the absence of the meal or
the insulin infusion or both. We were particularly inter-
ested in a model of insulin’s action in the postprandial
state, either from endogenous insulin or from infused in-
sulin. This design may account for some of the differences
between our results and those published previously. How-
ever, if anything, we might expect a HFM to diminish
NO-dependent vascular actions of insulin.

Both previous studies in which FMD was reported im-
paired by insulin used the heated-hand method to arteri-
alize blood for the insulin clamp (10, 11). This increases
blood flow in both the heated and the contralateral limb
(in which FMD was measured) and differentially shifts
flow from muscle to skin (24, 25). As a result, FMD under
those conditions differs from the usual method in which
there is no stimulation of blood flow prior to measure-
ment. We avoided using the heated-hand method and
avoided arterial hyperglycemia (which would occur if we
simply clamped venous glucose), by allowing a graded
decrement in peripheral venous glucose based on the glu-
cose infusion rate and prior direct measures of arterial-
venous glucose concentration differences during euglyce-
mic clamp conditions (9). Importantly, studies examining
the effect of insulin on resistance arteriolar endothelial
function used direct arterial cannulation, and no limb
heating was involved.

Whether technical differences in either how FMD is
measured or in how the clamp is performed or other fac-
tors (age, dietary history, fitness) account for the differing
results is uncertain. However, we suggest that the conclu-
sion that insulin causes conduit artery endothelial dys-
function (10, 11) in healthy humans is controversial and
open to further investigation.

The plasma nitrate plus nitrite concentrations declined
during the course of the insulin clamp in both groups. This
has been seen previously; however, stable isotope tracer
study results have shown that both the fractional and ab-

solute synthetic rate for nitric oxide increases with hyper-
insulinemia in healthy individuals (39). The pathway re-
sponsible for the overall decline in NO metabolites is not
certain but does not signal a decrease in NO production.

The multiplex biomarker findings highlight both the
complexity of the molecular differences between control
and metabolic syndrome subjects as well as the dynamic
character of the vascular regulation that occurs after the
dual stimulation of feeding and hyperinsulinemia. We
were impressed by the heterogeneity of the differences be-
tween groups with some presumably vascular beneficial as
well as some vascular detrimental markers being higher in
METSYN subjects. Considering the differences seen at
baseline (Supplemental Table 2), it is of interest that cir-
culating levels of adrenomedullin (a vasodilator), IL-1 re-
ceptor antagonist (an antiinflammatory protein) and tis-
sue plasminogen activator (an antithrombotic factor) are
all significantly higher in metabolic syndrome subjects,
perhaps signaling some compensatory process to mini-
mize vascular dysfunction. Conversely, the increases in
E-selectin, chemokine ligand-3, and IL-6 may indicate a
more proinflammatory state with METSYN. Because
some multiplex assays show considerable variance with
repeat testing, we were encouraged that 9 of the 12 mea-
sures that were statistically different (P � .001) between
groups in the postabsorptive samples were also highly sig-
nificantly different after the meal plus insulin intervention
and the remaining three also differed, if a P � .05 was used.
We also note the expected significantly higher leptin and
lower GH in the obese METSYN subjects.

A somewhat surprising finding was the number of bio-
markers that changed significantly in response to the meal
ingestion plus hyperinsulinemia. As noted, between the
control and metabolic syndrome subjects, there was strik-
ing coherence in the direction of these changes (Table 2).
This would seem to underscore the importance of con-
trolling for the nutritional status (fasting vs fed) of subjects
when comparing patterns of biomarker expression across
subjects. Five biomarkers changed in response to meal plus
insulin only in the control subjects, whereas only one
(platelet endothelial cell adhesion molecule-1) changed
only in the metabolic syndrome participants.

In conclusion, we found that in postprandial humans,
insulin enhanced endothelial function in large muscular
arteries, in resistance arterioles, and in muscle terminal
arterioles in controls, whereas METSYN subjects had sig-
nificantly impaired responses. Insulin also increases vas-
cular stiffness as measured by PWV in METSYN. In ag-
gregate, these findings emphasize that metabolic insulin
resistance and vascular insulin resistance are closely linked
and vascular insulin resistance likely contributes to the
enhanced vascular disease seen in insulin resistant states.
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